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TRANSPORT IN TOKAMAK EDGE PLASMAS 

H. P. Furth 

Princeton University, Plasma Physics Laboratory 

1 . Architectural Optimization 

Toroidal -confinement expe r iments prior to the :f'id-60 ' s were 
ch2-racterized by Bohm diffusion1 [D = c Te/16 eB - 6 x 10 Te (eV)/B(kf) 
cm /sec; XBohm - 3 D] or worse. 2 In the US, the search for improved 
confinement took the di r ection of architectural optimization . The 
levitron3 (Fig. 1a) offer ed axisymmetry and high shear, along with 
stability against current-driven modes . The sphe r ator4 (Fig. lb) added 
minimum-average-B stabili ty, a nd/or the ability to localize trapped 
particles in a region of favorable 9Bt, on the small-R s ide of the 
plasma. Experimentally, 3 confi nement was found to improve with rising5 

n/J, (up to vthe/vs - 10 ) a nd with rising6 Te (up to a collisionality 
v ce/wbe - 1 ) . For higher Te, transport was found to inc rease according 
to a Bohmlike scaling6 • 7 

(G/30) XBohm 

G 600 Te/B (cm2/sec) 

where architectural features determine G: 

(1) 

1. Configuration la has the highest fluctuation levels and the 
worst confinement. 

2. The best confinement, corresponding to G - 1 /3, is obtained in 
configuration le when Bt _$ BP - B -- even though configuration lb has 
better theoretical minimum-average-B properties. 

3 . I n configuration le, reduction of Bt/B weakens the shear and 
removes the 11agnetic well , yielding G + Bp/Bt inpthe range Bt « BP ;:: B. 

4. I n the "tokamak limit" BP « Bt ;:: B, wh ich implies particle 
trapping of the f orm lb, the reducti on in shear gives G + Bt/Bp. 

On the basis of (4), one would expect tokamaks to follow a Bohmlike 
scaling 

X*a 600 Te/BP (cm2/sec) (2) 

In applying ::q . ( 2), one s hould note, however, that i. t is not based on 
direct local measurements of xe' but on measurements of the gross TEe ' 
together with the assumption o f no strong extraneous spatial depe ndences 

of Xe · 

2. Edge Effects 

In the edge reg ion of a repre~entttive l a rge tokamak, 8 where 
BP - 5 kr, Te - 300 ev a nd Xe - 3 x 10 cm /sec , the magnitude given by 
Eq. (2) is about right -- but the observed radial dependence is quite 
different, with Xe increasing s t rongl y towards the limiter . RetMrkably , 
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the plasma core region is characterized by x ~ 10

2 
x"a · In other 

words, a plasma con figuration of the type B << ~t' wh i ch is known to be 
architec tura lly inferio r , nonetheless exhibrts grea tly supe rior con f ine­
ment . The clear implication is that non-archi tectural features must 
play a dominant role i n determining the qua lity of plasma confinement. 

Since both plasma fluc tua tions and transport increase so strongl y 
towards the edge of the tokamak plasma, it i s natura l to suppos e that 
surface e ffects ma y be the main source of t r o ub le ( ana logous to flu id 
flow through a r o ugh p ipe9) . The re is a l so a genera l exper imental 
observation t hat tokamak T ( r)-profiles a re rigid aga in st modification 
by local heating (or cooli~g) and tend to be fairly well determined by 
t he e dge value o f d log T / dr , within the 6 1 -constraints set by the HHD 
safety factors q(o) and qCa). These observations sugges t a model of the 
t okamak where transpor t on the plasma interior adjusts itself for the 
ma i ntenance of ce r tain profi le shapes (i . e., a r chitectural se l f ­
optimizat ion), while " e dge t ransport coefficients " at some rad iu s 
redge = a - or cont rol t he global ene rgy confinemen t time . 10 

If pr ofile con s i stency is invoked to g ive T d a ( 6r/ L) T(o) , and 
Eq. (2) is used t o estimate the magnit ude of xe ge, one ar r ives at a 
fair appro xima tion of expe rimental 'E-values:! e~§E ing that the total 
plasma e ner gy is p r oportional t o n(o) T(o) L , while the heat o utflow 
throu gh redge is proportional to 

2 

L " edge Xedge VTedge 

one finds 

(3) 
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This equation can ~ made to approximate the neo-Alcator formu la by 
assuming that or « n~d e (as in the case of neutral-gas penetration ) and 
noting that for ohmicg heating, B /T is roughly constant. This model 
f or or conforms with the prejudicepthat "atomic effects" may be damaging 
to confinement . 11 A main r eason for the historic advance of the tokamak 
relative to other toroidal experiments of the 60 ' s (including the 
spheromak, which had superior architecture) may have been its ability to 
banish edge-related probl ems -- such as "atomic effects" -- to a 
relatively thin surface l ayer. 

3. Bohm and Goldston 

For suffic i ently high densi t y (small or), one migh t expect the 

favorable TE-dependence of Eq . (3 ) to saturate, so that 
2 

TE BP L /T(o) (n ( o) L/nedge or], (4) 

with the ter111 i n brackets depe nding 
the magnitude of n. In terms of 
scaling of Eq. ( 4) corresponds to 

1/2 1/2 _ l/2 
X*B PH L BP 

on t he gross profile, 1 O rather than 
the heating power PH' the Bohmlike 

112 
(5) n 

whi ch does not differ 
1/2 

drastically from the Goldston formula12 

_1 /2 _I 
L BP XG PH (6) 

There seems to be a certain his t orical parallel between t he reigns 
of Bohm and Goldston scaling . Dur ing the first part of the 1960's , Bohm 
scaling was so commonly found in stellarator experiments that it came to 
be regarded as a "universal " l ower limit o n anomalous transport . Before 
long , however, toroidal-confinement experiments in multipoles13 and 
levitron/spherators3- 5 demonstrated that archi tectural impr ovements 
could reduce transport well below the simple Bohm rate , a nd the T-3 
tokamak 14 discovered the possibility of large non-architectural improve­
ment fac t ors . In hindsight, it s eems that the Bohm formula rea l ly gave 
a kind of ~ l imit on anomalous transport, peculiar to MHD-stable 
plasmas with little shielding agains t edge2 effects a nd with such s mall 
val ues of a'1erage Bp/Bt (typi cally <10- ) that Eq. (2) would have 
prescribed worse confi nement than t he Bohm formula . 

During the latter part of the 1980's, when strong auxiliary heating 
began to be a vailabl e, tokamak conf inement appeared to deteriorate 
sharply relative to ohmic heating . The accumulating evidence pointed to 
the1 ffesence of a " universal" TE-scaling 12 proportional to a factor 
I/PH (or Bp/T) that had remained concealed in the ohmic- heating 
regime, where PH and I are tied together . During subsequent years , 
substan tial i mprovemen ts in confinement have once more emerged, even 
within the architectural constraints of tokamak geometry . 15 ' 16 At 
first, the tokamak enhanced- confinement regimes were simply character­
ized as giving some numerical multiple of Goldston low- mode confinemen t , 
but present evidence suggests that the scaling of confinement in these 
regimes may be altogether different -- with the adverse dependence of TE 
on PH being much weaker or even ent irel y absent. 
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The rece n t adwrnces relative to the Goldston l ow-mode scaling 
provide strong addi t ional evi de nce that anomalous transport ls 

stimulate<l by surface phenomena. Sur prisingly la r ge improvements in the 
global TE .. rise fro m tech11iques that might be expected to affect only 
the outer plasma edge: introduction of a poloidal- field separatrix with 
s trong she;ir in its immediate vicinity; minimization o f plasma de ns ity 
in the edge reyion relative to the cor e; alte ratio n of the edga plas ma 
poten t i a l by various means, including beam-driven r otation. 

The "universality" of the Goldston scaling, like t ha t of the Bohm 
scaling , seems t o consist i n setti ng a n ~ limit for anomalous 
transport. In the cas e o f Go l ds ton scaling, this limit governs tokamak 
plasmas w ~ th s u f f i c i en t edge- shielding a nd Bf/Bt t o do much better than 
Bohm, but with a lack of special eclge-con t r o features . 
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STUDIES OF H- HODE IN THE LIMITER DISCHARGES ON J FT-2H TOKAHAK 

H.Hatsumoto, A. Funahashi, H.Hasegava•, K.Hoshi no, S.Kasai, H.Ka vashima, 
T.Kavakami,T.Hatoba,T.Hatsuda,Y.Hiura,M .Hori,K.Odajima,H .Ogava,T.Ogawa. 
H.Ohts uka,S.Sengoku.T . Shoji ,N .Suzuki,H .Ta•ai,Y.Uesugi,T.Yamauchi,T.Yamamoto 
A.Honda, I.Ishibori, Y. Kash iva, M.Kazava, K. Kikuchi , Y.Mat suzaki , K.Ohuchi, 
H.Okano, E.Sato, T.Shi buya , T.Shiina. K.Suzuki, I.Tani and K.Yokoyama 

J apa n Atomic Energy Research Ins t itute, Tokai,Naka, Ibar aki, Japan 
• on leave fro• Mit subishi Electric Co., Tokyo, Japan 

ABSTRACT An enha nced confinement mode, H-mode , was observed on JFT- 2M 
during NBI or ICRF heating under the material l imiter discharge condit ions 
withi n a wide ra nge of plasma parameter regime . Operational regi me and 
confinement characterist ics of this H-mode were studied. 

I . INTRODUCTION 
On JFT-2H. an enhanced confi nement mode. H- mode can be observed in 

both l i miter and open divertor ( l, 2) conf i gurations. ~ith the l imiter case, 
a duration of the H-mode is short er and t he rate of i•provement i n energy 
confinement is s•aller t han t he divertor H-mode case . However there are no 
essential diffe rences in the natu r e of the phenomena between them. Ve also 
observe H-•ode by NB! heating or by JCRF heating whi ch is mainly a e lectron 
heating t hrough Landau damping of the mode con ve rted vave (3) . I n the 
li•i t er operation, there are mo r e freedom i n t he plasma shaping parameters 
compar ed with the divertor case. In this study, t his operational r egime of 
t he H- mode in t he limiter conf iguration will be su rveyed. In th is s tudy, 
our definition of H-mode inc ludes all t he transition phenomena , no mat ter 
how sma l l t he improvement of the energy confinement i s. Since, t he s tudy 
of this t r ansit ion ph enomena should be ver y i mport ant t o understand t he 
physics of t he enhanced conf inement. 

2 . EXPERIMENTAL CONDITIONS AND OPERATIONAL REGIME OF LIMITER H- MODE 
The vacuum vesse l of J ~T-2M has a 0 s haped cross section with a mi no r 

r adius of 0 .415 m in the hori zonta l and 0.595 m in t he vertica l direction. 
Ca rbon fixed l imite r s are instal led on the i nnn r si do VHl I in six t or oi dal 
posi t ions. Almost toroidally continuos ca r bon dive rtor plates are mounted 
on the bo tto~ and the top of the vessel. We a l so have movable ca r bo n 
limite r s from the top and from the side . Mag netic f l ux surf aces of the 
plasma in t he typi ca l H-mode case a re s ho~n in t he Vig.I. ln thi s case the 
outeraost plasma s urface is decided by the jnner fixed limiter. although 
the top and bo t tom t ips of the pl asma are a l most touching t o the rlivertor 
pla tes . Ti•e evolutions of p lasma parameters in this shot are shown in 
Fig . 2 . Vertica ll y meas ured line averaged electron densjty arc shown in the 
top box. The upper trace is measured at R=l.24 •and the lover t r ace is al 
R=l . I • whereas the p lasma center is usua l ly at R=I .~R - I . 2q M. Th e second 
box fr om the top is the stored energy from the diamagnetic meas urement. 
Total r adiation l oss, loop voltage, H / 0 emiss ion I ntensity . and the 
ne ut ral beam injec t ed power are s how n f rgm tffe third lo the bo t t om. With 
t he s udden dep r ession of t he H ID emi ssion. electron density. the 
rad i ation l oss and t he stor ed gnergy all s t a r t incr easing rapidly. 
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Especially, the line averaged elect ron density in the outer region 
incr eases more quickly tha n the centra l cord density, and s how s the 
broadening of the density profile. Th is H-mode is t erminated sudden l y, and 
electron densi ty or t he radiation loss start decreasing sharply . I n this 
s ho t,H-mode phase is repea ted twice. Central electron temperature measured 
by soft x- r ay pulse hight analyzer, and the ion temper ature measured by the 
charge exchange neutrals do not increase during the H-mode . 

There are s everal ex perimenta l r equirements fo r the transi tion. The 
f i r s t is the inside limiter operation . Wi t h less than 2 cm of the gap 
between t he outer limite r and the pl asma surface , we have never seen the 
transiti on . Insert i on of t he movable limiter from the top does not hi nder 
the transition, even when it is tou ching the plasma . A contact of the 
plasma with t he inne r wal l limiter is not a necessary condition. Ve sti ll 
observe the transit i on when the plasma oute rmost surface is decided by the 
top or the bottom carbon divertor pla tes . 

The second is t he th r eshold values in the additional heat in g power and 
the electron density . The transition happens above the certain t hreshold 
power and the e l ectron density . These threshold va l ues have dependences on 
the plasma parameters . The threshold density is also dependent on the 
additi onal heating power. Figure 3 shows the operationa l regime of H- mode 
in the neut ral beam heating power and the line averaged electron density. 
The minimum electron density ne eded for the trans i tion dec r eases wi th t he 
increase of the NB heating power. With the increase of the e lect ron 
de nsity. deposi tion power to the pe r i phe ry increases in NB! hea ting case. 
However, t he same dependence of t he threshold powe r on the electron density 
can be seen with the l CR F hea ting case where the powe r deposit ion profile 
should not change as mu ch as NBI heating . 

The threshold power is also dependent on the safety fa c t or q~ as s hown 
in Fig . 4 . The solid line is t he bou ndary of H- mode and 1.-moce da ta points 
wit h l. 2l (BT ( l.26 T, and the dashed line with 275 ( I ( 295 kA . The na t ure of 
humps between q~=4 and 5 is not very clear . I n t~e single null diverto r 
case. these humps a r e not seen and the both lines ag r ees well. Pl asma 
shaping parameters are also impor ta nt t or the tr ans ition pbe nomnna. Th e 
solid l ine in Fig . 5 sho ws the dependence of the t hresho ld power on the 
ellipti ci ty K. lt becomes high wh en the plas~a co• es c l ose to the ci r cu lar 
s hape, i<=l. It also sligh tl y increases wh en i t become strongly 
noncircula r. Hove ver. when v and 6 i s high (t ypically Ki l . 4, and 610.b) the 
outermost p lasma surfacr is dccidPd by the upper or the lowe r diverto r 
pl a te . Then.the confl~urntion is ve ry close to that of t he double null 
diverto r, and the duration of the II - mode beco mes mu ch lonr.er than the case 
when plasma is only Limited by the inner limiter . Ty pica lly t he duration of 
H-mode is 'ill-70 ms in low K case, and it i s some t ia1es limHed by the 
heating pul se (close to 200 11sl.in high i< case . In JFT-2 H, Ka nd the 
triangularity 6 can not be changed i ndependent ly.and i< changes almost in 
propo r tion to 6 . This proportiona l ity ca n be changed by changing t he 
poloida I f ield coi l conf iguration. Keep i ng K wHh in I. >7 and l «l'i. 6 was 
c hanf!. r.d from 0 . ~-1 t.o ll. 'i wi th ;. ·; , qli.8 . ~it.hin I.h is rnnge , th t• U1r1•sho ld 
power was cons t an t and was a r ound ~ 50 kW. 

Othrr condit ions are I.he clednl iness o f Lhe plasba and the i on 
~pecies. Titanium gette r ing reduces t he threshold power . For example. ii. 
was rl"d1u· .. r1 fr o11 I . l H~ t.o 0 . 9MV in lC:HI· hr.;i t i.ng c:as" by the Kctterinp.,. 
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Jn NBI healing case. the H-•ode threshold power of hydrogen plasma js more 
tha n two timaas hir.h as that of deule ri um rl~sma. 

3.CONFINEHENT CHARACTERISTICS OF LIM ITER H-HODE 
During the H- mode phase.densi t y pedestal i s always rlearly f ormed .and 

the improvement of t he particle conf inement is quile certain. However the 
improvemenl of the e nergy confinemenl is nol a l ways clear.a nd Lhe formation 
of electron Lempera lure pedestal is somet i mes very weak. Also the central 
temperatures do not i nc rease appreciably during the t ransit ion. In rig.~. 

dependence of the maximum glo bal energy confinement Lime during the H-mode 
on the ellipticity K with the plasma current around 250 kA, and the NBJ 
heating power o f 700 kW ~s also shown. Here, the g lobal ene rKY conf inement 
time is defined by T. = W I IP - d~ / dt). where W is the pla sma stored 
energy de termined from the diamaghgf ic measur ement , and Pt l is the sum of 
the ohmic and thn additional heating power. Kaye-eoldston L-mode 
confinement times(41 whi ch well represen t JFT-2H NB l L- mode confinement are 
plotted by open ci r cles for the comparison. When the K is close to unity. 
improvement of energy confinement is very small. The rate of i mprovement 
increases in proportion to K up to K=l.' and it decreases at higher K, 

Density dependence of the enerr.y confjnement can be seen in rig.6 , 
where 280 ( l ( 300 kA, and 3 \ q~ (3.5 . Ohmic values are represented by 
the solid linC. Closed circles show the H-mode va lue and the open circl es 
are of L-mode. In both cases , the total heating power was from 870 kW to 
940 kW. In H-mode case, T: continues to increase with the e lectron 
density, and f i nally becomes as comparable as the ohmic value in the high 
density region. However the gl obal energy confine•ent Li•e decreases with 
the inc r ease of t he heating power as the L-node case shown i n Fig . 7. 
Closed circles show the H-mode confinement time and the open circles show 
the L-mode data . For the comparison. Kaye-Goldston confinement limes are 
r epresented by the dashed line. Below 800 kW, incremental confinement time 
T. defined by T. = d W I d Pt is almost twice as large as tha t of L­
mA3g which is aroundnl5 ms. Above ~00 kV.the incremental energy confinement 
time of H- mode become as low as the L-mode value. It seems t hat t he gain 
of the stored energy by the transition is almost constant in high power 
r egion . This aay s uggest that the merit of the H-mode in JFT-2M limi t e r 
operat ion case is just the addition of the pedestal part due to the 
improvement of the particl e confineme nt in t hat region. 

4.CONCLUSION 
On JFT-2H. H-mode was observed in a wide operational regime, K = 1.03 

to 1. 55, 6 = 0 to 0.57,and q~=2.4 to 5.5 by NBI heating or by ICRf heating. 
When K is close to I, the improvement of energy confinenent during H-mode 
is small and the threshold power for the transition is large. The global 
energy cofinement time improves about 30 % during H-•ode. However it 
decreases with the total heating power as L-mode. 
REFERENCES 
( I ) S.Sengoku, et al., sub•itted to Phys. Rev. Lette r 
(2) N.Suzuki,et al., "Characteristics of the H- mode in divertor 

configuration on JFT-2H tokamak" to be presented in thi s conference . 
(3) H.Hatsumoto, et al., "H-mode phenomena duri ng ICRF heating on JFT-2H " 

to be published in Nuclear Fusion 
(4) S.H .Kaye, R.J.Goldston, Nuclear Fusion 25(1985)69 
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INTRODUCTION 
DIII-D is a large tokamak (major radius R = 1.67m, minor radius a= 0.67m), capable of 

producing vertically elongated limiter and divertor plasmas with high plasma current at modest 
toroidal field (BT = 2.2T on axis). To date, maximum plasma currents achieved are 3.0 MA 
in limiter plasmas {elongation in excess of 2.0), 2.0 MA in divertor plasmas {elongation 1.9). 
The DIII·D divertor is a reactor-compatible open divertor design, with no separate divertor 
chamber and no coils in vacuum. The divertor plates are two toroidal bands of carbon tiles on 
the bottom of the vacuum vessel. Deuterium plasmas are heated by hydrogen neutral beams 
{75 keV, coinjection only) and electron cyclotron heating / 1/. Power levels to date are 6 MW 
(beam) and 1.0 MW (EC!H). 

PHENOMENOLOGY OF H-MODE DISCHARGES 
Neutral beam heated divertor discharges in DIII-D /2/ have shown a clear transition to the 

H-mode {Fig. 1) which occurs after a 50-100 ms long L-mode phase. At this point, D,. radiation 
drops precipitously, density increases and energy confinement time improves significantly. Edge 
Localized Modes (ELM) limit total energy content in some discharges. During ELM-free phases, 
continuous rise in density and central electron and ion temperatures for periods up to 0.3 sec 
were observed, limited only by beam pullle length. 

H-MODE THRESHOLD 
The H-mode transition has a threshold in density and beam power (Fig. 2). At Ip =1 MA 

BT = 2.l T, density threshold must exceed 2 x 1019 m - 3 and power threshold is about 2.8 MW. 
Below the density threshold, the discharges are not sawtoothing, whereas all the shots above the 
density threshold have sawteeth before the beam. Therefore, the presence of sawteeth before the 
beam injection might be one of the prerequisites of L-H transition. In the discharges documented 
in Ref. 2, the ion \l B drift was toward the divertor x·point. Discharges with inverted BT shown 
in Fig. 2 are L-mode, although they have density and input power well above the threshold 
values with the normal BT direction. This agrees qualitatively with ASDEX experimental 
results /3/ and the theoretical prediction by Hinton / 4/. These discharges do have sawteeth 
before the beam injection, and the levelll of D,. emission from the inside separatrix hit point 
were lower by a factor of 2 - 5 with reversed BT, whereas levels of D,. from outside hit point 
did not change by reversing BT· 

EDGE LOCALIZED MODES 
Repetitive bursts during the H·mode expel energy and particles from the main plasma. 

There are giant bursts like those indicated in Fig. 1 and also much smaller, more frequent m.ini­
bursts. The giant bursts are observed in D0 / H0 signals, SX emission, VUV line intensities, 
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diamagnetic loop signals and line average density. Diamagnetic loop signals and infrared camera 
measurements of the divertor plate indicate that 10-203 of plasma energy is lost to the divertor 
during the ELM burst. Many minibursts appear in discharges with low beam power. Radiation 
from impurity ions saturates quickly for discharges with mini-bursts. During the burst-free 
phase, continuous increase in impurity radiation was observed. For H-mode discharges with 
mini-bursts, precursor fluctuations were observed in the magnetic probe signals located on the 
large major radius side of the torus. The toroidal mode number was identified as n ~ 6, and 
the mode was rotating toroidally in the direction opposite to the plasma current. The infrared 
camera measurements /7 / indicate that the heat pulse hits the outside separatrix 0.5-0.6 m.sec 
earlier than the inside separatrix, which suggests that the burst originates from the large major 
radius side. 

PARTICLE RECYCLING 
Particle recycling flux measured by DQ photodiode array is plotted in Fig. 3 versus line 

average density of the main plasma for ohmic, L and H cases. In H-mode cases, values away 
from the bursts are plotted. This figure shows that the particle recycling flux increases non­
linearly with an increase of density for ohmic and L-mode cases, and only small increase during 
H-mode. L-mode recycling levels are enhanced over ohmic values by a factor of two, and H­
mode recycling levels are reduced by a factor of 5-10 from L-mode levels. Particle recycling 
flux at the divertor is a weak function of input power and toroidal field. Wall recycling flux is 
lower by a factor of~ 30 than divertor recycling flux, and the ratio does not vary strongly with 
ohmic, L and H cases. 

ENERGY CONFINEMENT SCALING /5/ 
As discussed previously, the confinement cl1aracteristics of H-mode discharges are strongly 

influenced by the presence of ELM's. The interval between ELM's (50 rnsec to 300 rnsec for 
giant ELM's and 10 rnsec for mini-ELM's) is so short that the discharge tends not to reach 
steady state before the next ELM. Furthermore, the beam pulse length available for this study 
(0.3 - 0.4 sec) was not long enough for ELM-free H-mode discharges to reach steady state. 
Therefore, for the ELM-free transport study, the dW / dt corrections were important. The 
confinement times with and without the dW /dt correction are shown in Fig. 4, plotted against 
total input power. For the discharges with input power marginally above the threshold, the 
discharges are dominated by many mini-ELM's so that the dW / dt correction is small. Energy 
confinement in H-mode discharges show a factor of three improvement over Kaye-Goldston L­
mode confinement scaling /6/ (with dW /dt correction: without dW / dt correction, improvement 
is factor of two). Up to 6 MW of neutral beam power available, the H-mode discharges show 
no apparent deterioration of energy confinement. In Fig. 5, energy confinement time is shown 
as a function of line average density of the main plasma. Again, TE values with and without 
the dW / dt corrections are shown. Neither of these values show a strong change for the density 
range investigated. H-mode TE also shows little variation with Br (Fig. 6). TE scaling with 
plasma current is being investigated. With high power long pulse beam sources (14 MW, 3 sec), 
confmement studies of ELM-free transport without a large influence from ELM's, as well as 
effects of radiation loss will be possible in the near future. 
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Fig. 1. (a) Ip and loop voltage at the plasma 
surface, (b) line-averaged density and deu­
terium gas injection rate, (c) D., radia­
tion along a horizontal chord through the 
plasma midplane and along a chord view­
ing the clivertor region, ( d) neutral beam 
power and plasma stored energy. 
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Fig. 2. Plot showing the region of param­
eter space where the H-mode exists. The 
density plotted is the plasma line-averaged 
density just before the neutral beams are 
turned on. Most of the cases are for the 
ion '\/ B drift towards the divertor X-point. 
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Fig. 3. Plot of particle recycling flux at the 
clivertor versus line-average density of the 
main plasma. Particle recycling flux was 
measured by D., photocliode array looking 
at the cli vertor region. 
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STABILITY OF THE TOKAMAK IN THE q(o) < 1 REGIME·. 

J. Manickam, C. Z. Cheng, P. H. Rutherford, W. Stodiek and A. M. M. Toddt 
Princeton Plasma Physics Laboratory, Princeton, New Jersey, U. S. A. 

Tokamak operation in the q(o) < 1, regime would provide several 
advantages: i) it would allow higher plasma curren t, thu;; provid ing 
improved confinement ; ii) it would promote stabi lization of the external 
kink mode by permi tting increased shear associated with central peaking 
of the j(r) profile; iii) it would provide for enhanced <B> limits to the 
ballooning mode by reducing both q(o) and q(a); and iv) it would enhance the 
maximum ohm ic heating power. However this regime is generally 
considered to be inaccessible due to various MHD instabil ities. Princioal 
amongst these is the resisitive m=1, n= 1 mode associated with 
"sawteeth". Other instabilities of concern include the ideal internal kink, 
Mercier and ballooning modes. Several techniques are known to exist which 
can provide stabi lity against the latter set of instabil ities. The 
suppression of the resistive m=1 mode has been more problematic. Recent 
studies [1,2] have shown that feedback stabi lization by rt heating and/or 
curren t drive is a viable technique for islands of modest size. Further, 
experimental evidence , corroborated by theoretical analysis [3]. now 
exists for the existence of current pro files with q(O) substantially below 
unity ( "' 0.65 ) through many cycles of (weak) sawtooth activity. It is in 
this context that we consider the MHD stability, both ideal and resistive of 
tokamak plasmas in the q(o) < 1 reg ime. 
ldeal-MHD stability at Q(ol < 1 

The ideal-MHD stability of a conventio nal INTOR -like D-shaped 
tokamak (ellipticity = 1.6, triangularity = 0.3 , R/a = 3.2) with q(o) = 0.6 
and q(a) = 1.8 has been examined using a code that adjusts the pressure 
gradient locally to provide marginal stability against the Mercier or 
ballooning mode, depending on which one is more restrictive. The orofile in 
the region near the axis is determined by the Mercier criterion and further 
out the ballooning mode sets the limit on the gradient ( see Fig. 1 ). It is 
interesting to note that even in the reg ion where the Mercier criterion 
dictates the limit on the gradient. a finite pressure gradient can be 
supported. This is due to the shear stabilization as well as the 
triangularity, which is also responsible for stabil izing the internal kink 
mode. The overall (stable) <B> value is 10.0%, which exceed the 
Troyan-Gruber limit [ <B>T0/o = 3.5 l(MA) I a(m)B(T)] by a factor of 1.35. The 

n=1 external kink mode, dominated by an m=2 component, requi res a 
conducting wall at rw/a = 1.15, and would otherwise be strongly unstable. 
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It should be noted that this requirement of a nearby conducting wall 
is imposed by the low q(a) rather than the low q(o), and is shared by many 
other designs which have q(o) > 1, and low q(a). 

Fig. 1. Prof iles of p and q versus 
poloidal flux , 'V , for a D-shaped 
tokamak, R/a = 3.2, K = 1.6, Ii = 0.3 
, that is marginal ly stable to 
localized pressure-driven modes 
with q(o)=0.6 and q(a)=1.8. The B 
values is 10% and exceeds the 
"Troyan limit", by a factor of 1.35. 
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Tokamaks with q (o) < generally exhibit sawtcoth activity 
associated with a strongly-growing m = 1 resistive mode in the central 
region of the plasma. The successful suppression of this mode and the 
associated sawteeth would have substantial benefits for tokamak 
performance as outlined above. However, even if it is suppressed , and 
possibly as a consequence, higher order modes ( m/n = 4/5, 3/4, 2/3 ... ) 
with resonant surfaces in the plasma may be destabilized. We start first 
by addressing these modes. These modes have been studied in the 
cylindrical low-beta approximation and also with toroidal and finite -beta 
effects included. The principal mechanism for stabilizing the resistive 
modes is to reduce the gradient near the ration al surface. This is 
demonstrated in Figure 2, which shows a profile which has 

Fig. 2 q(r) prof ile (solid curve) 
optimized to be stable to all m/n 
r esistive modes, with the 
exception of the 1/ 1, in 
cylindrical ~eometry . The broken 
curve shows a nearby profile 
unstable to m/n = 2/3 and 3/5. 
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been optimized to be stable to all the resistive modes, with the exception 
of the 1/1 in a cylindrical low beta tokamak. The sensitivity to the profile 
is indicated by the nearby profile (broken curve) which is unstable to the 
2/3 and 315 modes. We note that this stabilization was achieved without a 
nearby conducting shell. Optimized profiles with q(o) = 0.5 and q(1) as low 
as 1.1 have also been obtained. As indicated earlier the 1 /1 remains 
unstable in the cylindrical limit regardless of the profi le modification. To 
stabilize th is mode, we must invoke the aid of toroidal coupling. When the 
aspect-ratio is sufficien t ly low, then a suitable flatten ing of the 
current-profi le expressed through a flattening of the q-profile can achieve 
stabilization of the 1/ 1 resistive mod e. This is consistent with 
experimental observation as in dicated in Figure 3, which shows a 
TEXTOR-like profile with q(o) 0.66 and q(a) = 1.96. The substantial 
plateau near the q = 1 surface is responsible for stabili zing the 1/1 mode. 

Fig. 3 TEXTOR -like J(r) profile 
which has been modified to 
stabi l ize the 1/1 mode . The 
difference 
theoret ica l 

between 
model and 

t he 
the 

measured profile lies well with in 
the experimental error bars. 
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The significance of toroidicity is observed in Figure 4, which shows the 
poloidal harmonic components of the radial field Br . The substantial 

Fig. 4. Fourier decomposition of 
the resistive n=1 tearing mode. 
The m=1 component dominates, 
but a substantial m=2 is observed. 
Supe rpo sed is the q-profile 
showing the fl at tening of th e 
q-profi le near the q=1 surface. 
Note, that the shear is reduced 
but is not zero. q(o) = 0.66 and 
q(a) = 1.96. 0 0.02 o.04 o.06 o.oa 

+ 
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con tribution of t he m=2 enhances the stabil izat ion achieved through 
flattening q(r). We also note here that the gradient is reduced but not to 
zero. When the aspect-ratio is increased keeping the gradient fixed, we 
observe that the relative contribution of the m=2 decreases, and the 
1 / 1 is destabilized. As the aspect-ratio is increased the shear at the 
rational surface mt1st be reduced further to achieve stability. This sets a 
limit on the largest aspect-ratio at which complete stabil ization can be 
achieved. Beyond that, we find that while instability persists, r s~ ', the 

usual measure of tearing mode growth, remains small , opening the 
possi bility of feedback stabil ization through rt heating and/or current 
drive in the island. In reality, we must allow for all the possible modes to 
exist, and any scheme for stabilizing them must stabilize all of them 
simultaneou sly. As indicated earlier the 1/1 mode is the dominant 
resistive mode when q(o) < 1, and requires a substantial plateau near the q 
= 1, surface to stabilize it. This necessarily modifies the gradients at the 
other rational surfaces as well, possibly destabilizing the p'evious stable 
higher order modes. This may play a role in the sawtooth oscillat ions 
observed in low q(o) disch arges, and may also provide a mechanism for 
MHD to determine the current profile, if we equate the profile flattening 
in the theoretical model with island growth and saturation and subsequent 
axisymmetric transport in the experiment. 

In summ ary, we have presented the possibility of stable tokamak 
operation in the q(o) < 1 regime, where ideal modes are stabili zed by 
pressure profile optimization and by a nearby conducting shell. Resistive 
modes are either stabilized or have their growth-rate sharply reduced by 
current profile modif ication, specifically through flatten ing q(r). Residual 
i nstabi lities may be susceptible to feedback co ntrol, allowing for the 
possibility of tokamak operation in a "sawtooth-suppressed reg ime". 

·work suppo rt ed by U. S. Department of Ene rgy Con tract No. 
D E-AC02-76-CH 1-3073. 
t Grumman Aerospace Corporation, Plainsboro, New Jersey, U.S.A. 
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NEUTRAL BEAM AND EDGE FUELLING EFFEC TS I N JET DISCHARGES 

T T C Jones, E Thompson , A Gondhalekar , P J Lomas, P D Morgan , 
J O' Rourke , D Stork . 

JET Joint Undertaking , Abingdon , UK . 

1 . INTRODUCTION 

Understanding recycling is o f considerable importance for Neutral Beam 
Heating ( NBH ) since there is str ong additiona l edge fuelling from the 
limiter . Significant density i ncrea se is also observed during RF heating 
f 1] . Density control during NBH depends on t he abi lity of the l imiter to 
pump (recycl ing coefficient R < 1) and l ow recycling may also help i n 
obtaining favou rable edge plasma conditions necessary for good energy 
confinement . The density behaviour of high power (~ 10 MW) NBH ~ET 

plasmas has been compared with the predictions of a simpl e model 
describing the beam fuelling , and r ecycling a t the various graphite 
surfaces o f the machine (conventional outer limiters , inner wall and 
X-point protection tiles) . The comparison supports the validi ty of the 
model, and the consequences for the material properties are described . 
Since , in principle , it should be possi ble to derive the parameters of the 
model rigorously from par t icle t ransport with in graphite (and i n the 
plasma) the results may provide a useful constraint fo r the more 
materials-oriented recycling modelling in tokamaks currently in progress , 
e .g. [ 2 , 3] . 

2 . DENSI TY BUILD UP WITH NBH FOR OUTER LIMITER DISCHARGES 

Figure 1 shows the typical behaviour of volume averaged electron density 
<ne> ' edge recycling fluxes $Land $w at the limiter and vessel wall 
respectively (from Ha measurements) , and recycling coefficient R for an 
ou t er limiter NBH plasma. Figure 1 defines the asymptotic beam fuelling 
efficiency E; the gas and beam f l uxes $and $bare also shown. The 
principal features are: (i) r ecycling ~akes place mainly at the limiter ; 
(ii) there is a transient increase in recyc ling flux on application of 

NBH (R>l) result.ing in an initial beam fuelling e ffi ciency >1 ; (i ii) an 
asymptotic fuelling efficiency E < 1 which implies R must tend to a value 
< 1 , but since ~b« $Lthe asy mptotic value or R must remain close to 1 . 
The behaviour suggested applying a model based on dynamic equilibrium 
between the plasma particles and particles retained on the limiter for 
some finit.e time before being re-emitted . The initial transient influx 
from the limiter can be explained by a disturbance of equilibr iu~ 

established prior t o appl ication o f NBH , towards a new equilibrium 
favouring the pcasma . Ignor ing l osses , the equations describ i ng this 
exchange can be written: 

~p • -a(l-r)Np • ~N5 • $b 

Ns + Np - N0 + t bt 

where NP - plasma e lectron content; 

(1) 

N a H • D content of limiter s ur faces 
s 
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~b = beam atom flux; 

Tp • plasma particle confinement time; 

s- 1 
• Ts • limiter surface residence time; 

r • limiter surface prompt reflection coefficient . 

The solution of (1) subject to the boundary condition 
0 m 

Np= Np + 6Np (1-exp-t/1) + E$bt 

where E = s!(s + (l (1-r)); 1 s 1/(B + (l (1-r)); 
m 2 0 

and 6Np • cN
0 

+ a(1 - r)$b/(a(1 - r) + B) - Np 

Np (t•O) • N~ is : 
(2) 

The function (2) was fitted to the experimentally measured ND for many 
outer limiter·discharges and hence best - fit values for a( l- rJ and B 
obtained . The fits were generally very good (eg . fig 2) . The total 
recycling flux can be written : 

ij>R • etr NP + aNs (3) 
The first term is the prompt reflected flux and the second the re-emitted 
particle flux . The initial increase in 9L as measured (eg . fig 1) is not 
instantaneous at t•O, but typically has a rise time of - 200 ms; if power 
flux into the sc rape- off layer is responsible for enhanced re-emittance , 
the finite beam slowing down time (- 100 ms) has to be taken into account . 
The fitted values of 1 are typically - 0 .8 s and during the moin transient 
characterized by T, 9L a lways 'turns over ' as the density ie . the second 
time derivatives of N and 9L are of the same sign . It can be proved 
using (3) that necessgry and sufficient conditions for the l'lt.ter are that 
or > Band r > E. Figure 3 shows plots of 1p* = 1/et(l-r) and 1s = 1/B 
versus E obtained by fitting (2) t o the measured Np(t) . The osymptote for 
1p* as E"l supports the fact that r > E, as expected . Also, "11en r was 
calculated using values of 1P from the standard global particle balance 
equation , using 1p* = 1p/( l-r) , it was again found that r > ' · Thus the 
variations in c ar·e largely explained by changes in r. 

3 . DENSITY RISE AT ONSET OF II- MODE 

Equation (2) well describes the density increase observed i'lt the onse t at 
t = 0 of the H-mode [~J . The initial fuelling rat.e is typic.~lly - 2-3 
times ipb ' asymptotically approaching a value of c ~ 1 . lfere, ti1e initial 
increase is considered to be due to an instantaneous incre;1so> in 'r · and 
~R measured at the X-point tiles instantaneously drops , <'•)ns i~t.enL with 
the drop in the reflected flux urNP [5J . 

~ . DENSITY CONTROL USING He CONDITIONED INNER LIMITER 

The foregoing discussion assumes that the limiters are 100% s aturated , 
i.e. all the strongly binding traps (- ~ eV) are occupied . SLch sl.rongly 
bound H or D atoms can only be displaced by inci11ent. ions i-111•1 the 
displaced atoms repopulate all ava il;:ible traps , incl11ding L!ro~e of lower 
birn1ing energies , on a st3.tis tica l basis . A model bilsed on this process 
[6J predicts an inversely temperature dependent saturation H + D content 
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NSATfor graphite ; at saturation for each incident ion exactly one H or D 
atom is promoted from the trapped populat ion (NT) t o a weaker trap from 
which thermal detrapping is poss ible, and adds to the mobile , d! ffusing 
population (Nfree> · Assuming the build-up to saturation is approximately 
exponential with total fluence t he probability of an incident ion adding 
to NT is: 

ptrap - 1 - NT/NSAT = 1 - ( Ns -Nfree> 1NsAT <4 ) 
and a modified se t o f particle bal ance equat i ons may be wri tten : 

0 
where NT , 

N • a(l-r) N + ~ N + <I> p 
0 

p free b 
N • N + No + <I> t - N s T f r ee b p 
N • a(l -r )N (1 - P ) - aNfree free p t rap 
N~ree refer to t = O 

(5) 

Integrat i ng equat ions (5) shows that ( i ) for sufficientl y deplet ed 
surfaces (N~/NSAT<l) t he asy mptotic beam fue l ling e f ficiency E~O ; (ii) 
Np/<l>b > 1 for small t , dependi ng on the val ue of N~ree es t abl ished by the 
target plasma ; ( ii i) fo r 100% sat ur ation (N¥/NSAT a 1) th i s model reduces 
to t hat descr ibed in section 1 . The s e featur es a re observed i n the 
density behaviour of NBH discharges r un on t he inne r wall tiles after He 
discharge conditioni ng , and i n L-mode X-poin t discharges (figure 4) . 

5 . CONCLUSIONS 

The density rise observed with NBH and at the onset of the H- mode ca n be 
sa t isfactorily described using a simple par t ic l e balance model . The 
fi t ted parameters show that H or D a toms retained on gr aph i te pl asma 
l imi ters have a char acter i s tic residence t i me } 1 s . The magn i tude of the 
dens i t y increase is l a r ge l y dependent on the t r ansien t infl ux from the 
l imi ter , and not simpl y on t he beam fuelling r ate . De nsity control can be 
ob ta i ned by suf fic i ent depletion o f the H + D content of th e limiters and 
o ther surfaces i nter ac ting wi th the plas ma , e . g . by He d ischarge 
cond i tioni ng . This me thod has been successfully employed i n JET for the 
inner wall tiles which present a l a rger area and operate cooler t han the 
outer limi t er s . 
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3 . 4 T D pla~ma , and de f inition of 
asymptotic beam fuelling 
effic iency E, i.tiere VPLASMA = 
plasma volume . 

.,, 

figure 2 Time evolution o f 
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1 Introduction 
During additional heating in JET, sawtooth activity normally dominates the 
evolution of the plasma core, limiting plasma temperature and density . 
However. in some experiments with auxiliary powers of above 5 MW (ICRH 
plus NB!, ICRH alone, or NB! alone), the plasma undergoes a transition to 
a new regime in which the sawtooth instability is suppressed for periods 
of up to 1.6 sand the level of long wavelength coherent mhd activity is 
very low. The long quiescent period (3-5 energy replacement times) allows 
plasma transport and confinement to be studied in a regime free from 
mixing due to sawteeth, and permits an evaluation of the possible benefits 
of sawtooth stabilization for near-ignition conditions. 

2 Exper imental Observations 
Experiments with additional heating have been carried out in JET at total 
power levels of up to 19 MW. using an NB! system capable of delivering up 
to 10 MW of 80 keV deuterons into the torus. and an ICRH system which has 
injected up to 8 MW into the plasma [1). The experiments reported here 
utilised NB! co-injection and on- axis ICRF resonance heating. Under such 
conditions, the sawtooth and mhd activity exhibit two distinct types of 
behaviour. In the more usual [2,3), the sawtooth period increases by a 
factor of 2-3 relative to the ohmic phase of the discharge, ie up to ---0.5 
s, and the relative modulation Te(max)/Te(min) increases to -2 compared to 

1.1-1.2 during ohmic heating. A variety of mhd activity accompanies the 
saw teeth . 

The second, newly observed and s ignif i cant ly different type of behaviour 
is illustrated in fig 1. The rise of the ' sawtooth' beginning a t 9.6 s 
exhibits weak mhd activity. In a number of cases. a small partial sawtooth 
also occurs. However, after 300-400 ms the mhd activity becomes quiescent 

- .....0 (B9/B9 ~ 5.10 ).In many cases both the density and stored plasma energy 

rise continuousl y until the sawtooth collapse occurs , although the central 
electron temperature saturates. This saturation lasts for ---0.7 s (and can 
last for up to 1.4 s), during which no low m,n number mhd activity is 
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Fig 1: Evolution of a JET discharge Fig 2: Electron t emperature profiles 
in which sawtoo th stabilization before (A) and after (13) an ohmic 
occurred. sawtooth.and before (C) and after (D) 

the collapse terminating a stable 
period such as that in Fig 1. 

observed by EGE, soft X-ray diagnostics, or magnetic pick-up coils . 
Throughout this period, therefore , the m=l mode appears to be stabilized. 
A significant consequence is that the global energy confinement time can 
improve by up to 20% relative to the normal sawtoothing regime. 

The stable pe~iod is terminated by an m=n=l instability which exhibits the 
dynamics of the normal sawtooth collapse in JET [4], but, in addition, an 
m=3 , n=2 mode is often destabilized, as shown in fig 1. This may be due to 
changes in the current profile during the stable period which could lead 
to a steep current gradient at the q=3/2 surface at t he sawtooth collapse 
(note that the edge value of q remains virtually constant) . The observed 
expansion of the sawtooth inversion radius r,, f rom ~40 cm during the 
normal sawtoothing regime to 50-60 cm at the collapse terminating the 
quiescent period , provides further evidence for changes in the current 
profile during this time. Fig 2 i l lustrates the expansion of the inversion 
radius as observed in the electron temperature profiles. More precise 
measurements with an ECE polychromator and soft X-ray tomography confirm 
this result. In discharges where the (3,2) mode is quenched during the 
auxiliary hea: ing phase, or is not excited, subsequent long stable periods 
can occur (up t o 1. 6 sin duration). However, a mode with n=l (usually 
m=2) may also be destabilized [5] . In these cases, the mode locks after 
-50 ms, leading to a significant deterio ration in central temperatures, 
and a degrada t ion of -25% in global energy confinement t ime. 

The quiescent regime has been obtained under a wide range of conditions in 
JET (Ip=2-5 MA. B'/'=2-3.4 T, q-1'=3.4-6, ne=l .5-4 .10 19m-3). but no crucial 

parameter has yet been identified . The regime occurs in plasmas limi t ed on 
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the outer l imiter, the torus inner wa ll, or by a magnetic separatr ix. It 
was first observed during combined heating (NBI plus !CRH), but has 
subsequently been attained with ICRH alone, in He3 (H}, D(H) , and D(He3

) 

minority heating schemes, and with NBI a lone. Sawtooth stabil izat ion has 
also been observed following pellet i njection into ICRF heated d i scharges, 
and such a case is shown in fig 3a. Significantly , in similar di scharges 
where stabil ization did not occur (fig 3b) a locked n=l mode was observed 
accompanied by substantially degraded confinemen t. 

3 Anal ys is 
Deta il ed measuremen ts of the current profile j{r} in ASDEX have shown that 
sawtooth stabilization by lower hybrid current drive is due to a 
br oadening of the current prof ile which raises q(O) above 1 [6]. We have 
invest i gated the evolution of j(r} during t he quiescent period in JET by 
ana l ys i s of magnet i c measurements using the JET equilibrium codes [ 7]. 
While the ana lysis indicates that q(O) lies in the range 0 .9- 1 .0 during 
thi s t ime, the systemat ic uncer tainty (- 20%) in t he derived val ue of q(O) 
makes it imposs ible to determine unambiguously whether q(O) is above or 
be l ow 1 . The most signi f ican t result obtained i s that the p l asma 
inductance 11 remains constant, or decreases slightly ( fig 4), indicating 

that j ( r ) i s no t peaking, in spite of the st rong peaking of Te . 

The g ood agreement be t ween observa tions of the sawtoo th collapse in JET 
[4], and the predi cti ons of an ideal i nstability model [8 ] sugges t s that a 
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mechanism involving a broadening of j(r). so that q(O)>I, is the most 
likely explanation of the sawtooth suppression. The substantial mhd 
activity which follows the quiescent period, in part i cular the 
destabiliza t ion of the (3,2) and (2,I) modes, further suggests that a 
current profile modification is occuring. However, since the calculated 
beam-driven current profi le is too peaked to maintain q(O)>l , and since 
ICRH is not expected to drive currents, explanat i ons involving 
non-induc t ive current drive seem to be excluded. Calculations of the 
bootstrap current profile using the measured temperature and density 
profiles in JET predict that the total bootstrap current sho~ld increase, 
from "'50 kA during the ohmic phase of the d ischarge, to over 100 kA during 
the quiescent period . However , resistive diffusion calculations show that 
this would be insufficient to maintain q(O)>I for the required period. As 
yet, therefore, the re is no mechanism for curent profile broadening which 
would quantitatively explain the stabilization. 

Alternative explanations involving energetic particles cannot be 
eliminated conclusively, but the density of such particles appears 
insufficient to produce stabilization on the basis of current theor etical 
understanding. A further poss ibili ty is that a change in the impurity 
profile could directly affect the rate of current diffusion. However, the 
extreme peaking of the temperature profile would necessitate a substant ial 
change in tte cent ral impurity density of, perhaps, a factor of 3, which 
is far greater than actually observed. 

The most significant aspect of these results is that it may be possible t o 
suppress sawteeth without act ive stabi lization measures. However, the 
present transient stabilization, can be followed by a deterioration of the 
plasma behaviour at the sawtooth collapse. A further important point is 
that the long stable period (3-5 energy confinement times) a: lows 
potential advantages of full sawtooth stabilization to be evaluated. It is 
found that the energy confinement time can be 15-20% higher than in the 
normal sawtoothing regime, but this appears to be the result of allowing 
the plasma to approach equilibrium rather than an improvement in 
transport. The major advantage is expected to be a s ignificant enhancement 
of the D-T fusion yield which, in the near- ignition regime, is 
approximately proportional to n~T~. Our calculations predict a substantial 

gain in fusion power production if the appropriate profil es can be 
achieved . 
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DENSITY PERTURBATIONS AT RATIONAL q-SURFACES 
FOLLOWING PELLET INJECTION IN JET 
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ftitrod11ctio11 -The ablation of pellets injected in JET 1 produces a pronounced resonance effect at 
rational q - values of I and 3/2. After ablation, 111 = l ,11 = I and 111 = 3,n = 2 structures are observed 
as. compact snake-like perturbatio ns 2 by the soft x-ray cameras. The "snake" oscillatio n is caused by a 
rotating localised region of higher density, which can persist for "' 2 s . The observed effect can be 
used to measure the dynamic behaviour of the q = I and q = 3/2 su rfaces. In particular, new 
information on the evolution of the q - profile during sawtooth collapses is obtained. The 
characteristics of these perturbations. their relationship 10 rational q - surfaces, and possible 
explanations for the existe nce of the "snake" are p resented. 

Observatio11 of the s11ake oscillatio11 - Two soft x-ray cameras JA containing 100 detectors view the 
plasma with a spatial resolution of= 7 cm in orthogonal directions al the same toroidal position as the 
D

2 
pellet injector. Pellets of 2.2xl021 or 4.5x 1021 atoms are injected in the horizontal plane into 

ohmically heated JET plasmas (2.,. Br(1).,. 3. 3.,. IP(MA) .,. 3.6) with velocities of - I k m/s . 
Their penetration and ablation is deduced by observing the intense bremsstrahlung emission from 
interactions of plasma electrons with pellet particles, using the vertically mounted soft x-ray camera 
(fig. I). 

9537 VERTICAL CAMERA 

Fig. I Soft X- ray nux (vertical camera , 140 wn Be - filter) around the time of pelle t 
injectio n showing the initia l peak from ablation and the subsequent "snake'" 
oscillation. 

Immediately after pellet ablation. the x-ray e mission decreases due lO the cooling of the p lasma. 
J'hc most striking remaini ng effect is the observation of a snake-like modulation superimposed on a 
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symmetric e 1111ss1on profile. T he snake is caused hy the rotation of a small region of plasma with 
usually enhanced x-ray emission. The dimensions of this region and its position in the plasma can be 
accurately de termined both directly lrom the experimcntnl data . and also hy tomographic 
reconstruction techniques. A typical snake has dimensions of of - 15 n11 (FWI IM) in radial and of 
- 25 011 in po loidal direction. 

Plasma parameters i11 the snake region - The 1e111pcra1urc and density in the snake region arc 
determined from an ECE polyrhromcter and a 2 111111 microwave transmission interferometer (fig. 2). 

Fig. 2 
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Correlation of soft X-rny signal (top. non cclllrnl channel) with line density and '!~ at 
the snake radius. Different signal phases arc due to different measuring locations. 

Large density perturbations tm,/11, '6 I are deduced from the line integral measurements of the 
density using the dimensions of the snake region. The corresponding temperature drop is smaller. 
indicating increased pressure in the snake region. The temperature perturbation reduces after 
- 100 ms. although the density perturbation remains unchanged. 

The inte rferometer is d isplaced lOroidally with respect to the x-ray cameras by 135° and the p hase 
between the signals of the line density and the soft X-ray emission show that the snake has a 
to pqlogically 111 = I .11 = I structure. 

Re/atio11 to ratio11a/ q-1"0/11es -The snake oscillation seen in fig. I is clearly an effect associated with 
the q = I surface because of its 111 = I .11 =I topology and because its radial locatio n coincides wi th 
the sawtooth inversion radius (derived from lo mographically inverted signals). Moreover, a t this same 
radius a characteris tic dip in the D

0 
emission from the ablating pellet is seen. At the q = I radius the 

ablat ion rate is expected to drop . because only the plasma particles in a narrow nux tube. which 
intersects the ablating pellet. can con tribute lo the ablation. 

Another observation is that the snake oscillation is more frequentl y seen, when the pellet is injected 
just before a sawtooth collapse. At this time the q = I radius has probably grown to its maximum 
value and the q = I surface is mo re easily accessible to the injected pellet. as shown later. 

Occasionally. in addition to the snake at q = I. a perturbation of higher symmetry is also seen. 
Analysis o f the complicated soft X-ray signal patterns reveal a 111 = 3. 11 =2 structure. A clear 
correlation with 111 =3. 11 = 2 magnetic signals is also found. and the location of the perturbation 
~oincides with the calculated position of q =3/2. 
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Lifetime of tire s11ake - The local density enhancement al q = I can persist for ;;. 2 s without a 
significant decay or spreading during that time. This is even seen after several sawteeth which leave 
the structure unaffected . Fig. 3 shows the snake modulation during two JOO ms time intervals of the 
same discharge. Generally, the rotation slows down after some JOO ms and the snake is locked 
between sawtooth collapes (fig. 3 b, - 0.9 s after pellet ablation). During the sawtooth collapse a 
rotation is initiated for a short time. 

Fig. 3 
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X - ray emission (vertical camera) showing a long lasting snake. Jn the later phase 
(b) the oscillation has locked. The sawtooth does not chang,e the snake. 

The long lifetime of the snake can be used to make a continuous determination of the position of 
q = I. Jn particular, a large rapid inward shift of the q = I radius is seen during the sawtooth collapse 
phase followed by a slow expansion of the q = I surface after the collapse (fig. 4). 

Fig. 4 
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X - ray signals d uring a sawtooth crash. which shows the inward shift of q = I 
derived from the snake oscillation. 
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Discussion - In the ea": of an axi,~mmetric equilibrium. perturbations of te mperature {)T and 
den,ity 611 a rc expected tu spread out puloidally hy coll isional diffw.iun a long the magnetic field lines . 
A round q = I . the spreading times scale like : 

Given the pl~1sm~1 parameter~ in the ··snake·· region. these values arc found tu bi.: 

1,
1111

.ml - 100 /L\' for OT and 

These arc limes for the perturbations to fa ll below a 10 % level outside a ve ry narrow regio n with 
I 1- q I < 10 -~ . 

The observed long persistence of the density pcrturha1ion 1he refore implies the Jomuaio11 of a 
111ag11e1ic island at q = I due to the local cooling and 1he associa1cd ClllTCnt pertu rl>ation along a 
helical flux lube. We estima1e that a magnetic island of several cc111imc ters width wo uld grow within a 
time of - llJO w due to the init ial temperature perturbation f>T/ T "" 0.2. During this time ablated 
particles arc continuously deposited at q = I . which later arc confined e ffectively in the island. 

The persistmcr of the particles in the magne tic island. however. is difficult to understand. First. 
neoclassical (banana diffusion regime) particle confinement times in the snake region "re o nly - 0.3 s : 
and second . the toroidal precession of trapped particles wo uld lead to drift o f the particles out of the 
snake region on a time scale of only - 15 ms. A plausible explanation for the persis tence o f the snake 
may 1hen be given in terms of a new non·axisymmc1ric stationary cquilihrium . which has been 
accessed by the pellet injection . The higher densit)' in the snake region could l>e maintained by inward 
convection. in a similar hut not understood manner to the inward convection of partidc> in the hulk o f 
the to kamak plasma. 

Another observation is tha t the temperature perturbations become very small after - JOO 111;. 
H owever. calculiJtions show. that an island with the dimensions of 1he s1rnkc can te 111ai111aine<I by 
bT/T - JO -~ - w-1 . which is too small to be de tected . The required curre nt pe rturbatio n could also 
be produced by a local change of z,11 due to the electric potential associalcd with the locally enhanced 
deuteron pressure. 

The observed effect gives information about the <J - prnfile: First . the radial position of</ = I (and 
q = 3/2) are de rived . and secondly estimates of the central q value rnn be made fro m the radial shift of 
q = I during a sawtooth collapse. Because the change in q caused by sawtcct h in J ET is t;q - 0.02 
o nly5 

• a smooth q - profile has to be very flat inside q = I with q(O) - 0 .97 before the sawtooth 
crnsh in order to produce the large observed shift of r,1= 1 ( C;rq= l / r<t • I = - 1/3 . fig . 4). For the 
discussion of saw:ooth mode ls ii is a lso important tu note. that q = I exist s throughout the sawtooth 
cycle. and 1hat n saw1ooth collapse does not seem to cause n large rearrangement of the magnetic 
topology (cg. comple te reconnection at q = l}. 
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PELLET INJECTION EXPERHIENTS ON THE TFR TOKAflAK 
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The es sential results of the pellet injection experiments 
carried out on the TFR Tokamak from 1983 until t he shut-down of the 
machine in J une 1986, are summa rized. Hyd rogen and deuterium pellets, 
occasionally doped with neon, were injected into ohmically a nd also 
a dditionally NB and ECR heate d plasmas. Direct observation of the 
pel let trajectories yields insight in the properties of the ablation 
clouds. Measurements of the bulk plasma show a rapid temperature 
evolution du ring and jus t after t he ablation process. The electron 
density changes radially on a much longer time scale. Transpo rt 
simulations in particular for multi-pellet injection leads to the 
conclusion that the transport coefficients for the densi ty transport 
are not drastically modified during the de nsity relaxation phase. 

THE PELLET INJECTORS 
The pelle ts '#ere inj ected pneumatically using either a 

s ingle -shot ex trusion dE·Vice built by the RIS0 National La boratory or 
a mul t i-pellet injecto1: (6 pellets at maximum) developed by t he SST, 
CEA Hfenoble .

19
In both cases , the ave ra ge number of atoms was N : 

8 . 10 - 1 . 5.10 per pellet, t he veloci ty range was v : 600 - 700 ~/s. 
Injection was radia lly into t he TFR plasmas ( maj or r~diu s R = 98 cm, 
minor plasma radius a = 18 - 20 cm, toroidal i nducti on B~ = 1. 9 to 
4 . 8 T , plasma currents I = 100 - 300 kA). The plasma density was 
increased by 25 - SO % by J>ne pellet. 

THE ABLATION CLOUDS, PELLET PENETRATION 
The pellet t rajec t ori es were viewed unde r an obl ique angle 

with respect to t he i njection plane, and independently by a photo­
multi plie r e quipped with an i n terference filter (H ,H~) and connected 
to a rapid acq uisi t ion device . a P 

!~j~~~i~~_ j_11_t~--~~~~~~1:Y..-~~~~~q_e!~ ~~~~ : Pellets were injec t e d into 
pure olunically heated plasma s under very different conditions. The 
photographies show very differen t abl ation features depending on the 
plasma parame t e rs (l]. 

Above some critical value of n a nd T , the visible part of 
t he pellet trajec t ory degenerates intl a se~uence of a lternating 
bright and dark zones co rresponding to maxima a nd minima of t he 
photomultipl ier signal . One observes nearly s t raight l ines extending 
toroidally with a weak poloidal inclina tion , lines crossing each 
other under angles up to 18 degrees (1,2], small crescents or a kind 
of ellipse [ 3 ] . The t rajecto r ies are always bent i n the electron 
current direc t ion. 
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Reversal of the toroidal magnetic field direction reverses 
t he weak poloidal inclination of the s triations. Assuming the stria­
tions to extend along the ac tual magnetic field lines has a llowed to 
determine t he safety factor q(r) as a function of radius [4] from 
"well-behaved" ablation clouds. 

from the Stark-broadened 
1
a,.ute_-cjum lines f ollow a time­

averaged electron density of - JO cm and L. T.E. temperatures 
ranging from 1 . 6 eV to appr. 20 eV. These values are in broad 
agreement with the neutral shielding model [ 1,4] . 

l'1i.~~~~~~ -j2}2 __ ~!~E-!~}:~!~~:~!~E-!~ __ e!~~'!1~~ : The expe r i me'.'fg w~2e 
made at moderate p l asma densities (line de ns ity n 1 - 2 .10 cm 
I - 205 kA at B = 4. 7 T, olunic power 230 kW). i'he- neutral beam 
p8wer injected i n ~o the pl asma was 250 kW. There was practically no 
difference in t he a blation between the ohmi c a nd NB heated plasmas. 
As the pellets penetrate only unt il a radius of - 12 - 13 cm whereas 
the fast neutrals are captured and s l owed down with i n r 5 8 cm, there 
i s no direct interaction be t ween pellet and beam-or ig i nating par­
ticles. This also holds f or larger radii where Lhe beam particle 
density is extremely low. 

! !!j !: ~ ~!~!!- .!:~ E-~ - _e_l_e_c_t_r_o_n_:-_cy_c_l_o_t_r_o_n __ i:_e_s_o_~a-~~~ _ t ~~~L :'!~1!. t:~<!-e! ~ ~'!1~ ~ : A 
dras tic change of the ablation process is seen during ECR heating 
[3]. I n almost all cases the pelleE-s were ab)~ted -~n the very outer 
part of the plasma of mean density n - 1.2.10 cm . The s t riations 
di sappeared , a broad ablation cloud ~xtends toroidally over the whole 
obse rvable region C: 25 cm toroidally) . The tt8 emiss i on s ho;.is a sharp 
maximum without any particular structure . :for further deLails see 
Ref. (3]. 

FAST EVOLUTION OF PLASMA PARAMETERS 
A common feature of pellet i nJ eCLton expe riments is t he 

very fast drop of T and a very fasl evo lution of Lhe radial T 
p rofile. This respons~ of the bulk plasma t o si ngle pell et injectio~ 
has been s~udied fobst a!!gard TFR ohmic discha r ges ( 1\t>= 4 T, I 

: 180kA, ne : 4.10 cm ) together with magne ti c ncfiv ity an8 smal l 
scale fluctuations . 

1 . ~!!:~~E~!!-- ~~'!11?!: !: ~~':'!:!: : The time-dependenL temper.1t u re profile 
T (r,t) was obtained from ECE measureme nls dl 6 differen t plasma 
r~di i. The tempernture decrease occurs simultnneous l y al a l l r adii, 
although the pellet r eaches on ly afte r 3 11 abJ :il io11 time of appr. 
120 µs the radius r = 11 cm corresponding lo n penelraLion dep t h of 
L : 8 cm. A cold fron t (CF) propagates towa rds Lh e cente r with 
iRc reas ing velocity which finally exceeds Lhe pel leL velociLy. There­
fore , cooling of a gi ven magnetic s ur face mu s t be due to ridia l hea t 
tra nsport rather than due t o deposition of co ld matLer. The t empera­
ture decrease stops abruptly at all radii al Lhe end o f the ablation 
process. There exist cases fo r whi ch the quasi-ins t a11taneous t empera­
t ure drop ends at t he q = I s u rfa ce . Inside t he q = 1 s urface the 
temperature dec rease is slower a nd l asts be t ween 200 a nd SOO µs. I t 

I 
jl 
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seems that t he q = 1 surface acts as a the rmal barrier. Temperature 
diff erences as la r ge as 300 eV have been observed between radii 
inside and outside the q = 1 surface during more than 100 µs . The 
T {r,t) prof i l e recovers almost its self-similar i nit ial shape within 
aefracti on of a millisecond fol l owing pellet i nj ec t ion. The absolut e 
values, however, increase on a l onger time sca l e (see be low). 

2. I_~n __ ~!:'!'E~!:~~!!E!: : The ion temperature first dec reases and than 
ri ses to va lues highe r t han the pre- inj ec t ion tempe ratures because 
equipartitioning be tween e l ectrons and ions is better due to the 
higher density after pellet injection . Insuffi cient time resolu t ion 
did no t al l ow conclusions concerning an eventua l fast i on temperature 
t ransport. 

3. ~!~~~~~~ -~~~~~~~ : The time-dependent electron density profiles 
n (r,t) are obta i ned from Abel i nve rs ion of HCN laser i nterfe r ome t r i c 
d3ta a long 8 chords . Limited time resolution (- 400 µs) did not allow 
conclusions concerning an eventual fa st ma t ter t r ansport during a nd 
i mmediately aft er pellet i njecti on. 

4~ ~~a~~~~~-~~~--~!~~~~~~-j~~~j~_y __ !!~~~~~~~~~~ : The f luctua t ions 
oB/B0 of t he poloidal magnetic induction B

0 
(poloidal mode numbers 

m = 2, 3 ; t oroida l mode numbers n = 1 , 2) have been meas ured by means 
of Mirnov coil s. Short burs t s of m = 2 ,3 oscillations are seen during 
pel l et injection . Them = 1, n = 1 oscil l at i on (is land a t q = 1) has 
been observed us ing X-ray de tect o r s vi ewi ng along 32 chords. The fast 
temperature drop du r ing injection is also seen on the soft X-rays a nd 
exhi bits a large m = 1 oscillation on chords viewing the q = 1 region . 
When the m = 1, n = 1 oscilla t ion (island a t q = 1) is a l ready seen 
before pellet injection it continues wi t hout perturbation afte r 
pel l et injection. The m = 1 oscilla t ion has a frequency close to bu t 
diff eren t f rom t he m = 2 oscillation. This behaviour is different 
from the one after minor di s rupt i ons (without pelle t i nj ection) for 
which t he m = 2 mode is always phase l ocked to the m = 1 oscil lation. 
The strong similarity of the fast hea t transport du ring minor disrup­
tions and during pelle t injecti on s uggests that the same physical 
eff ec t (the gl obal f a st heat transport) can be triggered by different 
phenomena. For further details, see Ref. [l) · 

Electron dens i t y fluc tuations on have bee n measured us ing 
a c t i ve microwave (A= 2 . 2 mm) and CO i nfra - red laser (A= 10.6 µm) 
diffusion t echniques. During and some~02µs after pellet a bla t ion t he 
scatterred power (proportiona l to (on) ) inc reases by a factor of 
ten . The signals appear as a series of bursts similar t o t he H (H ) 
signals . Howeve r , at p resent no correla t ion has been found bgtwe~n 
the two t ypes of s i gnals, neither in time nor in ampl itude. The 
s ca ttered signals resembl e t hose observed during minor dis ruptions , 
however in the latter case t he scattered power is roughly three times 
sma l ler. 
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SLOW EVOLUTION OF PLASMA PARAMETERS ; TRANSPORT SIMULATIONS FOR 
MULTI-PELLET INJECTION 

After t he ablati on has finished and t he (self- s imila r) 
temperature profile been recovered a much slower evoluti on of a l l 
plasma parameters occurs on a t i me s ca l e of some mil liseconds to t e ns 
o f mi l liseconds. After single pellet inj ecti on , the initia l t empe ra ­
t ure va lues T are reestablished aft er appr. 5 to 10 ms. Since matter 
is onl y depos'ited in the outer part of t he discharge {r > 8 cm) the 
n (r,t ) pro file i s hollow at the e nd of the abla t ion -process and 
s Eays hollow during a few mi l liseconds . 

Successive i nj ection of 4 pellets in time i ntervals of 
appr. 40 ms (standa r d ca se) yiel ds moderate central pedking of n (o) 
which i ncreases with the n° of i nj ected pel l e t. I n one (special) gase 
peaki ng is mor e pr onounced. Sawt ooth activi t y i s i n all cases wea k 
before and remains in genera l wea k a f te r pellet i njecti on . 1he evol u­
tion of n ( r,t ) has been s imul ated by means of the transpo rt code 
Makokot, for detai l s s ee Ref. [6 ] . 

It seems tha t the st r onge r peaking i n t he "special case" i s 
not only a consequence of a modifica t ion of the t rans por: coe ffi­
cients but rather due t o either a deeper pellet penetration or to 
matte r deposition in a plasma whose central particl e confinement 
time i s highe r i mmediatly afte r deposit i on of a pellet . 

AKNOWLEDGEMENT 
We t ha nk t he ECRH - team of the FOM- Instituut voor Plasma­

fys ica ' 'Rijnhui zen", The Netherlands , f or the ECR-hea t i ng during our 
pel le t injecti on experime nts. 

REFERENCES 

(I] TFR Group, "Pellet I njection Experimen ts on the TFR To kamak", 
Repor t EUR- CEA-FC- 1321 , Cadarache , February 1987 

(2] TFR Group, Proc. 13th European Conf. on Contr. Fusion a~d Pl asma 
Heating, Schliersee (FRG), 14-18 April 1986, Vol. IOC, part I , 
pp. 200-204, European Physic . Society. 

(3] TFR Group, Cont ributed Paper 0326A, 14th European Conf. on 
Contr. Fusion a nd Plasma Phys ., Mad rid/Spain, 22-26 J une , 1987 

(4] TFR Group, Europhys. Lett. ~ ( 1986) 267 

(5] Park , P.B. ,Turnbull, R.J., Fos t e r , C.A. ,Nucl . Fusion 17 (1977) 539 

(6] TFR Group , Contributed paper 0298A, Conference as in Ref. [3 ] . 



33 

Pellet Injection with Improved Confinement in ASDEX 

V. Mertens, M. Kaufmann, IC Biichl, G. Fussmann, 0. Gehre, I<. Grallie, 0. Gruber, 
G. Haas, G. Janeschitz, M. Kornherr, K. Lackner , R.S. Lang, K.F. Mast, K. Mc­
Cormick, J. Neuhauser, H. Niedermeyer, W. Sandmann, D. Zasche, H.P. Zehrfeld 

Max-Planck Institut fiir P lasmaphysik, EURATOM Association 
D-8046 Garching, Fed. Rep. of Germany 

Z.A. Pietrzyk, University of Washington, Seattle, Wash., USA 

Introduction : 

An intensive campaign to study the consequences of repetitive pellet injection was 
carried out on ASDEX. It was possible to improve by pellet injection considerably 
the plasma confinement compared to earlier investigations / 1/. In addition we could 
advance considerably the understanding of the relevant mechanisms. The dominant 
difference between the earlier and the recent experiments was different recycling in the 
plasma boundary and the divertor. While the earlier campaign aimed at low-recycling 
pellet injection (LRP) to study the genuine pellet fuelling, the second campaign aimed 
at an improvement of the density limit. 

Experimental paramet er : 

T he investigation concentrated on ohmically heated doulble null discharges in deu­
terium but discharges with additional neutral beam heating are considered as well. 
The ASDEX device was run typically at B 1 = 2.2 tesla, Ip = 380 kA, q0 = 2.7. The 
density range was extended from n. = 0.1 x 1020 m - 3 ton. = 1.2 x 1020 m- 3

• The 
pellets with about 4.5 x 1019 deuterium atoms each were accelerated by a centrifuge 
to a velocity of 620 7 /2/ and yield penetration depths of roughly half the plasma 
radius. Normally up to 20 pellets were injected with a repetition rate of 30 ms. In 
typical cases of good confinement ASDEX was carbonized. 

In a first campaign discharges were performed to demonstrate the potential of very low 
recycling at the plasma boundary by combining d ivertor operation and pellet fuell ing. 
The pellet injection started at low density. Only a poor density build-up could be 
attained under these conditions. F igure 1 shows the successful density build-up in 
a typical high-recycling pellet injection (HRP) discharge beyond the gas puff (GP) 
density limit. The flat electron density profile starts to peak s trongly with pellet 
injection whereas the temperature drops somewhat but the profile stays nearly self­
similar. 

The increase of the energy content and the improvement of the averaged energy con­
finement t ime is clearly seen in fig. 1; rs = 1.9 x w./(Pon - 1.9W,). W, : energy 
content of the electrons; PoH : ohmic heating power without correction for radiation. 
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In the pure GP phase the radiation profile is strongly peaked at the edge. During and 
after pellet injection when sawtooth activity is reduced the central radiation increases 
exponentially to a value comparable to the local power input without indication of 
saturation. Spectroscopic observation indicates Fe and/or Ti to be responsible for the 
rise of central radiation. Often nearly stationary density phases up to 230 ms dura­
tion could be observed after the last pellet. This phase is characterized by a very 
peaked pressure profile coinciding with a relatively flat temperature profile. The final 
breakdown seems therefore correlated to a violation of the ballooning criterion in the 
plasma centre. HRP discharges with neutral beam injection below - 1 MW behave 
like ohmically heated discharges. The unsuccessful density build-up at higher neutral 
injection power seems to be correlated with a more peaked electron temperature profile 
and a specific MHD-activity triggered by the pellet. 

Improved energy confinement with pellet injection was always correlated to a successful 
density build-up. The improvement of 'T'E in HilP discharges compared to standard 
ohmically heated GP discharges by about a factor of 2 is demonstrated in fig. 2. The 
increase of 'T'E starts with the first pellet and the enhancement lasts for times long 
compared with 'T'E . The data may suggest that the pellets remove the reason for the 'T'E 

roll-over because the peaked density profile in HRP discharges seems to establish a new 
type of discharge. This improvement of 'T'E might be explained either by a local heat 
transport model or the profile consistency model of Furth /3/. 
Discharges with proper edge conditioning (HRP) show distinct changes in bulk p lasma 
particle transport with pellet injection. The observed peaking of the density profile 
can not be attributed to central deposition of pellets because the penetration depth 
is approximately half the minor radius and the peaking lasts up to 230 ms after the 
last pellet. Asst:ming that the particle transport i.e. the electron flux r may be 
interpreted by a diffusive and convective driving term with a diffusion coefficient D 
and an inward velocity V, 

r(r) = - D(r) x n'(r) - V(r) x n(r), 

nearly stationary phases are analyzed neglecting earticle sources. Figure 3 shows 
typical electron density profiles and deduced ratios 15 before and after pellet injection . 
In the inner two-thirds of the minor radius 1J has increased by a factor of about 3 
or more demonstrating the change in particle transport. During density build-up the 
following transport coefficients fit the observed electron flux in the inner region : 

D(r) = 0.1 m2 /s and 
r 

V(r) = 1 x - m/ s 
a 

(a: minor radius) 

Reduced sawtooth activity and the correlated decreased outward flow of particles dur­
ing a sawtooth disruption - compared to GP discharges - seems also to be a condition 
for the profile peaking. GP discharges without sawteeth show a similar peaking /4/ . 
A macroscopic vertical electric field of the order of 10 V /m might explain an enlarged 
inward velocity. Calculation of the neoclassical current profiles show a ~mall but sig­
nificant increase of q on axis which reflects the increase of the collisionality with pellet 
injection. 
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In typical GP discharges there is a strict relation between the bulk plasma density and 
the edge density n. = 0.3 x n.. n. is the density at the separatrix and ne is the 
line-averaged bulk density /5/. The relative exponential density decay length in the 
scrape-off layer is practically independent of n • . In LRP discharges the particle density 
in the boundary exhibits large variation during pellet injection because the divertor 
walls are far from saturation and the neutral flux density in the divertor is low. This 
lack of saturation leads to a continuous outflow of the injected particles as seen in 
fig. 4a . In HRP discharges the high neutral flux density prevent loss of particles. 
The edge density stays nearly constant during the build-up of bulk density (fig. 4b) 
and the very small modulation of the edge density during pellet cycle indicate that 
the particle density in the boundary seems to be in equilibrium with the bulk density 
and the recycling. While the edge density behaviour is similar to GP discharges the 
ratio n./n. decreases from its standard GP value consistent with the peaking of the 
bulk profile. 

Refer ences : 

/1/ G. Vlases et al, Proc. 12th Europ. Conf. on Contr. Fusion and P lasma Physics , 
Budapest 1985, 1 (1985) 78 

/ 2/ W. Amenda, R.S. Lang, Proc. 13th Symp. on Fusion Technology, Varese 1984, 
243 

/ 3/ M. Kaufmann et al, Nucl. Fusion, to be published 

/ 4/ F. Wagner et al, Proc. Invited Papers, 13th European Conf. on Contr. Fusion 
and Plasma Heating, Schliersee 1986, vol 28 9A, 1225 

/ 5/ K. McCormick et al, J . Nucl. Mater., 145-147 (1987), 215 

Figure Captions : 

I : The electron particle content Ne and the energy content w. are shown together 
with the global energy confinement time TE as funct ion of time. The density 
and temperature profile development can be seen from the n~) and the r~c£n) 
traces. 

2 : Energy confinement time TE as function of the line averaged density n. for 
LRP, HRP and standard ASDEX GP discharges. All discharges are with ohmic 
heating only. 

3 : The ratio of the inward drift velocity to the particle diffusion coefficient ~ = ~ 
together with density profiles (dotted lines) is given before (a) and after pellet 
injection (b). 

4 : Electron density profiles at the plasma boundary for LRP (a) and HRP (b) dis­
charges. In case (a) one pellet cycle is shown. The profile steepens by the pellet 
and flattens afterwords again. Rs : radius of the separatrix, tp : pellet injection 
time. 
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ELECTRON TEMPERATURE PROFILES IN HIGH POWER NEUTRAL 

BEAM HEATED TFTR PLASMAS 

G. Taylor, B. Grek, F.J. Stauffer*, R.J. Goldston, E.D. Fredrickson, 

R.M. Wieland and M.C. Zamstorff. 

Princeton Plasma Physics Laboratory, Princcton N.J. 08544, USA 

*university of Maryland, College Park, Maryland, USA 

Introcluctjon 

In 1986, the maximum neutral beam injection (NB!) power in TFTR was increased to 

20MW, with three beams co-parallel and one counter-parallel to Ip [ 1 ). T~R was operated 

over a wide range of plasma parameters; 2.5<qcyl< IO, and 2xl019<ne<7xl019m-3 . 

Databases have been constructed with over 600 measured electron temperature profiles from 

multi-point TV Thomson scattering (TVTS) which span much of this parameter space. We 

have also examined electron temperature profile shapes from electron cycloi:-on emission 

(ECE) at the fundamental ordinary mode and second harmonic extraordinary mode for a 

subset of these discharges. 

In the light of recent work [2,3] on "profile consistency" (or "resiliency") we have 

analysed these temperature profiles in the range 0.3<(r/a)<0.9 to determine if a profile shape 

exists which is insensitive to qcyl and beam heating profile. 

Analysis of Electron Temperature Profile Shape 

Three techniques have been employed to map TVTS and ECE T e(R) data to a nonnalized 

radial coordinate, Te(r/a). In all cases, the ECE profiles are first mapped from frequency 

space to physical space, taking into account the effects of the plasma diamagnetism and 

poloidal field [4], using a code based on the measured J3p dia and A After smoothing Te(R) 

with Sr::::a/10, we then map to Te(r/a). In the first, "simple-one-sided" mapping Te(R) is 

mapped to Te(P) where p = ( R - R0 )/( Rmax· R0 ) [5]. R0 is the position of the magnetic 

axis as determined from the peak of the Te data and Rmax is the major radius at the outer 

edge of the plasma, as determined from magnetics. In the second, "slice-and-stack" method, 

T e(R) is sliced on isotherms to produce a 2r versus Te dependence; T e(r/a) is then generated 

by inverting this dependence.(This technique cannot be used with second harmonic ECE due 

to harmonic overlap.) No account is taken of the slight ellipticity (:::: - 10%) observed at the 

surface of TFfR plasmas at the highest values of J3p::::2 and /\.::::3. A third, 
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"flux-surface-i111egral" approach was also employed where a simple algorithm for the 

separation between two shifted, c ircular cross-section, toroidal flux surfaces was derived. 

For two such toroidal flux surfaces with major and minor radii ( R1, <IJ) and ( R2, a2 ), the 

average separation, <D.r> is approximately given by: <D.r> = ( a2 - a1 ) - ( <IJ/2 )( I - ( 

R21RJ)) and Te(r/a) = J(D.Te/<D. r>)dr, where D.Te is the temperature increment between 

isothem1s. We have examined 40 profiles using these three different mapping nlgorithms, 

and both ECE and TVTS Te(R) measurements. These profiles were chosen t<? span the full 

available ran ge in qcyl• ~P' ne and beam power. We find the "slice-and-stack" and 

"flux-surface-integral" methods yield similar results. However the "simpl~-one-sided" 

method can disagree by as much as 30% on Te(r/a). 

Comparison of Qiai:nos tic Measurements 

At the highest central temperatures <Teo), we find that the central ECE measurements 

exceed the TVTS measurements to a degree which is outside the range of experimental error. 

The extraordinary mode second harmonic and ordinary mode fundamental ECE 

measurements begin to diverge from TVTS data when the TVTS Te0 >4 keV and >6keV, 

respectively. For example, when Teo from TVTS reaches 6.5 keV, the extraordinary mode 

second harmonic result is typically 8.5 keV. Soft X-ray pulse height analysis measurements 

agree fai rly well with the TVTS results. Since optical depths in the core exceed 70 for the 

second harmonic extraordinary mode and outside the plasma core (r/a>0.3) ECE and TVTS 

results generally agree well, it is difficult to explain these observations as being simply due to 

suprathermals. These disagreements are currently under study. 

Rts..u.lts. 
The electron temperature profile shape in low qcyl NBI discharges is flattened in the core 

by sawteeth, and we believe convection losses associated with cold electron deposition may 

be the cause of the flattening in the core of high qcyl NBI plasmas. At the highest ~p's 

obtained, ;::2, the calculated Shafranov shift and the distance of Teo from the center of the 

plasma is >30 cm. These effects are clearly seen in figw·e 1, where TVTS Te(R) shapes seem 

to violate any concept of "consistency" or "resiliency". However, figure 2 shows the result 

of remapping the profiles of figure 1 to Te(r/a) with the "flux-surface-integral" method, and 

normalizing the temperatures to Te at r/a=0.5. These four discharges appear to have very 

simi lar Te(r/a) profiles away from the core. (TVTS data is typica lly subject to random 

measurement errors of 5-10% with the largest errors occuring in the low density region well 

away from the core.) 
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In figure 3 a slice-and-stack remapping of TVTS data reveals a weak dependence of 

profile shape on Gey! · Here two sets of profiles were averaged with 7<Gcy1<8 and 

2.5<Gcy1<3.5, the data are plotted on a semi-log plot to emphasize variations of t~.e profile in 

the region 0.3<(r/a)<0.9. NBI powers for these discharges were greater than BMW. The 

error bars indicate the standard deviation of the data set. There is a sligh t tendency of the low 

qcyl plasmas to be broader, with Te(0.4a)/Te(0.8a) approximately 10% smaller in the lower 

Gey! cases. In order to study the effect of heating profiles on the Te(R) profi le, we overlay in 

figure 4 profile shapes from L-mode discharges at Ip= 1.4· and 2.2 MA, with P111?8 MW, 

soned by density. In the higher density dataset, the beam heating profile is modestly hollow 

in the center, with 1/3 of the central beam heating power density of the lower density 

disch;u·ges, but the electron temperature profiles show at most a 5% difference. Although 

there was some indication on individual profiles of a dependence on J3p or the fraction of 

NB ! power co-parallel to Ip a statistical study with the full database did not reveal any 

systematic dependencies. 

C on clus io ns 

We have found that a "slice-and-stack" method for mapping T e(R) from TYTS and ECE 

data to flux surfaces provides a reliable measurement of T e(r/a), with results similar to a 

more sophisticated "Dux-surface-integral" method. We have studied over 600 :emperature 

profiles for NB! discharges which span a broad range in qcyl and heating power profi les. 

There is a systematic trend towards s lightly broader profiles at lower Gey I, with 

Te(0.4a)/Te(0.8a) approximately 10% higher at qc·y1:::3 than at Gc;yl:::7 .5. Te(r/a), in the 

region 0.3<r/a<0.9 is found to be remarkably insensitive to heating profiles going from 

peaked on axis, to hollow. 

Ackn owledi:ement This work was supported by DoE contract #DE-J\C02-76-Cl-103073. 
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Abstract : The internal disruptions ar e found to play an i mportant role in 
preventing impurity accumula ti on . We describe several situations where 
s trong peaking of metallic impurities i n the pl asma center is obeerved 
after suppression of the sawtooth act ivity. 

I. Introduction 
The possibility of high level impurity accumulation in t okamaks and 
stellarators was a l ready recognized in the early days of these devices . 
From a theoretical point of vi ew the principle mechani sms leading to 
accumulation became quite evident : The frictional forces be tween impurity 
(z) and background ions (i) should result in radial ambipolar interchange 
fluxes (Zfz-- fi) , such that the high Z impurities are rapidly dr iven 
towards the plasma center . 
In the experiments, on the other hand , such a dramati c accumulation was 
generally not observed . During the last years , however , a number of ob­
servat i ons showed clear evidence that , at least under certain conditions , 
strong impurity accumulation can occur /1 , 2/ , and in the following we will 
discuss the various observations made on ASDEX. 

II . Impurity accumulation and counteracting mechanisms 
Impurity accumul ation was observed in ASDEX for the first time during the 
quiescent H-phase achieved by NI heating . As reported in /3/ the~e dis­
char ges collapse because of tremendous radiation l osses in the plasma 
center. The quiescent H- mode differs from the normal one by the lack of 
bursts caused by edge local ized modes (ELMs) . It was originally assumed 
t hat accumulation can be prevented in the normal H- phase due t o 
count erating mechanisms being correlated wi th the ELMs . A more detailed 
analys i s , however , revealed that also in this case a quite simil2r 
accumulation of metallic impurities takes place /4/ . The main difference 
between normal and quiescent H- phase is f ound in the Fe-impurity 
concen t ration (and hence the Fe influxes) during the preceding L-phase . 
Th i s concentration is typically three times hi~her for the quiescent case . 
I University of Stuttgart; 2 Ioffe Institute ; University of Heidelberg ; 
4 University of Washington, Seattle , USA ; 5 N. R.C. N. S. "Democritos" , 
Athens , Greece ; 6 Ins t. for Nuclear Research , Swierk , Poland ; 
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It is s till unclear whether during the H-mode the ELMs effectivel y i mprove 
t he screeni ng efficiency of the plasma or if they are rather an i ndication 
of low metall ic influxes . 
Comparing ASDEX with other tokamaks /2/ , we have to realize that in our 
experiments sawteeth do not occur during the H-phase . Therefore, the above 
accumulation is presumably more pronounced in ASDEX since the count eracting 
effect of the internal disruption is missing . The dispersing effect of 
sawteeth (st) has already been shown in a number of investigations /1 , 5/ . 
In ASDEX we have studied this effect by means of: a) current ramp-up to 
increasing plateaus , b) Kr gas puffing , c) pellet injection . 
In addition , we have investigated sawtooth initiation duri ng the early cur­
rent build-up phase . Frequentl y , the fi rst sawtooth i s a very pronounced 
event (the so-cal led "Ereignis", further discussed in /6/) . By compar i son 
with discharges where the sawteeth grow continuously fr om noise level , some 
information on the t ransport induced by sawteeth can be obtained . Such a 
comparison is shown in Fig . 1. It is seen that the discharge exhibiting the 
"Ereignis" shcws a substantial increase in the central soft X-ray (SX) in­
tensities prier to the st-crash . After the crash, the SX- signal (dominated 
by Fe) approaches rapidly the trace of the reference shot. We also note 
that there is practically no effect to be seen on other spectroscopic 
signal s (FeXVI , OVIII) emitted from outside half the minor radius . Tak i ng 
further into account that central t emperatures diff er only by ~1% in t he 
two cases , we conclude: Sawteeth expell in short pulses i mpurit i es out of 
the centr al region but do not lead to a net loss of particles from the 
plasma vol ume. 
The e ffect of sawtooth suppression by current ramp-up has been described in 
171 . Here it suffices to repeat the essential findings : Firstly, the pro­
cedure is not successful in any case. Depending on small changes of some 
unknown parameters , st may be suppressed or sustain with marked amplitude 
for the residual part (-2s) of the discharge. In case of suppression , only 
two changes are observed: 1) the ne- prof ile i s becoming more peaked , and 2) 
the central rcdiation losses are cons iderabl y increased (- factor 10 for 
qa~3) and become comparable to the input power of -0 . 2 W/cm3, although the 
Zeff determined by resisti vity i s as low as ~ 1 . 5 . Moreover , insplte of the 
hi gh radiation losses , both the total energy content and the central energy 
density remai~ unchanged i n comparison with the st case . Thus , a concomi­
tant substant ial r eduction of the thermal conductivity is to be inferred . 

Similar effects can be observed by applying Kr - puff ing as demonstrated 
in Fig . 2 . Shot ~19691 is a discharge following a shot into wh ich Kr had 
been blown . The SX-rays (as well as Kr-lines of highly ionized ions) are 
seen to increase monotonously. As to be seen from the st-ampl l:ude Ac (ne -
<ne >)l<ne > (with <ne > being the averaged line-density) plotted on top of 
Fig.2 , there are no sawteeth developped in this discharge . The following 
shot had even l ess Kr and this t ime st occur after t=0 .72 s. The reduction 
in the central soft X-rays is evident (whereas the non-central OV III­
radiation is nearly uneffected) . 
As mentioned above , another method for st-suppression is the injection of 
pellets with the centrifuge system . This has been done in ohmic discharges 
and also under carbonized conditions during counter- NI heating (see Ref . 
/8/ for more detail) . The salient features to be observed during the post 
pellet phase , when the st activity is reduced or even quenched are as de-



43 

scribed before: Peaking of the ne-profile, accumulat i on o f meta: impurities 
and improvement of energy confinemen t . 
In the following, we concentrate on the accumulation aspects of two dis­
charges with PNI• 0 . 45 MW (ff20032) and 0 .9 MW (#20033) counter N: (t =0 . 9 -
1 . 5s) into which 5 pellets have been injected (t•l . 1 - 1 . 3s) . In Fig . 3 we 
show the SX- signal of the second shot . The times of pel let inject ion are to 
be recognized from the ne -trace depicted on top of Fig. 3. After t he last 
pellet the sawteeth 0vanish (with one large exception) and the SX and TiXX 
intensities (A· 256 A, peaking approx imately at r • lO cm) are seen to rise 
exponentially . In Fi g . 4 we compare the SX and TiXX radiation on log-scale 
for the two cited discharges . Each of the two signals is seen to rise very 
similar with a multi plier of -2 for the shot with doubled NI power . This 
proportionality to PNI i s also found from bolometer array measurements 
yielding very peake d profiles with cent r al radiation losses as high as 0 . 5 
and 0 . 9 W/cm3 fo r the two discharges . Despite these large losses the cen­
tral Te drop is only about 10 j (Te ,max• l . 4 keV) . Assuming Ti being the 
most abundant metall i c impurity in these discharges (Fe being strongly r e­
duced by car boni za tion) we need a central density of nTi(O)lne(O)= l - 2% . 
Invoking the collision parameter a=z2nzlni>4 , we conclude that the inter­
action of the impurity ions among themselves is much larger than with the 
background ions - a situation impos ing greates t difficul ties in theory . 
However, the parallel development of the s ignals shown in Fig . 4 demon­
strates that nonl inear impurity transport processes , with the poss i bi lity 
of enhanced impurity accumula tion on account of the high impurity density 
(as di scussed in /2/) , are probabl y unimportant. 

III . Transport simulation 
Our observations suggest the following ansatz for the impurity fluxes: 

rz(r , t) = fs(r , t) + fanCr) + fneo<z , r) 
with 

fs = kAkP(t-tk) Vs(r)nz 
fan = -Dan<rl n ' z - vin (r )nz 
fneo = - Di(r)nz +Z(r)D(r)[ni ' /ni - (o .5+1/Z)Ti ' /Ti] 

rs represents the expelling effect of the sawteeth with P(t) being a pulse 
like-function fan describes the underlyi ng anomalous transport which is 
assumed equal for all particles , and finally fneo is the neoclassical t erm 
191 (notation : ·-cl or) . 
We have s imulat ed our experimental results using an impurity transport code 
applying meas ured Te (r , t) and ne (r , t) . Particul ar emphasis has been devoted 
to the accumulation phase of #20033 . In Fig . 3 we have included our results 
for the SX and TiXX chord integrals. All sawteeth were modelled i n t he same 
way: f s ,k•Vs 0 exp{-Kt-tk)/ T]2} (r/r0 )exp(-r/r0 )2 with r 0 =15 cm , p lms , Vs 0• 
1 OOO emfs . Most remarkably , these pulses control the peak i ng of the pro­
files very effectively at the beginning when the repetition time is still 
high . Assuming Dan•500 cm2/s , Vin= 70 r/a cm/s, the peak i ng of the ne­
profiles could be roughl y simulated by treati ng hydrogen in t he code . 
Finally , in order to attain at least approximately the strong Ti peaking 
observed from the radiation profiles , we had to double the neoclass ical 
drift term and dropping the outward Ti ' /Ti ter m therein . 
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1 . I ntroduction 

Max-Planck-Institut filr Pl asmaphysik 
EURATOM Association, Garching , FRG 

Ohmically (OH) and additionally heated " L-mode" Tokamak di scharges exhibit 
an electron temperature Te profile invariance agai nst changes in power de­
position profiles and plasma density and are only influenced by the safety 
factor Qa · This has led to the concept of "prof ile consistency" where the 
l ocal transport coeffici ents are not onl y a function of local plasma 
parameters but might also depend on non-local processes adjusting the Te 
prof iles . At present, there exists no coinvincing model for thi s profi le 
consistency , first introduced by B. Coppi to describe the current density 
behaviour and the connected Te prof i les of Ohmic heated plasmas . But if the 
thermal transport is governed , for instance , by electromagnetic modes , not 
only the current density should show a canonical profile , but also the 
pressure {p) gradi ent profiles . Moreover, these profiles can adj us t af ter 
changes of the ~eating deposition much faster t han the cur rent density , and 
any deviation from the canonical profile might then result in an additional 
heat transpor t #hich can be expected t o act complementary on ion and 
electrons . 

According to Kadomtsev / 1/ , a pressure pr ofi le consistency arises from the 
ex i stence of r elaxed s tates with thermal and poloidal field mi nimized s ub­
ject to a s i ngle (cons tant current ) or two constraints (constant current 
and helicity of the magnetic field) . With such a strong pr i nciple the re­
sult ing pressur e and current dens ity profiles depend on the ratio qa! q0 
only and , depend ing on the constr ai nt , are finite or zer o , respectively , at 
the plasma boundary r•a . Profiles for both cases approach each other at 
high Qalq0 • In this paper we examine the total pr essure profile shapes in 
all phases of ASDEX discharges (OH, L and H mode) and compare them with the 
Te prof iles . 

~e and pressure profiles in OH and L mode discharges 
There is no commonly agreed format of the Te pr ofile normalization showi ng 
an invariance for different operating conditions. With increasi ng or der of 
I University of Stuttgart; 2 Ioffe Institute ; 3 Univer sity of Heidelberg; 
4 University of Washington, Seattle , USA ; 5 N. R.C.N . S. "Democritos", 
Athens , Gr eece; 6 Inst . for Nuclear Research , Swierk , Poland; 
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the profile consistency quality, t he possibilities proposed are: 
T(O) /<T>, T(r )/T{a/2) or ln(T(r)/T(a/2)) and 1/T · dT/dr . Using the 
normalizaiton T(r)/T( a/2) ASDEX Te-profiles coincide within the er r or bars 
and discharge to discharge variations outside the q=l s urfaces (rq•1 =alqa) 
for all OH- and L-mode discharge condi t ions as is shown in Fig. 1 (Thomson 
scattering measurements) . Data from discharges are used for which transport 
analyses with the TRANSP code have been carried out including stationary 
and unstationary discharge phases and the f ol l owing parameter variations: 
Ip=300+440 kA, ~e·l +11·1019m-3; Phs3 . 8 MW; strong on- and off-axis heating 
deposition profi les 121 and pellet refuelled discharges 131 . 
For different Ga- values deviations can be seen at r adii r<rq=l • but dif­
ferences ex i st al so in the conf i nement zone between q•l and q=2 (whi ch is 
r oughly at rq.2=a/Vqa/2) . This is more clearly demonstrated i n Fig. 2 
showing for the same discharges the radial profiles of the up>er and l ower 
bounds of the nor malized Te scale length rTe given by t he inverse 
logarithmic derivative rTela = -(TeldTel dr )la . Part of the Ga-dependence is 
cer t a inl y due to the Te-flattening inside the sawt ooth region . At fixed Qa 
there is a weak Te profile response to changes in the heating profile 
yielding broader profiles , i . e . higher rTe • with increasing off-axis heat 
deposition . The latter is obtained by using a l ower ener gy/ nucleon of the 
inj ected fast neutrals or an incr easing density (beam deposition at larger 
radii, broader resistivity pr ofile due to higher collisionality and reduced 
Te(O)). 

The tot al kinetic pressure profiles are obtai ned by using t he TR ANSP 
analyses code. Input data are the ne(r,t) and Te(r,t ) profiles measured by 
a 16-spatial channel multi-pulse Thomson scattering system and s upplemen t ed 
by a HCN-laser interferometer and ECE diagnostic (4 channels bo th) , the 
bol ome t rical l y meas ured profi l es of t he radiation losses and global para­
meters like the l oop voltage VL , Ip , Sp~ from diamagnetic fl ux measurements 
and Bp.,•11 12 as deduced from poloidal fields and fluxes . Lacking a measure­
ment of the full ion temperature T1 profiles for a ll dischar ges we assume a 
s patially constant enhancement factor a of about 2 to 3 of the ion heat 
di ffus ivity Xi over the neoclass i cal value as calculated by Chang and 
Hinton , checking the resulting T1 profiles f or their compatibility with the 
availabl e neutron production and Ti measurements (passive and active CX 
di agnostic , Doppler broadening of impurity lines) . The calculated ki netic 
pressures in~lude also the contribut ions due to the anisotropic fast beam 
ions (us ing Konte Carlo calculations for the depos i t ion and slowing-down of 
the beam part icles) and are in good agreement with the magnetically measur­
ed ones . Fi g. 3 shows the pressure scale length rp f or t he discharges of 
Fig . 1 and 2 exh i biting a somewhat stronger separati on of the two Ga dat a 
sets , whi ch are not in disagreement with the Kadomtsev p(a)=O pressure 
profiles . The influence of t he Xi assumpt ion was estimated by taking a­
values between 1 and 5, yielding rp variations below 10j . 

3 . H-mode profiles 
The invariance of the pressure prof iles is even more impressive if we look 
at their ti~e de velopment during s i ngle discharges as is shown for a S­
limit discharge i n Fig . 4. Fig . 4a demonstrates the strong Te profile 
variation at the L/H mode transition where the Te pr of i le flattens In th~ 
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center (higher rTe> and develops shoulders towards the boundary . After 
reaching Bmax the Te profiles flatten even more in the center due to 
increasing central radiation losses /4, 5/ . As also the density profiles 
form shoulders in the H-mode , the electr on pressure <Pel pr ofiles do the 
same (see Fig. 4b) but are by far not comparable to the second class of 
Kadomtsev-profiles with p(a)rO which would have near ly constant rp for 
0 .5a<r<a . Contrary to Pe • the t otal pressure profile is nearly time in­
dependent . In ~his discharge, the fast ions contribute up to 40 % of the 
pressure and a comparabl e amount to t he pressure gradient and the ion tem­
perature is well above Te . The un i versality of the p profi l e shape is also 
demonstrated by comparing H- mode discharges both wi th H0 and oo inject ion, 
i.e. different deposit ion pr of iles (see Fig . 5) . The disappearance of the 
Qa-dependence might be par t l y caused by t he l ack of sawteeth. 

4 . Conclusions 
The total pressure pr ofiles of ASDEX di scharges exhibit a canonical shape 
which is preserved also in the H-mode contrary to a changing Te profile 
shape . There exists one except i on namely the high confinement pellet re­
fuelled discharges reveal i ng a steeper pressure gradient and s maller scale 
lengths 131 . For instances in a qa=2 . 5 ohmi c pellet discharge the r /a 
profile is about at the lower bound of the gas fuelled discharges s~own in 
Fig. 3 . This might be related to the process limiting the pressure shape 
yielding a lower bound for the rp profile whi ch is nearly reached in these 
pellet discharges . It is interesting that only in the pellet discharges 
~i-values below 1 are observed over a large part of the plasma column . 
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Fi g .4: Radial profi l es of the 
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BEAM-PLASMA FUSION YIELD IN ROTATING TOKAMAK PLASMAS 

W.G.F. Core , P. van Belle , G. Sadler 

JET Joint Undertaking , Abingdon, Oxon ., OX14 3EA, UK 

1. Introduction 
In the neutral injection heating of tokamak plasmas , fast ions are 

initially injected as neutrals, which after ionisation, slow down on the 
background pla~ma to thermal energy. During this relaxation process, the 
fast ions, in addition to heating the plasma directly , can undergo 
thermonuclear reactions , and even in the case of balanced injection , impart 
momentum to the system . This input of momentum gives r ise to plasma 
rotation preferentially in the toroidal direction , and for uni-directional 
injection, velocities in excess of t he sound speed have been predicted (1 ) . 
These bu lk plasma rotational velocities may have important consequences for 
the beam heating efficiency, the thermonuclear reactivity of the system , 
and in the interpretation of the measured fusion yields . 

In this paper we first consider the effect of bulk plasma toroidal 
rotation on the beam-plasma reactivity rates, and in particular, the 
thermonuclear power amplification factor Q of systems close to ignition 
(2) . Then the modification to the fusion charged particle birth profiles 
due to the combined effects of rotation and orbit trajectory is examined . 
Finally , results of calculations done using actual measured plasma 
parameters for t he JET D~D injection experiments in which large rotational 
velocities na ve been observed are compared with the measured neutron 
fluxes . 

2. Prelirrinary Considerations 
Some cbvious points regarding the injected ions as viewed in the 

laboratory and plasma frames are worth mentioning . Fast ions deposited in 
passing orbits moving in a co-rotational direction in the laboratory frame 
will in the rotating plasma frame suffer an apparent reduction in energy , 
and conversely , passlng ions moving i n a counter-rotational direction will 
have their energy increased . Accord i ngly , the fast ion slowi ng down time 
and consequently their densi ty is then either reduced or increased . The 
transformation of particle velocity v, and pitch variable f; ( •v11 /v) , from 
the laboratory to the plasma frame (v , f;) ~ (vR , f;R) is : v8=v 2-2v1;v,0+v~ 0 , 
f;R= (v1;-v ,,

0
)/vR , where v,, 0 is the component of the bulk plasma !on velocity 

along the magnetic field . If , under this transformation, orbit distortions 
are small , and f(v,f;)~f(vR,f;R) , where f(v , f;) i s the flux surface averaged 
fast ion distribution function, then the relaxation of the injected ions 
can be most conveniently described by the Fokker-Planck equation , 

af c c<n + s , 
at 

... (1) 

where C(f) is the usual Coulomb scattering operator val i d in the velocity 
r ange vi<<v<<ve, where now vi , v , and ve are the thermal ion , fast ion , and 
el ectron velocities in the plasma f rame respectively. S is the number of 
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fast ions produced per unit phase space volume per second with initial 
velocity v

0 
on a particular magnetic surface . 

The thermonuclear reactivi ty <ov> i s then 

<o v> = 411 f 
0 

v'dv a
0

(v) (ov), 

where (ov) is the reaction rate for fast ions interactin g with a warm 
Maxwellian target plasma , and a solution t o Eq . (l) has been obtained in the 
form of an expansion in Legendre polynomials Pn , vi z f(v,~) = ran(v)Pn(~) . 
Similarly , the "figure of merit", or amplification factor for such a system 
is defined by 

Q <o v>Y 
S E

0
' 

where Y is the total fusion energy release per reaction , S is the number of 
fast ion produced per unit vol ume per sec. , and E

0 
is the injection 

energy . 
Using these model s i mplifications the effects under consideration here 

can now be examined by i nvoki ng the well developed t echniques appropriate 
to the study of injection into stationary plasma systems [3] . 

3 . Effect of Rotation on Local <ov> and Q-Factor 
For this ~urpose , and in vi ew of its importance in achieving ignition 

in present and future tokamaks , we consider t he beam-plasma system 
T(D ,n)'He , and in part i cular the two l imiting cases of co-and 
counter-rotational injection . In the former , and for the r ange of 
injection energies E

0
< 120keV , the rotation of the plasma gives rise to a 

reduction in the beam-target interact ion energy , leading to a reduced 
reactivity rate and Q- val ue . In the latter , an increase in the f usion 
yield will occur . l"or fast ions in trapped orbits , and due to the increase 
in t hermonuclear cross section with energy , there will be a net gain in 
yield for these particles . 

The results for t ypi cal values of electron temperature and injection 
energies are shown in Fi gs . 2 , 3. The asymmetry i~ <ov> and Qare clearly 
indicated . Unbalanced i njection leads to a decay in the neutron production 
during the heating phase . For 8C"eV deuterium injection into a 
TesTislOkeV, ne = 3xlO''cm-' triti.~ plasma rotating wi th velocity v = 
0 . 5Cs , where Cs is the i on sound sp;,~d , a decay in the neutron produ~tion 
due to the fast ions in passing orbit.> of 10% is predicted . However , this 
loss in neutron production will be partially compensated by the trapped ion 
contribution . This point will be discussed in the next section . 

4. Modifications to the Fusion Product Bi rth Pr of i les 
As previously mentioned , for trapped beam ions , the effect of plasma 

rotation leads for this class of particle , t o a net gain in the thermo­
nuclear· reactivity an'1 local Q of the system. Since the fraction of fast 
ions in trapped orbits increases with distance from the toroidal axis , the 
occurrence of hollow fusion yield profiles in beam-plasma configurations 
where the f ast ion deposit i on is broad is then expected . 
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In order to examine this situation we again consider the aforementioned 
system of 80keV deuterium inject ion into the Te-Ti= l OkeV, ne· 3x10''cm-' 
tritium plasma rotating at various toroidal velocities . In addition we 
assume a small aspect ratio (c=r/ R0 << 1) cylindrical plasma with minor 
radius a = 1 . 25m, major radius R0 = 2 . 96m , and a fla t f ast i on deposition 
profile. The effective fusi on reaction rate <o v> k <o v>+ + /2c(<ov>_ -
<ov>+) /2 , where t he subscripts ( +, - ) are the calcul ated , r i g . 1, co- and 
counter-rotation react ion rat es respectively . The r es ul t s of t hese 
calculations are s hown in rig . 3 . I t ls to be note d that every•here with i n 
the pl asma volume the reactiv i ty is reduced . Thi s reduction, •hich is 
typically 10% when v~- Cs , is greatest on or near the toroidal axis where 
the fraction of fast ions in t rapped orbits i s leas t . However , c urrent 
large tokamaks ( JET, TrTR) have meas ured v~< Cs . 

5. Comparison wi t h Measured Neut ron Yields during D~D I njection Heat i ng 
Experiments 
We consider #8902 of the current JET dat abase . The decay of the 

neutron production during t he neutral beam heati ng phase , repr esented by 
the bold straight line , is shown in fig .4. The plasma r otatlor.al veloc i ty 
was observed to be v

9
= 1 .5x107 cms-· after 2 seconds of beam heating al one . 

for these particular plasma parameters of Te= 3 . 63keV, ne= 2x 1C ' 'cm- ', 
injection energy E

0
• 65keV, and assuming that the princ iple cont r ibution to 

the measured neutron yield is from the centre of the discharge , wher e the 
fast ions are in passing orbits we obtain 6<ov>l<ov> • 6% . However , rig . 4 
gives , for constant deuterium dens i ty , 6<ov>/<ov> • 9% . This discrepancy 
bet ween measurement and theoretical prediction ls probably due t o t he 
uncertainty in deuterium density . 

6. Concluding Remar ks 
The build-up of toroi dal momen t um during uni-directional neutral 

i njection heating of tokamak plasmas leads to: 
i ) A reduction in t he beam-plas ma r eact ivi ty and local t hermcnuclear 

Q-value . 
ii ) For t he T(D ,n)'He sys t em cons idered t his red uction which is great es t 

at t he centre of t he d i scharge i s typi cally 10% for rota t ion 
ve loci ties at or near the i on sound speed . 

i i i ) The effect of plasma rota tion on f usion reactivity rates can be 
r educed by increasing the f raction o f fast ions in t r apped or bi ts 
which will be t he case during I CRr heating of t he beam i ons . 

iv) Fi nal ly , i t is worth mention ing t hat measurements of plasma rotat ional 
veloc i ties i n curren t large tokamaks (JET, TF'TR) are less than t he i on 
sound speed . 

Results of calculations done using actual measured plasma parameters 
for the JET D~D experiment s in which large rotational veloci t ies have been 
observed are in reasonably good agreement. The possibility of deducing the 
plasma rotational velocity from the neutron yield meas urements should not 
be excluded . 
Refer ences 

(1) CALLEN , J .D. , CLA RKE, J. r . 
(2] DA WSON, J .M. , FURTH, H. P. , 
(3) GORDEY , J . J ., CORE , W.G. F. 

Bull. Am. Phys . Soc ., .!.§. (1971) . 
TENNEY, F.H. Phys . Rev . Letts ., 26 ( 1971) . 

Ph ys . of Fluids .l1 (1974) . 



~: The effect 
reactivity rate of 
in the co- (v./cs 
r otation (v./cs < 
s hown . 

7.5 

6.5 

0 0.1 

52 

of rotation on the 
fast ions injected 
> 0) and count er-
0) directions are 

0.2 04 

0 

&(. r/Rol 
~: The effecc of rotation on 
the fusion yield profile i s shown . 
Rotation leads to a reduction in the 
r eactivity which i s greatest on or 
near the toroidal axis where the 
fraction cf fast ions in trapped 
orbits is least . 

30 

o. 

to 

Eo (keV) 
200 

~: The local thermonuclear 
amplification factor Q as a function 
of deuteron injecticn energy . Q+ is 
the value for counter-rotation and 
Q for co-rotation . Electron densi t y 

- l 3 -3 ne= lx lO cm / v. ~ 0 . 5cs , Y=l7 . 6MeV . 

lime Cs> ____.., 

~: #8902, D+D inject ion. The 
measured neutron yielj during the 
beam heating phase is shown . E = 
65keV, ne=2 xl0 13cm- 3

, Te=3 . 6ke~. 



53 

REDUCTION IN TFrR FUS! ON REACT!ON RATE BY 
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Abstract. In TFTR p l asmas at low to moderate density, the highest fusion 
energy gain Qdd (D-D fusion power/i njected power Pb) is obtained with 
nearly balanc ed co- & counter neu tral-beam injection. For a given Pb , 
significantly unbalanced injection reduces Qdd because the accompanying 
plasma rotation reduces the beam-target fusion reactivity and t he fast­
ion slowing -down time, the beam-beam reaction rate is reduced, a nd <Te> 
and <T i > decrease from their maximum values. 

I ntroduction. Neutral -beam i njection (NB!) into tokamak plasmas can 
be an efficient heating method, but it may also s upp l y torque to the 
plasma, resulting in bu lk- plasma rotation. This rotat ion in the direc­
t i on of the beams decreases t h e re l ative energy of the beam ions a nd 
thermal ions, thereby reducing the beam-target fusion reacti vity. 
Rotation a l so shortens the slowing- down time of the beam ions into the 
thermal distribution, resulting in a f urther reduction o f the fusion 
probab i lity per beam ion [ l] . However, i n previous tokamak experiments 
the measured rotation velocity was generally small, ;: lxlOS m/s [2]. 
Thus simultaneous co and counter injection (defined relative to the 
plasma current d ire ction) showe d onl y modest advantages in f~sion neutron 
source strength, S, over unidirecti onal ( ie , solely co- or counter-) 
injection, for t h e same total beam power , Pb [3]. Counter-injection also 
seemed to generate a higher impur ity l evel in the plasma than did co­
inj ection . Based on such results, the present generation of large 
tokamaks was equipped with either co-injection only, or with substan t i al­
ly greater amounts of co t h an counter power. 

TFTR Experimental Conditions. In TFTR during 1985 , the neutral beam 
power was entirely co- inj ected [ l). During 1986 up to 6 MW counter and up 
to 14 M\.I co - injected power were used [4], so that balanced i njection (Pco 
- Petr ) at up to 12 MW of total beam power could be studied. The plasma 
and f usion parameters could be c ompared with unbalanced co-only i njec t ion 
at simi lar total Pb. At the largest Pb , rotational velocity up to 106 m/s 
was measured from the Doppler shift of the Fe XXV resonance line [4,5). 

S was measured with a set of seven 235u and 238u fission detectors, 
which have been calibrated 5 times over a period of 2.5 years, using D-D 
and D- T neutron generator s located inside t he TFTR vacuum vessel [l ). 

Measurements of Odd· Measurements of S and fusion power gain Qdd (D-D 
fusion power/injected beam powe r ) have been made over a wide range of 
densities n , plasma c urrent I p - 0.6 to 2.2 MA, Pb - 0 to 20 MW, beam 
energy up to 100 keV, and various proportions of co and counter beam 
power. Figure l(a) shows t h e measured S with D beam injection i n to D 
plasma s as a function of Ip, over most of the range of Pb. In TFTR, 
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higher Ip results in higher n, even with well - conditioned limiter 
surf aces. S and Qdd maximize at Ip= 1 MA, which is associated with l ow 
initial target density. Figure l(b) shows the electron temperature Te vs 
Pb, indicating a general trend similar to that of the S behavior. The 
beam-target (Sbtl and beam-beam (Sbb) reaction rates [6] increase 
strongly with the beam slowing-down time, which is proportional to 
(Te)P/n , where p = l for the present conditions [l]. Thus one of the 
reasons that S (and Qdd) maximize at Ip near l MA is the maximum in Te 
and (importantly for Sbb) the rel atively low n that pertain to this Ip. 

Figure 2 s hows Qdd vs Pb near the optimum I - 1 MA , both for unidirec­
tional and bidirec tional (co+counter) injectfon. At a given Pb, there is 
a distinctly higher Qdd fo r bidirectiona l injecti on, compared with 
unidirectional injection . This r esul t is due to 3 effects: (1) Plasma 
rotation is much smaller under balanced conditions than for unidirec­
tional injection. (2) Beam-beam r eactions are greatly enhanced with 
bidirectional injection. ( 3) At higher Pb, bidirecti onal injection gives 
rise to the so -called "supershot" conditions, which generate better 
confinement and therefore higher Te and Ti [ 7] . Simulations using the 
SNAP [8 ] and TRANSP [9] codes that include t hese effects predict values 
of S in generally good agreement with the experimental values. 

The improved Qdd for bidirectional injection is observed at I p up to 
about 1. 4 MA. However, for still higher I p, which is associated with 
higher dens i ty, unidirectional injection produces resul ts s i milar to 
t hose of bidirectional injection at the same total Pb. This result is 
due to the facts that, at high densi ty, plasma rotation is negligible , 
Sbb a: l/n2 is small, and the enhanced-confinement "supershot" regime has 
not been accessible to date under high-n , high-Ip conditions . Hence 
littl e is gained by using balanced injection at hign density . 

Figure 3 shows the behavior of Qdd as a function of the power balance 
parameter , defined as BAL - (Pco - Pctr)/Pb , for t he optimal range of Ip. 
As evident from bo t h Figs. 2 a nd 3 , Qdd - S/Pb wi th bidirectional 
inject i on exceeds Qdd with co- i njecti on alone by a factor up to 4.8, and 
with ctr-injection a lone by a factor up to 12. The smallest Q-values 
occur a t BA~ - ±1 because: (1) The lar gest torque and rotational veloc­
ity , v 0 , occur at BAL - 1, with smaller but still substantial v0 at BAL -
-1 for the same Pb . (2) The beam-beam reaction rate i s r e l atively small 
with unidirectional injection . (3) For a given Pb, t he highest Te and Ti 
occur at BAL - 0.1. The enhanced-confinement " super shot" conditions are 
inaccessibl e with completely unbalanced injection. ( It is not clear 
whether the magnitude of rotation affects the ability to obtain supershot 
conditions. v0 i s still significant at BAL - 0 .1, where Qdd is maximum.) 

Computer Sinulations. The contributions of various physical phe nomena to 
the increase in S in going from unidirectional injection t o nearly 
balanced injection have been investigated with computer simulations. The 
measurements of S near the end of the beam pulse have been compared with 
results calculated by the SNAP time-independent radial profile analys is 
code [8], which accounts for rotation and the 3 sources of fusion 
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reactions. For "supershot" conditions, agreement of the code predictions 
with experi mental S is rather good, with a typical discrepancy - 25%, 
which is within the experimental and modeling uncertainties. The code 
resul ts show that, near the end of the NBI pulse, SbtlS is generally 
close to 0. 55, but there is considerable variation in SbblStn from one 
set of plasma and beam conditions to another . 

Table 1 shows the variation of the Sij values for 2 shots with BAL-0 and 
BAL-1, both for I - 0.9 MA, total Pb· ;- 10.4 MW and Zeff - 4. The 
balanced case has ~.8 times the Qdd of the BAL-1 case (a smaller factor 
than usual), and the S cal culated by SNAP is i n reasonabl e agreement with 
the measured value in both cases. If rotation is eliminated i n the SNAP 
simulation for the BAL-1 case, Sbt increases by a facto r of 1. 65, Sbb 
increases by a factor of 4, and total S and Qdd increase by a factor of 
1.8. (The large increase in Sbb is due mainly to a substantial increase 
in beam-ion slowing-down time when rotation - 0.) The renaining factor 
of 1 . 5 difference in the Q' s between the BAL - 0 case and the BAL - 1 
case without rotation is due to a further increase in Sbb with bidirec ­
tiona l injection, and to the 20% higher Te and somewhat broader Te 
pr ofile obtai ned when BAL - 0 .1 [ 4, 7 J • Other pairs of shots show 
significantly larger Stn/S at BAL-0, which in those cases is due to a 
substantial increase in Ti with balanced injection [4,7] . 

This work was supported by the U.S. Dept. of Energy. We acknowledge 
useful discuss i ons with H.H. Towner and M.C . Zarnstorff. 
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Table 1. 
Variation of Neutron Source Strength with Injection Mode and Rotation 

SNAP Calculations 
Shot # Case Rotat. Te(O) (1015 n/s) Total Ex~t. S 

.!..mill (keV) Sbb Sbt Stn _s_ nol n/s) 

25915 BAL-0 0 5.6 1. 57 2 . 60 0.67 4 . 84 4.50 
25916 BAL-1 5. 2x105 4.7 0.25 1. 22 0.~R 1. 95 1. 65 
25916 BAL-1 0 4.7 1.16 2.00 0.38 3 . 54 1. 65 
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ENERGY AND PARTICLE CONFINEMENTS OF COMBINED HEATING DISCHARGES IN JT-60 

S. Tsuji and JT-60 Team 
Naka Fusion Research Establishment 

Japan Atomic Energy Research I nstitut e 
Naka-machi , Naka-gun , Ibaraki 311-02, Japa n 

Introduction: Combined heating with NB and LHCD ( current drive by lower 
hybrid range of frequency waves) produces a n improvement in ene r gy confine­
ment, while NB heating alone suffers degradation with power/1,2/. This 
mode of operation may have possibilit y to decouple curren t profile from 
electron temperature profile and to be f r ee of a constraint on energy con­
finement by "profile consistency" . 

JT-60 is equipped with thr ee units o f LH system with total generator 
power of 24 ~IW . One unit of the LH system is designed for current drive and 
the other two for heating experiments /3/ . We tried to extend the improved 
confinement r egime to higher plasma current and/or higher elec tron density 
with the help of LH power of the heating uni ts in 1987. The effect of com­
bined heating was expl ored applying the LH power up to 6 MW . Consequently 
suppression of i n ternal MHD modes by LHCD was found to be essen t ial to get 
the improved energy confinement. 

Global ?article confinement time was examined in r elat i on to the 
degradation and improvement in energy confinement by beam heat ing and by 
the combined heating with LHCD, respectively . 

Improved Energy Conf inement by LHCD + NB: The incremental energy confinement 
time t !nc ( :~Ws/Padd) evaluated from magnetics is plotted against Bp+ t i/2 
just before beam injections into LHCD plasmas in Fig . 1. When the LH wave 
reduced ap+t i/2, the incremental energy confinement time increased up to 
90 ms . Since the variat ion of Sp+! i/2 mostly reflec t s the change in i nter­
nal inductance , target plasmas with broader current profiles tend to have 
better energy confinement . As the plasma current increases, t he i mprove­
men t curve shif t s to left-hand side since qeff decreases. 

100 The improvement in ene rgy con-
finement is well correlated with the 
s uppression of internal MHD modes • 
While beam injections of ten excite 
internal m=l oscillations a nd 
enhance sawtee th, the combined 
heating with LllCD s uppresses the m= l 
oscillation as shown in Fig . 2. In 
this case , a mild MHD ~ode at oute r 
radius was excited after switching 
o ff the LH power. Figure 3 indicates 
that there is anti- correla tion 
between r!nc and central soft X- ray 
fluctuations, which i nc lude the m=l 
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Fig. 2 : Time evo l utions o f central sof t 
X- ray signals in beam heating (a) and the 
combined heating with LHCD (b) . Relative 
amplitude of fluct uat i ons agains t chord 
radii is compared in (c). 
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oscillations and sawtee t h . The scatters 
in Fi g . l are ma inly due to different 
l evels of the central MHD ac t ivities . I t 
should be noted that no improved energy 
con finement is obser ved in l ow q d i s­
char ges , which have broad cu rren t prof i l e 
even without LHCU . The r efore it is con­
cluded that the suppression of the m; [ 
mode is the key factor for the improve-
ment. 
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5 " """" "'w""""6.0 . Although the heating units could 

· drive plasma current when the phasing of 
t (Sl the waveguide launche r is less than 150° 

they we re not so effective i n reducing ii of targe t plasmas . Hence signif­
i cant imp r ovement was observed in f ew discharges with plasma cur rent of l.5 
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coun ts to reduce ii/2/ . 

Particle Confinemenl: Globa l 
particle confinement time is eval­
uated basing on H0 measu r emen t s 
/4/ assumi ng t oroidal symmetry , 
which i s believed to be a good 

Fig . 3: Incremental ene r gy con­
finement time of LHCD + NB against 
rela t ive amplitude of the central 
soft X- ray signal . 
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approxima tion in divercor discharges . Figure 4(a) shows the part i cle con­
finement time as a f unction of line averaged elect ron de nsity . LHCD plasmas 
have longer particle confinement time wi th lower recycl ing coef f i cient. 
Although Tp of OH plasmas i s abou t 0 . 15 sat low elec tron density , i t drops 
sharply around ne 'V3x l019m-J, whe r e energy confinemen t time begins t o satu­
rate departing f r om neo-Alcato r scaling in JT-60/5/ . Electron densi t y 
profile becomes very flat at highe r density and the recycling coefficient 
approaches to unity . Thus Tp has s t rong co r r e lation wirh peak<'.cness of 
electron densit y profile as plo tted in Fig. 4(b) . 

Beam heated plasmas have s hort e r particle confinement time than ohmi­
cally heat ed pl asmas by a fac t or of about one t hi rd when compared wi t h t he 
same peakedness . Data point s with ne (O)/ <ne >'Vl , 25 are col l ected i n Fig . 5 
to s ee t he depe nde nce of Tp on hea ting power . The result i ndica t es t hat 
the parti cle confinemen t time decreases with nearl y inve r se square roo t of 
heating powe r s i milarly t o the e nergy confi nement t i me. Consider ing t hat 
beam f ueling is deep insi de the plasma compared wi t h gas f ueline, the det e­
rior a t ion in pa r ticle confinement shoul d be severe r than i t appears to be . 

There i s no a pparent differ ence between LHCD + NB and !rn in terms of 
Tp · Regret tabl y we canno t es t ima t e Tp of He discha rges , by which most of 
t he good ene rgy confinement data were obtained . Among t he data points in 
Fig . 4 , i mprovemen t was only observed when Tp~0 .08 s. The discha rges with 
improved e nergy confinement have peaked e l ectron dens ity profile includi ng 
He s hots . 

Discussion: Both in ohmi cally and beam hea ted plasmas , t he degradation in 
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particle confinement is a ssocia t ed 
with that in energy con.finement. 
While particle confinement is not 
directly connected 1<ith energy 
confi nemen t, it determines bounda r y 
conditions . Whe n Tp is less than 
0 . 05 s, convective loss dominates 
at the bounda r y in addition to 
enhanced charge exchange loss , 
resulting in low bounda r y tempera­
ture. Actually the e l ect r on tem­
perature a t 3"-6 cm inne1 from t he 
separatrix surface measured by 
Thomson scattering is almost con­
stant around 500 ev even when beam 
power is doubled from 7 MW to 14 
MW. If t here is t he constraint of 
profile consistency, the boundary 
condition might affect energy 
confinement. 

In the case of the combined 
OL----'--- --'-----'----' heating of LHCD + NB, the suppres-

0 5 10 15 20 sion of the interna ~ m=l mode might 
(b) Pabs (MW) nodify central plasaa transport. 
Note that rise both in electron density and Bp+li/2 is impeded when the LH 
power is switched off during a beam pulse, s ince the discha rge s t arts saw­
t oothing . There is no t e nough da t a se t to discuss e lectron t emperature 
profile in connection with the improved confinement at the momen t. 

Conclusion : Modification of plasma current to broader profile to suppress 
the m=l mode is crucial to achieve the improved energy confinemen t by LHCD . 
Decrease in Tp with electron density in Oil plasmas and with heati ng power 
in NB plasmas is associated with degradation in energy confineme n t. 
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CONFINEMENT OF OHMICALLY HEATED PLASMA 

F. Alladio, F. De Marco, L. Pieroni 

Associazione EtRATOM- ENEA sulla Fusione , Centro Ricerche Energia Frasca t i , 
C.P. 65 - 00044 Frascati , Rome, Italy 

INTRODUCTION 

Ohmically hea t ed t okamaks have recently attracted renewed in te rest be­
cause of the complexities of auxi l iary heating systems and t he degrada t ion 
of confinement i n L regimes . Moreover [1,2) it ha s been found i n JET and 
TFTR that t he i gnition pa rame t e r n . (o) T. (o) t E i s quite s i mi l ar i n both 
purel y ohmic pl asmas and those with \ a rge 1dditional power . 

Paradoxically this fact has produced two opposit e t rends to reach 
ignition: one t oward very high field compact tokamaks (HFT), s uch as 
Ignitor and I gnitex [3,4], t he other toward very large devices [5]. 

With respect t o HFTs valuable i nfo rma t ion can be derived f rom exis t i ng 
high field devices such as FT and Alcat or C. 

I n FT a detailed study of ohmic confinement was performed both wi th 
the global power balance and wi th t he heat pulse propagation method [6). 
The t wo methods are i n good agreement with each other and also confi rm our 
previously published data [7) . The gl obal confinement tF.. t urns out to be 
lower than t hat calculated with Neo Alcator - TFTR scaJ.ing (NAT), i .e., 
tE(s) = 7Xl0- 22 ii.R2 aq1 . Thi s is shown in Fig. 1 by FT data for B > 4T . 

This result led us to make a comparison with published data on ohmic 
confinement from other experiments and t o attempt an assessment on this 
subjec t . 

METHOD OF INVESTIGATION 

We perform t his assessment comparing global confinement times 'E 
with NAT. 

This method i s open to the fo l lowi ng cri t icisms : 
a) The re i s some debate as to whether 'E is a meaningful parameter . I f , f or 

example, confinement is determined by profile consistency pl us edge con­
ditions , t E does not depend essentia l ly on the characteristics of the 
main plasma. 

b) There is a : arge degree of arbitrariness in choosing a scaling l aw. 
Regardi ng point a), due t o t he heat pulse propagation results, we be­

lieve that, at least in ohmi c discharges, 1E is a meaningful parameter and 
depends on bulk pl asma parameters. 

Conce rning point b), we decided to compa re the experimental resul t s 
with NAT for the fo l lowing reasons: 
1) There is a growing consensus on t he R2a factor which is also de r ived by 

a number of theoretical models [8]. 
2) FT shows a 1~ ~ I- 1 dependence (Fig . 1) . I n addition most of the machi­

nes show 1 a:."qa w~th 0 .5 <a< 1. 
It resu&s that t he ac t ual va l ues fo r 1 derived .from NAT are in sa ­

Lisfactory agreement with t he exper i menta l ;fnes obtained in a number of 
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Fig . 1: FT electron energy replacement t ime (t~ - tE/2) normalized to line 
average i ntensity vs q1 a t different values 6f toroidal field. The full 
line represents the Neo Alcator TFTR scaling. 

l ow or medium field tokamaks. On the other hand HFTs appear to have confi­
nement results below t hose predicted by NAT. It must be not ed t hat t he 
analysis refers t o experimenta l points away from density sa turation, run­
away regi mes and strong transient condit ions. 

RESULTS OF TH.E ANALYSIS 

_ Figures 2 and 3 show the experimental energy confinement times vs 
nR2aq for the labelled devices . Among t he l arge experimental devices, re ­
sults of ohmic confinement in JT-60 are not represented since the density 
saturation occurs at ve ry low l i nea r ave rage densi t y and the density pro­
files, especially in divertor discharges, a re very fl at and canno t be assi­
mi lated to a parabol i c shape as in all the other tokamaks 19). 

Alcator C results refer t o discharges at 7.5 ~ BT ~ 8. 5 T (10) and 
3.5 ~qr.~ 4. 5 , wh ile those of Alca to r A (11) refer t o BT= 6 T and 0. 16 ~ 
I < 0. T8 ~IA. 
p - The trend of ohmic energy confinement i n llFTs (Fig . 3) shows a lower 

value with respect to NAT scal i ng. 
In Table I some characteris t ics of HFTs and low field l a rge tokamaks 

are indicated. 
I t i s t o be noted that t he main diffe rence, apart of course f rom the 
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TABLE I 

POH/V(W/cm3
) p AUX(~!W) PTOT/V (W/cm3

) 

1. 7 0.5 2.5 
3.5 

3 2 > 5 

Bxl0- 2 < 5 < 1 

6xl0- 2 20 0.6 

2xl0- 2 30 0.2 

size of the device, is i n the power density t hat is obtained i n all llFTs 
with respect to the low medium field devices, even when t he maximum addi­
tiona l power is t aken into account . 
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P.H. Rebut and t he JET 
(Avignone 1986). 
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The result of this analysis seems to in­
dicate that either t he size sca ling of lhe 
quoted scaling l aw is di fferent from a 13 

dependence (an 13 " 5 dependence could explain 
the difference), or t hat a degradation of 
ohmic confinement with power de ns ity is pre­
sent. 

This lasl fact sugges l s lhal energy 
confinement in tokamaks has the same 
features both i n ohmic and auxiliary heated 
plasmas. In fa ct, in FT, Lhe energy confine­
ment t ime derived f rom the Gol ds t on combina ­
tion , i. e. 

represents reasonabl y well the behavior of 
experimental data i f t 0H is derived from NAT, 
and assuming for t tlie Kaye-Goldston sca l ­
ing [12) where P0a~

1\s substituted for PTOT 
(Fig . 4) . 
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MEAUSUREMENTS OF TOROIDAL ROTATION ON TFTR 

S. D. Scott, M. Bitter, H. Hsuan, K. W . Hill, 
R. J. Goldston, S. von Goeler, M. Zarnstorff 

Princeton Plasma Physics Laboratory 

Abstmct Toroidal rotation measurements during a beam power scan at constant final 
d ensity on TFTR show a offset-linea r increase in rotation speed with increasing power. 
Rotation measurements during edge and central beam heating experiments suggest 
that momentum transport is governed by a diffusive mechanism and that momentum 
diffusivity is considerably larger during central heating. 

To supplement a large database rnrvey of rotation speed during neutral beam 
injection in TFTR[l ], we consider a dedicated scan in which only the beam power 
was varied from zero to 5 .6 MW. Beam power from two co-tangential beamlines was 
injected for 500 ms into the current flattop of a 2.2 MA, 4.7 T plasma rest ing on 
the outer blade limiter at R = 2.58 m, a= 0.82 m . The pre-injection density (nc = 
4.2 to 3.2 x 1019m-3

) was adjusted to provide nearly the same density at the end of 
injection (n. = 4.3 to 4.9 x 1019m - 3

) for all shots. The plasma heating and confinement 
scaling derived from this scan has been discussed by Murakami et al. [2]. As shown 
in Fig. 1, t he global energy confinement time decreased with beam power according 
to 7E ex pb- o.s or by an offset linear form, 7E =a + /3/Pheat• with the incremental 
confinement time, n, equal to 100 ms . 

Figure 2 shows the central rotation speed versus time measured from the Doppler 
shift of Ti XXI Ka line radiation for several representative shots in the scan. Anal­
ysis of the velocity time history just following beam turn-on (first 60 ms) shows that 
the product of the pre-injection plasma density and the initial velocity time derivative 
increases linearly with beam power, confirming that deposited torque increases propor­
tionately lo incident beam power. As observed on PDX [3], the exponential decay-time 
for central velocity following beam turn -off (500 ms, decreasing to 325 ms at higher 
power) is substantially larger than the steady-stale momentum confinement time. The 
maximum velocity attained during neutral injection increases in an offset-linear fash ­
ion to the applied power or torque, vq;(m/ s) = 3.0 x 104 + 2.35 x 104 x Pb(MW) , or 
vq;(m / s) = 3.0 x !0"1 + 4.7 x 1023 x T(N. m)/n.(m-3

), where T is the incident beam 
torque. The velocity can be fit equally well by a power-law form, vq; ex (T/n. )0-74±o.i 2 . 

To derive quantatative estimates of the global mome11tum confinement time from 
the. cent ral rotation spPed measurements, we solvf' the global angular momentum 
balance, iL8L = Ta(t) - 1=., where L is the total angular momentum stored in the 

I T. 

plasma, r,p is a global momentum timf', and Ta(t) is the beam torque delivered to 
the thermal plas:na. This equation is solved assuming (J) A fixed radial profile for 
v1,(1') ex (1 - (r/a)2)0

·
5

; (2) Equal rotation speeds for all ions; (3) No beam-ion losses; 
and (4) Deposited torque calculated numerically using standard Fokker-Planck op­
erators for slowing-down and pitch-angle scattering. Figure 1 shows the global mo­
mentum confinement times derived from this analysis that are consistent with the 
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measured central rotation speeds. The inferred T,p decreases modestly with increasing 
torque (T,p = 123 --+ 95 ms at high power) and is substantially less than the global 
energy confinement time. The assumed profile shape is broader than measured by 
Burrell et al. [6) in D-1 II limiter discharges (which were slightly more peaked than 
parabolic) but it matches the early rise of v,p(t ) just following beam turn-on better 
than a parabolic profile. The experimental values for T,p are considerably larger than 
rough theoretical estimates based on neoclassical viscosi ty [4,5) (T,p oc R2 Z.JJBT/T;), 
using Zeff values measured from visible bremsstrahlung and central ion temperatures 
derived from Doppler broadening of T i XXI Ka line radiation, which lie in the range 
T,p{theory) = 30 - 45 ms. The measured central rotation speeds would be consistent 
with T,p(theory) only for rather peaked radial profiles of velocity, v,p ex {l - (r/a)2)

4
. 

Goldston et al. [7] compare the plasma heati ng obtained with edge-weighted and 
centrally-weighted neutral injection by injecting beams that either miss the magnetic 
axis or t hat pass through the plasma core in a slightly reduced-bore plasma with R = 
2.36m,a = 0.70m, I P= l.2MA, BT = 4.6T, n.{OH) = 2.6x 1019 m- 3 , and Pb::: 2.3MW. 
T he beams were modulated in t hree 100 ms pulses separated by 100 ms off-periods. 
Differences in time response of the observed centml rotation speed in these experi­
ments aUow us to identify the dominant momentum transport process as diffusive or 
non-diffusive, and to determine the relative magnitude of momentum transport dur­
ing edge and central heating. The central rotation speed during centrally-weighted 
heati ng shows a clear modulation which is correlated with the beam timing {Fig . 3a). 
By contrast, the rotation speed during edge-heating rises more or less monotonically 
throughout the entire 500 ms of modulated beam injection to a final speed approxi­
mately 2/ 3 of t he speed at t ained with central-heating. This is the quali t ative behavior 
one would expect if momentum transport were predominantly diffusive in character, 
allowing an inverted rotation speed profile ( v,p( edge) > v,p( central)) to relax to a flat­
ter profile during the beam-off periods. To quantify this observation , we compare the 
mean central rotation speed to the results of a 1-D transport simulation . 

T he transport simulation 18] solves the momentum balance equation ;9], 

8 8n 1 a 8 mnRv,p 1 o 
mnR-

8 
v,p + m Rv<t>-

8 
= Ta{r, t) + - -(rRmnx,p -

0 
v,p) - --- - --

8 
(mrRv,pf'p) 

t t r 81· r T ,PCX , . 1' 

{1) 
where 1a(r,t) is t he deposited beam torque density, rp(r,t) is t he ion Bux, T,pcx(r) 
is the charge-exchange loss time for toroidal momentum , and X,p{r) is the momen­
tum diffusivity. The deposited torque is c:alculated from colli sional s lowing-down and 
pitch-angle scatteri ng of the energetic beam ions, plus a small contribu tion (O(c)) due 
to first-orbit effects [9]. For computational efficiency, the particle Aux is calculated 
crudely through the contin uity equation (8n/8t + \1 · n = sources), using only beam 
ionization as a particle source. 1 Simulations were performed for X<t>(r) = constant and 
for X,p{r ) = constant · (1 + 2r/a), where the magnitude of the constant was chosen 

1This treatment obviously underestimates con\"ective transport at the plasma edge where ionization 
by wall neutrals is a significant source of ions , but it captures an essentia l process in tha t it cancr ls 
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to best reproduce the measured velocity time histor.v. Fig. 3b shows the calculated 
,·elocity time histor.v for edge-healing, using X<b ""' 3.0 m2 / s . lt ("onfirms that a dif­
fusi\"c transport mechanism gives rise lo a monotoni<"all_v increasi ng or very gently 
modulate<l central velocity. The agreement between measured and calculated velocity 
is excellent, with t he except ion of t he calculated bulge following final beam turn-off 
that is not present in the measurements. Similarly, the simulation for central h<"al­
ing (Fig. 3a) reproduces the modulated velocity obsen·ed in that experiment, using 
X<i> = 7.0 m2 /s. Thus, momentum transport appea rs to be considerably faster when 
the beam h<"ating is centrally weighted , similar lo t he behavior of energy transport. 
This conclusion is not altered if a radially-dependent form of X<b is utilized; rotation 
during edge-heating is adequately fit by x.i,(r) = 1.4(1 + 27'/a)m2/s, while rotation 
during central heating is fit by X<1>(r) = 3.1(1 +2r/a )m2 /s . 

We remark that the inward diffusion of momentum implied by t he edge-heating 
experiment is inconsisent with the recent gyroviscous model of momentum damping 
[4], which without further development appears lo allow for only an outward-directed 
flow of momentum. Inward diffusion of momentum is also inconsistent with local 
damping mechanisms such as ripple-damping. Also, even without measurements of 
radial profiles of rotation speed, the edge-healing experiments establish some bounds 
on the radial dependence of xQ(r). The momentum diffusivity cannot be too strongly 
peaked near the plasma edge, because an excessively edge-weighted X.i,(r) causes the 
deposited torque to dissipate lo the wall before it rnn diffuse to t he plasma cenler. 
Thus, profiles of Xq,(r) more peaked than Xq,(r) oc (l + 2r/ a) are unable to reproduce the 
measured central rotation speed, irrespective of t he magnitude of X<i>· Small multipliers 
on the magnitude of X<b generate large edge rotation speeds, but then the time scale 
for diffusion of the edge momentum to the plasma center exceeds the duration of beam 
injection, and thus the calculated centml velocity remains smaller than the observed 
value. 

This work was supported by U.S. DOE contract No. DE-AC02-76-CH0-3073 . 
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the 8n/8t term in Eq . I following beam turn-off, which would ot herwise lead lo an unphysical global 
increase in velocity (neglecting momentum diffusion) as the density falls. 
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Introduction MHD oscillations in JET are often observed to slow down as 
they grow and lock when the amplitude exceeds Se(wall) ~ 10 G, then 
continue to grow to large amplitude (Dr/Be (wall) ~0.6 - 1.2 x 10-2 ) . Such 
locked modes occur before all density limit disruptions and most current 
rise disruptions and can also develop after pellet injection, as well as 
after 'monster' (1) sawteeth and remain at a large amplitude t hroughout the 
discharge . They have a dominant toroidal mode number of n=l and poloidal 
mode numbers of m• 2, 3 , or 4. These large amplitude modes can have 
profound effects on the plasma affecting sawteeth, the electron temperature 
profile, plasma rotation, particle losses and in some cases may be 
responsible for a decrease in the plasma stored energy. 

Calculations with two MHD codes [2,3) indica te that interaction of the 
growing oscillating mode with a resistive wall or a small c ~ 10 G at the 
wall) external field asymmetry may be responsible for mode locking. 

Detection of Locked Modes Integrating the difference of signals from saddle 
coils about the outer midplane from the same signals 180° apart toroidally 
measures the odd n component of the radial fie ld perturbations i n the 
plasma. Two of these predominantly n=l signals , at toroidal angles of 45° 
and 135 ° (relative to Octant 1) provide the sin and cos components of the 
mode so that the amplitude and phase of the locked mode can be dete rmined. 

Location of Locked Mode O and X Points Under mos t conditions , the mode 
locks in the same position and remains in that position throughout the 
discharge . Figu re 1 shows a view of Octant 3 ( ~ - 90°) of JET for the 
standard locked mode position as calcul ated by a n MHD code [ 2]. The 
X point of the m=2, n=l mode lies in t he midplane. This corresponds to 
having the 45° locked mode signal negative and equal and opposite to the 
135° signal. In some cases , especially after the plasma curr ent and 
toroidal f i eld were reversed for counter injection operation, the mode 
locks in other locations or changes phase after it has locked , suggest ing 
that if a field asymmetry is responsibl e , it changes with cond i tions . 

Pre-disruptive Locked Modes Oscillating growing MHD precursors ~ith 
predomi nantly m=2 , n=l (or sometimes m=3) are observed before mJst 
disruptions. The frequency of oscillation usually lies between 200 Hz and 
1 kHz, but increases with NB powe r to> 5 kHz. The oscillations may la st 
for only a few msec or for as long as 200 msec before the mode locks . When 
locking occurs , the tangential field ampli tude at the wall is 4 - 20 G and 
the radial f ield is 0 . 25 - 1 . 5 G. After locking, the mode grows to an 
amplitude of br /B0 (wall) ~ 0.6 - 1.2 x 10- 2 just befo r e disruption. The 
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Figure 2. Early locked mode unl ocks 
during NB, then locks again after a 
sawtooth collapse. 

duration of the locked mode phase be f ore disruption is normally about 100 
msec , but can be shorter than 10 msec at very low q or longer than 1.5 sec 
at i ntermediat e or high q. At very low q, the usual precursor oscillations 
are absent leaving only a rapidly growing n• l displacement about 20 msec 
before the disrupt ion . 

Cu rrent Rise Locked Modes Locked modes often develop d·uring the current 
rise even as early as 400 msec into the discharge reaching an amplitude of 
ti /Be (wall) "-2 - 6 x io- 3 • Depending on the evolution of q,~(a) , the 
l&cked mode can decay after 0.5 - 2 sec, continue to grow until disruption, 
or persis t throughout the length of the discharge. It is observed that the 
chance of having a disruption following a current rise locked mode is 
greatly enhanced when ~1,(a) lies between 3 and 4 . . By modifying the 
evolution of qili(a) through changing the plasma aperture , the current rise 
rate , the toroidal field, or indirectly through changing the density , 
current rise locked modes can be reduced in amplitude or even eliminated. 
Skin current effects may play a rol e i n mode locking during the current 
rise. Figure 2 shows a locked mode that begins in the current rise, then 
unlocks with the NB and oscil l ates for several seconds before it locks 
again after a sawtooth collapse and remains locked throughout the remainder 
of the discharge. The top trace is a rectified and smoo t hed nal combination 
of poloidal fie~d pick-up coils. The second and third signals are the 
locked mode monitor signals. Poloidal analysis of the mode structure of 
current rise locked modes indicates that the dominant mode number can be at 
least as high as m•4 , n•l. It is possible that t he dr iving mode is still 
m=2, n=l through toroidal mode coupling. 
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Locked Modes After Monster Sawteeth Figure 3 shows a locked mode induced by 
a monster sawtooth collapse during combined !CRH and NB hea ting. The 
expanded time traces show the mode l ocking on both the ECE and n=l poloidal 
pick-up coil combination s i~nals . Normally, after a combined heated monster 
sawtooth thHe is a large ( b a I Ba '" 7 x 10 - • l oscillating m•3, n•2 mode 
that persists for several seconds (1), but when the oscillating mode locks, 
the m=2, n•l can be domi nan t and oscil l ate for only 60 msec before locking. 

Locked Modes After Pellet Injection In many cases, just after the 
injection of a pellet there arises a large locked made that ea~ pe r sist far 
several seconds or result in a dis ruption. Figure 4 shows such a pellet 
induced locked mode that eventually leads to a disrupt ion . The pellet was 
fired at 7.0 sec i n to the discharge. The density decays much more rapidly 
if the pellet induces a locked mode, suggesting that such 1£rge MHD modes 
can increase particle losses. The ' snake' oscillations (4 ) often observed 
after pellet injection can persist in the presence or absence of 
oscilla ting and locked MHD activity observed on the magnetic diagnostics. 

Discussion Large MHD modes can have profound effects on the plasma . 
Figures 3 and 5 show that sawteeth during such large modes are reduced in 
amplitude by more than a factor of two and saturate much faster. Bef ore 
density limit dis r u?tions , the electron temperature profile about the q~=2 
surface is rapidly flattened over a region of 10-1 5 cm just after the mode 
locks (1). The spatial distri bution of the neutral influx due to r ecycling 
can also be affected during large MHD modes near the density limit. 

A very prominent effect of locked modes is that they can actually stop 
the observed central plasma ion toroidal rotation despite intense input 
momentum from the NB (5). This follows the general trend that the central 
ion velocity compares well with that calcul ated from the f r equency of edge 
MHD oscillations. The strong effects on sawteeth and the central plasma 
ro t ation suggest that magnetic perturbations measured at the wall can 
affect the center of the plasma when they reach sufficien t amplitude. 

In some cases , particularly after monster sawteeth , the onset of a 
large MHD mode (br /Ba 'l.2.4 x io- 3 ) coincides with a 20 - 25% drop in the 
stored energy (Figure 6). In the previous shot, which was simila r but 
without a locked mode, the temperature reached 5.5 keV at the sawtooth 
peaks ( Figu re 5) , suggesting that the large MHD mode may have kept the 
temperature low perhaps by increasing plasma losses. 

Since large amplitude MHD modes can affect the pl asma momentum , 
particle bal ance, a nd in some cases, appear to af fect the energy content 
their effects need to be better understood and taken i nto account when 
t hese ba sic plasma properties are analyzed. 
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CHARACTERISTICS OF THE SAWTOOTH RELAXATION 

An extensive study of the sawtooth period and of the MHD activity con­
nected with the sawtooth crash has been performed in the deuterium ohmic 
plasmas of FT at a toroidal field B = 6 T. The sawtooth inversion radius 
r , as desumed by the SXR emission A'bel inverted using the Cormack method 
[i) (with m=O poloidal number), scales with the safety factor at the edge 
qL as: r I a= 1/ qL (where a is the minor radius of the plasma) (Fig. 1). 
Such depe~dence, already observed in other machines [2], is well verified 
in the whole range of discharges considered, with 2. 5 < qL < 4. 5. _ T?e 
empirical scaling of the s~wtooth period is found to be t (ms)=3.9 n1 2 

(with the electron density n in units of l020/m3 ), withou~ any signifi­
cant dependence on qL. The c~ntra l sawtooth elec t ron temperature modula­
t ion, as measured by electron cyclotron emission (EGE) ranges between 3% 

0.4 
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"' • • • ........ • ~ • 

•• 
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• 
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Fig. 1: Inversion radius as de ­
sumed by the Abel inverted 
SXR emission (using the Cormack 
method with m=O) vs l/qL. 

and 15% in all these shots, with a 
scaling that is f°ot far away from 
~Te(O)/Te(0)-1/ne q{ 2 . 

THE SAWTOOTH TRANSPORT SU!ULATION CODE 

A full transport simulation code 
[3] which sol ves the system of coupled 
non-linear diffusive e,guations for the 
electron temperature T and poloidal 
field 89 perturbations ~as been used in 
order to simulate the sawtooth ac tivity. 
We use the boundary conditions of 
T (a,t)=B9 (a,t)= 0 and as ini tial condi­
tions j:he pert];!rbations of the quanti­
ties T and s8 as predicted by the 
Kadomts~v reconnection model [ 4]. Elec­
t ron thermal conduction as desumed by 
the (steady state) power balance [5] 
and neoclassical electric conductivity 
have been used. In performing the power 
balance, purely neoclassical ion losses 
[6] have been assumed: this figure is 
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Fig. 3: Ratio between the calcula ted elec­
tron temperature fluctuation and t he ob­
served one versus the minor radius , for 
the same discharge of Fig . 2 . 

, compatible with T (0) and T. (O) measure ­
ments in the centfe. In the 1r eg ion O<r<r 
the value of the electron thermal cond;:;:c~ 
tivity can not be desumed by the power 
balance : we have selected it by a best fit 
of T (0, t). Very good agreement between 
exper1.mentally observed heat pulse dif­
fusion in the region of "good confinement" 
1 <q<2 and simulation has been found. I n 
piriicular, agreement regarding the delay 
of the pulse peak and absolute ampl itude 
of the oscillations ha s been fo und, except 
near the sawtooth inversion radius r 
(Figs 2 and 3) . This suggests tha t th~ 
Kadomtsev model p rovides a fairly good de­
scription of the heat source released by 
the sawtooth crash, whereas it could be 
inadequate in accounting the details of 
the magnetic reconnection. 

THE CALCULATED q ( r) PROFILE 

I n the centra l region of the plasma 
(r<r ) the calculation predicts hollow q(r) 

profiles: just after the Kadomtsev ~e~onnection the q in the centre is cal ­
culated to rise above unity . Then the q profile evolves in a non-monotic 
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Fig. 5: Abel inve rted amplitude of t he HIID activity ( using the Cormack 
method with m=l) versus rad i us for different times before the sawtoo t h 
c rash a) b) c) d) a nd after e) f) g) h) . Discharge parameters are: q

1
=3.13 , 

ne=0.80·10 20 m-3 , tR=3 . S ms. 

profile with an off- axis minimum (Fig. 4) . In a time t -(0.670.7) tR the 
off-axis minimum fa lls below unity a nd two q=l resonant radii appear: 
the external one is almost fixed in time, t he innermost is ca l culated to 
move towards the cen t r e a nd to reach it in a time that is very near 
t o the sawtooth repetition time for all the discharges. However the 
calculated values of q i n the central region are always very close to unity 
lq- l l-0 .02. 
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THE MHD ACTIVITY ASSOCIATED WITH THE SAWTOOTH 

This picture is supported by the observation of an m=l !·DID precu r so r 
activity phase of the sawLooth (t- (0.770.8)t) on the SXR signals. The 
amplitude o( the m=l Cormak i nverted signafs reveal that the observed 
before the end of the r ising time reaching t he centre just before the and 
that its r adial extension increases i n mode starts near the i nversion 
radius r crash (Fig. 5). This suggests the possibility of a magnetic 
t rigger c~ndi t ion [7] q(O)=l for the sawtooth crash . 

A preliminary ana l ysis of the linear stability o( su:h hollow q( r) 
pro files with a complete ~DID resistive toroidal code [8] ha~ shown tha t a 
radial disp l acement eigenfunction localized between the two q=l resonances 
is obta i ned, as far as a res i stive mode is excited. Th i s happens for values 
of the magnetic Lundquist number S<l 07 , comparable with thos ~ obta i ned in 
FT. -

As f ar as an ideal mode is excited (e .g. rising the va lue of S or i n­
creasing t he pressure gradient) a two steps radial displacement ei ge nfunc­
tion appears wi th t he di scontinuities localized around the two q=l resonant 
surfaces, the amplitude being higher in the centre, as expected by an 
analytic min imisa tion of 6W for two q=l radii [9]. Thus t he expe rimental 
evidence of t he localized ~DID activi ty in FT seems to be in agreement with 
the onset of a resistive m=l mode. In almost all the discharges an m=l 
successor MHD activity (Fig. 5) is also observed which is radially flat 
between the cent re and r , persisting up to t~0 . 3 IR . Aga in such behavior 
s uggests that the detail5s of the magnetic reconnection are not well de­
scribed by t he Kadomtsev model. 
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1. THE OPERATION PARAMETERS 

The sawtooth heat pulse diffusion has been systematically studied in 
the FT ohmic discharges in deuterium plasmas a t a toro idal field BT = 6 T. 
The operating Hugql-Nurakami diagram (1) has been explored in tlie range 
2.4 < qL< 4.5; 1.0 n R/BT< 3.7·10 1 Wb- 1 (Fig. 1). 

The electron teTnperature profiles T (r), as measured by a single shot 
multi - point Thomson scattering system ar~ shown in Fig. 2, the profile for 
each series being ordered in the figure according to its Hugill- Murakami 
parameters. The fits to the profiles shown in Fig. 2 have been ob tained 
compelling the q=l resonance to correspond to the SXR inversion radius r 
[2). s 

Also marked in Fig. 2 are the q=l and q=2 resonant radii, that bound 
the so called confinement region of the discharge, and the shaded area be­
low each profile cor responds to the radial extent over which the sawtooth 
heat pulse diffusion is observed; such region corresponds in all cases to 
the inflection of the Te(r) profile. 

1 2 3 4 5 

iieR/Br ( 1019 Wb-
1

) 

Fig. 1: Hugill plot of sawtooth 
ing discharges parameters 
studied in this paper. 

2. XePB FROM THE POWER BALANCE 

In order to derive the electron 
thermal conductivity XPYB a power balance 
in steady state must oe performed [3), 
taking into account the local ohmic power 
input calculated from T (r), the measured 
radiation loss, the cofuputed charge ex­
change l oss, and the electron-ion power 
exchange. The latter comes from the solu­
tion of the ion power balance equation, 
with neoclassical therma l transport assum­
ed in the Chang-Hinton form (4 ) with a neo 
classical multiplier o=l (the available 
data of T (0)-T.(O) are not in conflict 
with l<o<3)7 The1 electron equation is 
solved for the heat conduction loss P and 
the resulting x B =JP dv/4n2 rRn vrXecan 
be es tima ted. Three ~~amples ofe r~dial 
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bebavior oE ~ePB for a low density, a high density and a low qL discharge 
are shown in Fig. 3. 

3. XeHP FROM THE SAWTOOTH HEAT PULSE DELAY 

The average X HP in the plasma region through which the temperature 
perturbation diffU!fes can be directly deduced from the radial observation 
of the time elapsed t (r) until the heat pulse i nduced by the sawtooth ac ­
tivity reaches its ma~imum amplitude. This method can be surrunarized by the 

formula [5) 
(1) 

t.t = t.r2 /9x p eHP 

In Figure 4 X HP as deduced from electron cyclotron emission i s com­
pared to X PB' th~ cylindrical volume average of x p in the heat pulse 
observationeregion (5]._For ~11 qT. values and neR/BT ~aPues, one can summa-
rize the result as 1 < XpJ!p/X PB ~ 2. 

In order to check CTi1s ?esult a more complete comparison of t he 2w 
emission measured electron temperature fluctuations has been performed witfi 
a diffusion-reconnection code . The detailed comparison is presented in the 
companion paper (2) in this Conference and confirms that a single electron 

0.4 

0.3 

2 3 

neR/Br(1019 Wb-1
) 

Fig. 2: Electron temperature profiles order 
ed in the Hugill-Mura kami diagram. 

thermal conductivity 
X (r) determines both 
tfie steady state T (r) 
profiles and rules e as 
well the transient modifi 
cations of such profilei 
(as far as the sawtooth 
induced perturbations a re 
considered). 

4. INFERENCE ON THE ION 
THERMAL TRANSPORT 

The electron energy 
confinement time can be 
written as 

(2) 

wher e aT is the effective 
discharge radius obtained 
ext rapolating linearly at 
the T ( r) inflection to ­
ward the edge of the dis ­
charge. 

On the other hand, 
as t he radial profile of 
the total energy conf ine­
ment time tE is quite 
constant over the radius, 
t he comparison should re 
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Fi g. 3 : Radial behavior o f the t he rma l conduct i vity X p (r) as desumed 
from Lhe power balance fo r a) l ow density discharge, bf ~igh density dis­
charge , c) low-r.L d ischarge. 
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Fig. 4:Comparison between XeHP as d!:_ 
duced from saw t ooth diffusion and 
XePB deduced from power balance. 
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Fig . S: Plot of total energy con­
finement time tE (from profi l e 
~easurements) versus 2t~ = 0.7(ajf 
XeHP) (from sawtooth diffusion). 

veal whether the electron the rma l transport dominates the plasma e nergy 
balance in t he confinement region or whether the ion thermal conduction 
plays in this region any s i gnifi can t role. Considering , as in all t he 
presen t cases, approximately equal tota l t hermal energy in the electron 
and ion species one gets the l i nk with t he ion energy confinement time 
tEi' as: 

(3) 
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Fig. 6:Ratio of ion ene rgy 
confinement time and elec­
tron energy confinement 
time as deduced from saw­
tooth diffusion ( • ) and 
from power balance wi th 
neoclassical ion thermal­
conductivity ( 0) . 
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So , if the ions do not play a significant 
r ole in t he energy transport, tE=2k(a;/x HP). 
If , ins t ead, t he ions play a signi.fi~ant 
role, t~e deviation of the dependence of tE 
on (a;/~eHP) from a l inear one should give 
the rat i.o 

t Ee/tEi = 2ka¥/XeHP tE - 1 (4) 

Figure 5 shows tha t at large values of t 
t he i on effect seems quite re l evant (wit B 
k=0.35 to f i t reasonab l y wel l the l inea r 
porti on of the da t a i n expression (2)) . 

Figure 6 compares the estimates of t ./ 
/ t r. coming from equa t ion (4) applied t o t fie 
daE~ of Fig. 5 with the value of tE "N / t E 
as deduced from the power ba l ance . A: YirsE 
observation is that t he comparison in Fig. 6 
seems to indicate t hat t he ion t he rma l 
t ransport in t he confinement region has 
roughly neoclassical values X· ~ (172) X-Nc · 
A second observation is that

1
already at

1
3/4 

of the high density limit (see Fig . 1) 
Fi g. 6 seems to suggest t hat the ion t hermal 
t r ansport i s almost equa l to the elec t ron 
t hermal transport. 
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MAGNET IC F LUCTUATIONS AND THEIR CORR E LATION 
WITH D ENSITY FLUCTUATIONS IN TEXT• 

K. W. Gentle, Y. J. Kim, Ch. P. Ritz, and T. L. Rhodes 

Introduction 

Fusion Research Center 
The University of Texas at Austin 

Austin, Texas 787 12 

Magnetic fluctuations and turbulence a.re of particular interest in toka.ma.ks as 
a possible mechanism for anomalous transport in the plasma interior and as an 
elucida.tor of the mechanisms of edge turbulence. Although there is good evi­
dence implicating magnetic turbulence with degradation of confinement in some 
high-beta, beam-heated plasmas, 1•2 the situation for ohmic discharges is not re­
solved. Extensive observations of magnetic fluctuations on TEXT,3 a toka.ma.k 
with R = lm, a = 0.26m, and operated with 1.5 ~ Br < 3T, 100 ~ Ip ~ 400 kA, 
and 1 x 10 19 ~ n ~ 8 x 1019 /m3 , illustrate the complexity of the phenomena.. 
A ubiquitous spectrum of magnetic turbulence can be observed from outside the 
plasma extending to several hundred kiloHertz. T he spectrum extends from coher­
ent, discrete modes of m = 2 or 3 through a broad turbulent range which includes 
both moderate-m components {m ~ 10) from the interior and high-m components 
(m ~ 40) which are associated with the electrostatic edge turbulence. The spec­
tral properties (frequency, wavenumber, coherency) of these components will be 
described, as well as their association with transport. The first measurement of kn 
for edge turbulence will be described. 

Exp erimenta l Technique 

The magnetic fluctuat ions are measured with small loops inside a thin stainless 
steel jacket. Their sensi t ivity extends to 1 MHz and k < 3cm- 1 (m < 80); they 
may be placed as close as l cm to the limiter radius. Ordinary Langmuir probes 
penet rating just inside the limiter radius are used to measure the properties of 
the electrostatic edge turbulence. Conventional FFT techniques are used to obtain 
frequency spectra, bu t more modern, powerful statis tical techniques4 are used to 
extract the coherency and phase as a function of frequency for signal pairs. 

Ch a racteristics of Magnetic Turbulen ce 

A typical power spectrum for iJ is shown in Fig. l. The largest power is in discrete 
(narrow-band) low-frequency modes found to be m = 2 - 4. Above that, t.he spec­
trum is featurele5s and monotonically decreasing. (The apparent peak sometimes 
appearing nea r 100 kHz is significant, but the power curve for fJ, obtained by divid ­
ing by w2 , never has maxima.) The spectra extend to a few hundred kiloHertz, but 

• Work supported by the U. S. Department of Energy. 
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with negligible power in the higher frequencies. Even exclud ing the discrete modes, 
significant magnetic turbulence does not extend much beyond 100 kH z. The signals 
have the properties expected: they are primarily radial and poloiclal with at most 
a small toroidal component, radial and poloidal components at one point are highly 
correlated and 90° apart in phase, and a single component at points separated only 
in minor radius maintains perfect correlation and no phase difference. 

To test for a gross correlation of magnetic turbulence with energy transport, a 
survey of B,m., excluding the discrete modes, over discharge parameters was com­
piled. (For this survey, the coil was kept 0.03m behind t he limiter, but the values 
of fJ were extrapolated to the limiter radius from the measured radial dependence, 
although the correction was never large.) The magnetic turbulence shows a strong 
dependence on q and little on density, whereas energy confinement scales with den­
sity over this range and has little q dependence. There is no simple or direct 
relation between measu red magnetic turbulence and energy confinement time for 
these ohmic discharges. 

To obtain information on the k1- or m spectrum of the turbulence, an array 
of coils with poloidal separations of 6°, 20°, and 27° at the same toroidal angle 
was 0.03m outside the limiter radius. The coherency and phase difference as a 
function of frequency for a typical discharge are shown in Fig. 2. The low-frequency 
components are highly coherent and correspond to m = 3 - 7 as labelled . At 
higher frequencies, the coherence decreases rapidly with poloida.I angle. The la.ck of 
coherency merely implies a range of m present at each frequency. From the slope of 
the phase with frequency, an average dispersion relation can be obtained. For the 
data shown, these are approximately linear, consistent with phase velocities in the 
range of 6 - 12 x 103m/s. These results are generally compatible with a model of 
various (m, n) modes on rational su rfaces which appear with a frequency driven by 
poloidal rotation. The rotation cannot be rigid -body, however, for that wou ld not 
produce a spread in m-values fo r a given frequency. A similar result emerges from 
comparison of two loops separated both poloidally and toroidally. 

Relation Between Magnetic and Density F luctuations 

To determine if some portion of the magnetic turbulence were associated with edge 
electrostatic t urbulence, correlations between magnetic and Langmuir probes were 
sought. Significant correlations were found o nly if the Langmuir probe were inside 
the limiter radius, the magnetic probe were near the limiter, and the two were on 
nearly the same field li ne. Representative data are shown in Fig. 3 for probes with a 
toroidal separation of 90° and q,., = 3. Both coherence and phase are shown. T he 
properties of the electrostatic turbulence, in both spectra nnd coherence, arc well 
established. 5 The phase angle between density and magnetic field is determined by 
numerous instrumental and physical effects, but. if t he difference is the same for 
all m, the frequency dependence of the phase difference will arise solely from the 
frequency dependence of t he component of k along the path between the probes. 
The condition of constant phase implies k = 0 along the p;tth for that q. Since this 
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occurs at a q dif Prent from that for which the two probes are on a field li ne, k11 # 0. 
The phase dependences at t he various q shown are all consistent wi th ku/k.L = .01 . 
At a frequency of 100 kHz, where m ~ 40, .Xu ~ 4m. For the edge electrostatic 
turbulence, t he parallel wavelength is remarkably short. 

Although the coherence between densi ty a nd magnet ic field is sig nificantl y 
large, it never comprises the largest part of the magnetic turbulence at any fre­
quency, a nd it is a small portion of the total magnetic power. Th is probably 
explains why the effect has not been previously reported . However, these mea­
surements clearly establish that t he edge electrostatic turbu lence has a physically 
sign ificant magnetic component. (One would never expect complete coherence be­
tween density and magnetic field because the density measu remen t is local and has a 
short rad ial coherence length, whereas the magnetic field is a n integral over current 
perturbations at all rad ii. ) 

Con cl us io ns 

Magnetic nuctuations a rise from several processes. High-m turbulence arises in as­
sociation with edge electrostatic turbulence, whereas lower-m effects are associated 
with MIID effects from fur ther into the interior. This has the direct consequence 
of implicating resistivity -gradient d riven modes (or similar modes with cu rrent per­
turbations) as t he mechanism responsible for edge turbulence as opposed to drift or 
density-gradient d ri ven modes with no such effects. I t has the indirect consequence 
of complicating any analysis based on the rad ial dependence of t he magnetic sig­
nal oubide the limi ter, which would generally be r -"' . G iven the combinat ion of 
processes and m-values presen t, one can only conclude that near the limiter, bot h 
low-m and high-m from the edge will be seen, whereas well outside the limiter, only 
the low-m woulc be detectable. High-m turbulence from the interior, if present, 
would never be detectable outside the plasma. The edge electrostat ic modes of 
high-m are certainly associated with par ticle t ransport at the edge. They have 
many of the properties of res istivity-gradient driven modes, but have rather large 
m values and surp risingly large k for such modes.6 

The magnetic turbulence of lower m-values arising from t he interior does not 
have a clear association with tra nsport or confinement. The observed amplitudes 
are certainly not sufficient to produce significant flux through stochast ic magnetic 
tra nsport. Wheber high-m turbulence in the interior is responsible for anomalous 
transport cannot be determined from external measurements . 

1. B. A. Carreras, e t al., Phys. Rev. Lett. 5 0 , 503 (1983). 
2. N. Ohya.bar , et a l. , Phys . Rev. Lett. 58, 120 (1987). 
3. R. V. Bravenec, et al. , Plasma Phys. and Controlled Fusion 27, 133.5 (1985). 
4. E. J. Powers, Nucl. Fusion 14 , 794 (1974). 
5. Ch. P. Ritz, et a l. , J. Nuclear Mat. 145- 147, 241 (1987) . 
6. P. W. Terry, et al., Phys. Fluids 29, 2501 (1986). 
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Fip; , 2 C onditions as Fi g . 1 Fig, 3 
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SAWTOOTH OSCILLATION: MECHANISMS AND STABILIZATION 

SAWTOOTH 
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Plasma Physics Laboratory, Princeton Uni vers ity 

P.O. Box 451, Princeton, NJ. USA 

MECHANISMS 

Different '.ypes of sawteeth observed on TFTR have been studied. Most 
of them can be described by using reconnection models. Sawtooth 
oscillations can be classified as "slow· or "fast· by the time scale of the 
crash, or as "s imple" or ·compound" by the structure of their diagnostic 
signals. The simple slow crash sawteeth which are the "classica l 
saw teeth" examined years ago, agree very well with the usual K adomtsev 
type reconnect ion model in simulation studies. The crash time in a 
reconnection model is the full reconnection time 1:cr= t. 'i' 1-¥. where t. 'V is 

the tot al hel ical flux inside the q= l sur face. and ljl the reconnection rate. 

From the modified Sweet -Parker scaling 1. -¥- F314Tt 112 where F is the 

driving energy of the ideal nonlinear i nstability, and Tt the resi st ivity. 

Since t.'i'-t.q=l-q
0

. we obtain 1:cr-(t.q/F314)Tt-l/2 . Using a procedure in 

Ref. l, one can then estimate 1:cr to be on the order of msec for a typical 

low j3 TFTR equilibrium with q
0

=D.97, which agrees w ith the slow crash 

time. (It is noted that slow crashes as well as fast crashes are driven by 
an ideal mode. A typical low j3 tokamak equilibrium with q

0
<1 :s linearl y 

unstable to t he m=l res is tive mode but stable to the ideal mode. However 
the ideal mode gets destabilized nonlinearly, in most cases. When this does 
not happen as in the case of the nonlinear m=2 mode, the reconne::tion time 

is on the extremel y slow skin time which is on the order of seconds. 1 Any 
reconnection process faster than the skin time needs a singul3r current 
sheet maintained as a result or an ideal mode.) 

The rast crash of a sawtooth could occur in three different ways: 
1) When F is large and t.q small with combined enhancement or f actor 1 O 
in the above 1:c- formu la, a rast crash time or -1 OOµsec can occur. This 

condition can be satisfied when the driving pressure is large and t he shear 
small. In such a case, the reconnection process proceeds with a c rescent 
shaped hot core as shown i n Fig.1 ('i' contours). This shape is similar to 
the results repo,·ted by t he JET group (but gi ven a di fferent interpretation 

using a non-reconnection picture).2 

2) The equilibr ium can be somewhat simi lar to the slow crash case and 
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the reconnect ion is triggered ( the first trigger) by the current sheet 
rormed due to a nonlinear idea\ instability as usual. \f this current sheet 
develops str ong microinstabilities (the second trigger) which enhance T\ by 
a ractor o' 100, then the crash time wi ll be shortened by a fac tor or 1 o. 
Such a sudjen speed up of crash process can be found in some of TFTR shots 
as shown in Fig.2(c). This figure shows an example of a stow and a ras t 
crash, and an example of a sudden transition between a slow and fast 
crash. (The anomalous T\ for this process may also come f rom the electron 

viscosity ciue to stochastic field tine in the x- \ine reg ion.) 

3) It is still possib le t hat a Petschek type reconnection(o/- z: A-l) may 

occur under certain conditions, although numerical simul ations have not yet 

round such a case. The crash time then will be as fast as -1 O µsec. 

As the shear inside the q= l surface becomes even lower and the 
temperature profile be fore t he crash becomes relatively more peaked , the 
reconnect ion model gi ves a hol low temperature profile after the crash. 
Th is causes multiple q=l surfaces to form off axis, and compound sawteeth 
can occur in the simulation. Fig.3 show s contours of helical flux 'I' during 
the main crash process of a compound sawtooth. One unique character we 
can di scern from this picture is that the crash occurs in two dist inctive 
steps or similar time scales. The hot core become a semi-hot core after 
the first full reconnection step , and t hen this semi-hot core disappears 
during the next full reconnection step. It should be poss ible to check th i s 
two step crash in the experiment i f the time resolution of the 
measurement during the crash is good enough or a stow crash compound 

sawtooth can be found. 

SAWTOOTH STABILIZATION 
Most types of sawteeth manirest themselves as a fas t loca l drop or 

elect ron temperature and flat ten ing of the q-profile . Since i t i s local , 
t he adverse ef fect of sawteeth are usually not critical in present - da y 
tokamaks. However, as plasma beta and shaping factor increase as in the 
proposed ClT device. a sawtooth cra sh will also generate large st ochastic 
regions thus becoming more dangerous. A method for sawtoot h 

stabilizat ion has been found theoretica l \y.3 The basic nonlinear 
st abilizing ef fect comes from t he increased pl asma pressure in the m= l 

magnetic is l and. The stability condition is 

l'>~ > 8£-1 (l'>q)2 ' 
p q=l 

where Ll.~P rep resents t he enhanced pressure i n the island, and Ll. q=1-q0 , 



and Eq=l is the inverse aspect ratio at the q=l surface. Thi s stabilizing 

effec t c an explain the saturation of sawteeth observed in lower-hybrid 
wa ve-dri ven experiments 1n PLT. where the ECE signals showed that t he 
i sland was heated effectively . This stabilizing effect could also explain 
t~e ·snake" phenomenon seen in JET experiments , which has a helica l high 
pressure structure lasting for seconds. The conf inement of th is local high 
pressure region suggests that th i s region is a magnet ic island, and tha t a 
saturated equi l ibrium has been reached due to the high pressLre ioi the 
island. To intentional ly generate such a snake. one would inject a pellet 
near q= I surface. This will cause a local depress ion of cur rent dens it y to 
form a magnet ic is land. The high pressure in t he island t hen can stab i lize 
the helical structure to last on the time scale or partic le conf inement i n 
t he island. 

"This work supported by U.S. DoE Contract No. DE-AC02- 76-CH0-3073. 
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2A.W. Edwards. et al.. Phys. Rev. Lett. 57 . 210 (1986). 
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Fig. 1. Helical f lux 'I' 
contours during fa st 
reconnection process. The 
hot core is crescent shaped 
in th is case. where t he j3P 

di f ference between the q=l 
surface and the center is 
0.2. and t.q:0.03. 
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(a) Fig 2. TFTR soft x-ray data 
from the central channel for; 
(a) a stow crash. (b) a fast 
crash and (c) a sudden 

~~-;;;~~~:;;:;~:;;;i;;;~~~~~~""'F(bi~ transit ion between a stow and 
~ (b) fast crash. All three disharges 

1omsec 

have neutral beam heating; (a) 
8.SMW with 5.SMW in the 
counter direct ion; (b) 6.SMW 
co-onl y and (c) ?MW co-only . 
Hence (b) and (c) rotate 
faster than (a) because or 
the more unbalanced neutral 
beam injection. 

Fig . 3. Het icat rtux 'I' contours during the main crash process or a 
compound sawtooth. Two q=l sur faces are present in this example. The 
crash occurs in two distinctive steps or simi lar time scale. which could 

be detec ted in experiment in principle. 
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Summar y 

The particle transport in ASDEX discharges with sawtooth oscillations is investigated 
on t ime scales comparable to and smaller than the sawtooth period. The net particle 
flux is calculated using time dependent electron density measurements both from 16-
point Thomson scattering [1,2] and 4-chord FIR interferometer [3] diagnostics. The 
inward flux during the sawtooth build-up phase at n, ;:,. 5 · 10 19m - 3 is found to be of 
the order 1019 m - 2s- 1 around the radius of the q= l surface a nd extends considerably 
to the outside. This relatively large inward flux is balanced by d isruptive outward 
particle transport during the sawtooth collapse phases, resulting in a quasi-stationary 
flat denstiy profile. 

Method 

At ASDEX there is no d irect measurement of the part icle flux in the bulk plasma. The 
electron density, however, is measured. It is related to the radial electron flux by the 
continuity equation 

. i a 
n(r,t) + - -a (r · f (r,t)) = S(r,t) 

T r 

(f: radial electron flux, ii: electron density change, S: electron sources, r: minor radius) 

The radial particle flux (n; ;:,. n,) is then 

r(r,t) = ~ f' r'[S(r',t) - n(r',t)Jdr' 
r o 
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With the density n(r,t) known, the flux is then 

f(r,t) = -~ 1· r'n(r',t)dr' 
T o 

Density profiles are derived from YAG (laser Thomson scattering) measurements and 
HCN (laser interferometric) measurements. The YAG data are available for 16 points 
with minor radius from 0.055 ... 0.39 m every 0.017 s, with a resolution ti.vAG ::::: 
5 · 1018m-3 . HCN data (line integrated densities) are available for 4 horizontal chords 
with minor radius 0, + 0.21, -0.21, -0.30 m every 0.001 s, with a resolution ti.nHcN ""' 
2 · 1017 m - 3 . Although the density profiles from the 16 direct YAG measurements are 
more detailed, and hence better suited for flux calculations than profiles from the 4 
inverted line integrals, the higher sensitivity and sampling rate of the HCN density 
profiles make them better suited for investigations of small and fast density changes 
characteristic for sawtooth oscillations. To find out whether the inverted HCN line 
integrals result in the same flux profiles as the direct YAG measurements do, both 
kinds of evaluation were done for a neutral beam-heated discharge, where the sawteeth 
are large enough to show up on the YAG density data. Since the sawtooth period in 
ASDEX discharges is of the order of a few times 10- 2s, t here are generally not enough 
YAG measurements between two consecutive sawtooth collapses to allow a direct flux 
calculation. Therefore, during the stationary phase of the discharge, i.e. when the 
density profile does not change significantly over many sawteeth, the YAG profiles are 
reordered in time according to their phase within a sawtooth. In this way an average 
sawtooth is reconstructed with enough sample profiles for calculation of the sawtooth 
build-up flux. The resulting flux profile is shown in Fig. la. The :naximum inward 
flux is about 1 · 1019m - 2 s- 1 • 

For a cross-c:i.eck the flux profile was calculated from the HCN measurements that were 
reordered in the same manner as the YAG profiles, and then s traightforwardly from 
consecutive HCN profiles during one sawtooth (Fig. lb and c). The YAG flux agrees 
well with the HCN fluxes, although the HCN profiles themselves do not match exactly 
the YAG profiles. The flux values found should be higher than the real flux, because 
the assumption of zero particle sources is not true for neutral beam heated discharges 
(1020 ions/s injected for PN BI ""' 106 W), but the error introduced is systematic and 
the same in both YAG and HCN measurements. 

The good agreement lends confidence to the calculat ion of sawtooth build-up fluxes 
from HCN cata alone in an ohmic discharge with sawteeth too small to be detected 
in the YAG data. In this case, the plasma is source-free. The inward flux is found 
to be on the order of ""' 1019 m-2s around the radius of the q= l surface and extends 
considerably to the outside (see fig . 2). 
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Conclusions 

Since the density profile is generally quasi-stationa ry in the presence of sawteeth, we 
must conclude t hat the inward flux is compensated for by the violent, disruptive particle 
transport in the opposite direction which takes place in the sawtooth collapses. This 
ensures that the net particle flux, averaged over times long compared to the sawtooth 
period, is zero, and the density profile remains unchanged as long as the sawteeth 
continue. 

The inward flux seen during the sawtooth build-up phases is not marginal. A simple 
estimate shows that the observed inward flux could double the centra l density wit hin 
0.1 .. . 0.2 s, if there were no opposing mechanism. There are indeed some cases, 
when t he balancing effect of the sawtooth collapses is obviously absent. This is found , 
for example, in the early stages of a discharge, before sawteeth have started [5j, or 
during successful pellet refuelling [6J . The observed peaking of the density profi le in 
these cases is of a magnitude that is compatible wit h the profile peaking during the 
sawtooth build-up. 
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FlucLuat1on measurements in Jl::T are pres~1Led and their correlat i on wiLh 
the confinement is d iscussed for limiter and X-point discharges . 

INTRODUCTION 

Mea~;urement of turbulence in Lokamak is motivated by Lhe fact that 
anomalous tr·ansporL i s o fl.en attrilJuLed to m1cro-insta1Jilitles . The 
results presented here conct:rn fluctuations analys is in JET using 
dir!'erent diagnostlcs : edge located pick-up coils for polo1dal magnetic 
fluctudtio11s (b0 ), diodes for fluctuations or sofL X- r·ay an<.! visible 
light cm1ss1on , a reflecLomel.t:r for density nucl.uaLions and Langmuir 
probes for elec~rostati c fluctuati ons . 

11 LIMITER DISCHAHGl::S 

Magn<::tic pick-up coils in Jin detect 1,11e usu.il Mir·nov <.1ctiv1ty (f' - 0 . 3 ~ 

"f kllz) 11 J, events linked wiLh lhe 1nte1·nal d1s1·uption (the so-called 
gong [2 ) and fiuctuaLions [3] . The signal i s eiLl1er r·ecorded wi th 
r elallvcly fasL ADC (sampling rre4uency: 110 kHz) 01· 111011itort:<.l by tl 
l1d1·dwa 1·e band-pass f i l tcr·s (from 5 to 56 kllz) . Tile dlllpll tude decr·eases 
wiLll frequency: boc' f'-l . 5 ±_ 0 . 5 above 2 kHz . The Lotal 11ormali sed 
ampl1lude is typically: o

0
!1:l

0 
- 10-· - 10->. Cross cor r elaL10 11 

techniques have been used to determ111e the spatial characteristics of 
these fluctuations. Two different types of act ivity can be observed in 
Lhe frequency range 0 to 20 kllz . The rirst , domi11anL at frequencies up 
to 10 kHz , 1s obsc r·ved 1,0 propagal.e in L11e electron <.liagmagnetic drift 
veloc iLy d1recL1on (a l ao w1Lll Neutral Ueam lnjectio11) . On the conLrary , 
ti1e second Lypc (dominant from 10 kllz) appears lo be sLationar·y cverr 
durirrg NUI with 11=\ and m equal to ll1c ouLermosL irrteg r a l q~1 v.rluc . 1:!0L l1 
typea are :;Lrcngly eorTelated <.llong a d11·ecL1011 par·allel l.o Lile 
e4uilibnum 11\dgneLi c field (U0 ) (!'1g . I) . The co1·1·esp0mllllg co1·1·elatio11 
le11gt11 is lar·ger· l.lian L11c 10:.jo1· r ad ius (H) . Tile pllase :;t11 !'L beLween 2 
lllJ(ilh.!ttc pr~obe:J dlong t111:.; d1rectiu11 i s vcr·y clo!.:.u to Zt!r1..> for· dll 
frcqueneie:; indicat1ng k ~. - O for Lile broadban<.J spectrum . 
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The 50 level aepends strongly on t he plasma-probe distance and increases 
when additional heating is applied . This enhancement is observed for all 
pick-up coils and therefore is not due to a simple shift o f the plasma . 
It also increaEes wi t h Ip and decreases witl1 BT though it is not poss ible 
to determine if i t is a genuine enhancement or is due to the closer 
location of the resonant layer at_lower qljl(a) . However, taking these 
effects into account by multiplying b0 by qljl(a) (or By/BP) the normalised 
l evel is shown in Fig . 2 (for f llO kHz in tl1is example) to i ncrease 
with 1~1 {1E •energy conf inement time). 

Fluctuations f rom visible light emission were measured by 2 arrays of 
soft X-ray diodes withou t foi l s . Tomographic reconstruction confirms 
that the measured emiss i on is essentially located at the pl asma edge. 
Cross-corr elation analysis shows the presence of high m wave numbers . In 
the frequency range 15- 20 kHz the measured m numbers are about 25 - 35 
and for the frequency range 40-60 kHz the corresponding m numbers are m -
70- 100. 

Density fluctuations have been measured with a reflectometer . Coherent 
oscillations are sometimes seen which correlate well with the magnetic 
signals . However no correlation between broadband densi ty a nd magnetic 
f luctuations has yet been found . Langmuir probes in the scrape-off layer 
can also detect fluctuations in the range 0 to 20 kHz. Preliminary 
results indicate that the correlation length is shorter than the distance 
( 10 cm) between the 2 probes. No correlation has been obtained either 
with the magnetic or the reflectometer data as far as the broadband 
spectrum is concerned . 

llI FLUCTUAT!OtlS DUR I NG X-POINT DISCHARGES 

During X-point di scharges, vi s i bl e ligh t f luctuati ons are seen to 
correlate with the first type of magnetic activity (the propagating type) 
measured with a coil which is near the X-point and very close to the 
plasma for thi s configuration , whereas the n• l low m magnetic standing 
fluctuations do not have any visible counterpart. 

A new type of edge activity in JET has also been observed. Perturbations 
appear t o dominate in the phase preced ing the transition fr~m a low 
confinement regime (L-mode) to a high confi nemen t regime (H-mode) (fig . 
3) : regular spi kes are observed on the magnetic, reflectometry (when 
probing the edge density) and visible light emission signals. They are 
correlated with a sudden flattening of the soft X-ray emission at the 
edge. The re~etition fr equency of these spikes is slowed dow~_by 

sawtooth disruptions , one of which often marks the final transition to 
the H-mode . In contrast H-.L transitions (which are preceded by a large 
increase of edge radiat i on) are characterised by a sudden burst of 
broadband {turbulent) activity wi t h m ~ 6-8 and n ~ 1, (frg 4a) . 
Coherent osci llati ons resonant on surfaces deeper inside the p: asma are 
apparently unaffected by the transitions (fig 4b) . The X-ray emission 
drops at the edge and Haradiation from the single X-point region shows a 
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lar·ge i ncr·ca3e ; very often spikes reappear after U1is initial burst . 
During tile II-mode , edge tur bulent fluctu<.ttions are still present , tliougll 
dt a much lower level . 

lV DlSCUSSlON AND CONCLUSION 

Turbul encti up to 50 kHz has be en observed with oif f erent diagnost i cs . 
Magnetic fluctua tions l1a ve a very long corr e l at i on l e ng th (~ R) . T11is 
could conf i rm tha t t he magnetic connec t i on lengtl1 i s o f the oroer of -
qH . 

No corr ~ l ati~1 ha~ yet been found between the broad-band fluctua tions o f 
tile di fferen t oiagnos t ics for limi t e r discharges . During X-point 
di sc11arge~ t he light emiss i o n exhibits some c orrela t io11 with a .oiagnetic 
co il near the X-po int for whi ch edge fluctua t ions dominate the signal. 
The enhance ment of t\J du ring add!ti o na l heati ng propor tionally t o 1E;' 
points out a poss i ble l i nk between b0 and the a nomal ous t r ansport . Edge 
perturbat i ons appear t o play an impor t a n t r ole in the phy s i cs of the hi gh 
confi nement r egime ( II-mode) . 
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SIMULATION OF TRANSIENTS IN JET BY MEANS OF PREDI CTIVE TRANSPORT CODES 

A. Taroni and F. Tibone 

JET Joint Undertaking, Abingdon , Oxon . , OXl~ 3EA , UK 

Introduction 

An empirical electron heat conduction coefficient Xe constraining the 
electron temperature profile to asymptotically reach observed "consistent 
profiles " was proposed in ( 1 ] . In this paper we summarise the results of 
simulations of several JET discharges in a variety of situations . The 
cases considered are felt to be particularly significant and to constitute 
a much more demanding t est for a transport model than standard steady state 
or slowl y evol v1ng cases . They allow to assess clearly merits and limit­
ations of our model that has to be modified in order to take into account 
fast time scale phenomena such as the heat pulse propagation after a saw­
tooth crash. 

Computational Results 

We have used the expression for the electron heat diffusiYity first 
derived in (1] : 

Xepc(r) • F(r l · 

where Pin( Pout) represents all of the source (si nk ) terms in the electron 
energy balance , while F(r) is a shape factor wh ich de t ermines the detailed 
shape of the exponential temperature profile that will be reached in 
steady- state (e . g. for a Gaussian profile Te(r) • Te

0
exp( - aTr'/a 2

) one will 
have F ( r ) = a 2 I ( 2aTr 2 ) ) • 

Th i s model has been used to simulate, by means of a 1\lJ) predictive 
transport code , the following plasma regimes experimentally observed in 
JET. 

Localised off- axis heating experiments - RF heating experiments have been 
performed in JET by shifting the minorl ty resonance layer position away 
from the plasma centre. Ray tracing calculations predict tha: heating 
occurs in a narrow radial range (~r - 20cm) , and that electron heating is 
largely dominant in the H-minority cases we have studied (2) . 

Dur ing off-axis heating , the shape of the electron temperature profile 
remains essentially unchanged , with its magnitude increased (Fig . 1) . 

\4hi le the Oh'11ic profile can be reproduced acceptably using various 
different models (Fig . la), we find that during RF heating one has to 
pr escribe xe<RF'l > Xe(OH) in the external region , while Xe(RF) < xe(OH) in 
the inner core , wher e no auxiliary power is deposited (Fig . lb) . This 
behav i our is a natural outcome of the definition o f Xepc· 

Tne r esul t is similar to that reported in (3] for TFTR edge heating 
e xperiments with neutral beam injection . 
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"Monster" sawtooth evolution - The "monster" sawtooth regime, with up to 
1. 5 sec long sawtooth-free intervals , offers an opportunl ty to study the 
evolution of the central portion of the electron temperature profile 
towards a steady-state configuration without the effect of sawtoothing. 

In JET , such transition is observed to occur on a relatively fast t i me 
scale (0 . 2- 0 . 3sec) , and is characterised by a sudden saturation of the 
central temperature (Fig . 2) . 

When trying to s imulate this beha viour , we find that a transport mode l 
is needed that predicts a strong incr ease of heat diffusion when Te gets 
close to the steady-state , "limit" profile . 

One way of doing this is provided by XePC' by virtue of its implicit 
profile constraint (Fig. 2) . 

Heat pulse propagation Full transport code simulations where the 
Kadomtsev model is used to simulate sawteeth (with the sawtooth period 
prescribed from exper iment) give realistic predictions as to the sawtooth 
amplitude and to the size of the "mixing" region , and can theref ore also be 
used to follow the time evolution of the computed sawtooth-induced heat 
pulses. 

We ha·1e compared computed and measured results for one r epresentative 
discharge for which heat pulse propagation measurements were available 
during both the Ohmic and a strong auxiliary heating (Ptot> lOMW) phase . 
During the latter , computed and measured times required for the heat pulse 
to reach the boundary region are in r easonable agreement . For the Ohmic 
plasma the e xperi men tal time is about three times faster . Here, it does 
not seem to be possible to make the agreement any better by using a purely 
diffusive model, if this is bound to reproduce the global confinement and 
the steady- state temperature profile . 

One effective way of tackling the problem seems to be the introduction 
of a substanti al "heat pinch" along the lines suggested in ( ~ . 5] . We have 
added to the e l ectron thermal flux qe an inward term linear in the minor 
radius . Thus one has: 

~ = - ne XePC VT + qavv - rh . 

Here qavv is the usual convective term and h is a constant s uch that the 
total heat pinch related source in the plasma volume VP is Iv hdV~(1-2)POH " 

Notice that one can i nterpret rh/XePC as a "cr itical gradientp, (6 ,7] . 
This modification of the model , as shown in Fig . 3 , actually provides 

the required speeding up of heat pulses, while leaving the global confine­
ment unchanged . The effect is small during the auxiliary heated phase , and 
does not change the previous picture signlficantly there . 

Discussion and Conclusions 

Res ults obtained so far show the following : 

The tendency of Te profiles to relax in steady s tate to the same shape 
independen t of the power deposition profiles is consistent with an 
empirical electron heat diff usion coeff i clen t increas ing loca ll y with the 
power deposited insi de a g iven radiw;. This dependence of XePC and its 
local inverse dependence on ne and Te also provide an automatic improvement 
of the confinement In the central region of the plasma when o ff axis 
auxiliary heating i s appl led , as e xpe rimentally ob:;er ved . How e ver , this 
does not imply that the electron heat flux must really be depe ndent on non 
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Figure Captions 

Fig 1: Ex perime ntal and computed Te- profiles _plotted versus a normalised 
flux surface coordinate p for a JET discharge with o ff- a xi s RF 
heating (118961 , Bt~2 . 5Tm Ip · 2 . 5MA , <ne>oH•l . 7 · 10 "m-', 
<ne >Rr =2 . 2 · 10''m-3, PRr·~ . 8MW ) . Figur·e la refers to the ohmic 
phase, Fig lb to the RF-heated phase . Full circles represent the 
e xper imental profiles . The computed ones are obtained using 
xe< Alcator-Intor) (sol id lines) and XePC (dotted lines] . During RF 
heating, the power deposition profile is peaked .::i.round p = 0 . 6 with 
a width lip = 0 . 1 . XeAI is incr eased in o rder to reprcduce the 
degradation i n global confinement , by 50% over the whole plasma 
cross-sect: on . 

Fig 2 : Results 
monster 
(da shed 

of the simulation o f the time evoluti on of Te~XP during a 
sawtooth (sol id curve) wi th XePC (dotted curve) an d XeAI 
curve) . In bot h comput a tions the experimental confinem ent 

time is r eproduced . 

Fig 3: Heat pulse propagation as computed without (dashed) and with (solid 
l i ne) a heat pinch term included in the electron energy balance , as 
discussed in the text. 

7 

6 

5 
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local quantities . Most probably , it simply shows that o ne must look for a 
plausible physical mechanism that can provide effects equivalent to the 
ones produced by XePC in our computations . We notice that a coefficient Xe 
wi th a sui table non linear dependence on \/Te and other local quantities 
could in practice produce steady-state r esults non dist:nguishable from 
those obtained with XePC [8) . 

Results with XePC based on Gaussian or other exponential profiles are 
sensitive to the value of Te at the boundary of the regi on where XePC is 
applied [ t) . Thus the scali ng of the electron energy content is strongly 
coupled to the power handling capability of the plasma :ioundary r egion . 
However this is not the only possible way to "normalise" Xepc· An 
alternat i ve way is to provide the required normali sation throu gh a proper 
internal microinstability , as proposed in [9). The same ~icroinstability 
should provide the correct radial dependence of Xe • whi c h remains 
unexplained in (9 ) . 

XePC seems to be consistent with the time evolution of the central 
value of T~ in "monster" sawteeth . 

The ma-in features of the heat pulse propagation following a sawtooth 
crash can~ot be simulated by a transport model including XePC alone. A 
simple modification of the transport model including a so-called "heat 
pinch" does allow simulation of heat pulse diffusion . However the "heat 
pinch" prescription , while having some theoretical basis in the critical 
gradient approach [ 7) , is far from be ing uniquely defined at present . 
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INJECTED IMPURITY ION PROFILES IN THE DITE TOKAMAK 
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J Hugill and PC John son 

Culham Laboratory, Abingdon, Oxon , OX 14 3DB, UK 
(UKAEA/Euratom Fusion Association) 

*Depar tmen t of Physics , Uni versity of Lei cester, Lei cester, UK. 

Introduction 
We have observect a l ong impurity confi nement mode in DITE when 

operating wi th high density helium pl asmas at low rates of change of 
density ( 1, 2) . Typical results are shown in figure la for alumi ni um 
injected by l aser abl at ion . For discharges with near constant dens ity 
( lonelo tl<2xl 01 9m-3 . s- 1) the confinement time , i:, i nc reases with density . 
In con t ras t, di sc harcies with r i s ing den si ty (0 ne/

0
t=l 0-20x10l 9m-3. s- I) 

c1epart from th is trend at ne>4 . 5x1Ql9m- 3 with Ip =lOOkA and ne>6xl 01 9m- 3 at 

I =lSOkA . For these condi tions, i: falls with increasing density . Energy 
cBnfi nemen t and other gl obal parame ters of t he di scha rge are appa r ently 
not influenced by these changes . 

Ti me Dependence 
The time l11 stori es of emi ssion lines (Al XII ls 2- l s2p 7.757A and Al 

Xl I I ls - 2p 7. 17611) are measured with a llragg rotor spec trometer (3] and 
comparect with t he results of a tran sport code developect for ASDEX and JET 
[ 4], where t he im purity flux rk (of species k) is qiven by the equation: 

r k = -D qrarl nk - 2S ~~ nk, ( 1 ) 

where nk i s the impurity dens i ty , r the radial coordi nate, a the limiter 
radius , D the diffusi on coefficien t and S a dimens i onl ess parameter 
representi nq the magnitude of the inwards convec t ion. The code accepts 
the measured temperature and density profiles and calcul ates chordal 
emissi on intens ity by the van-Regemor ter presc r ipt i on . The values of 
D and Sare adjusterl to achieve the best fit to the measured rise and fall 
characteristics of the Al XII and Al XIII emission lines . 

The procedure is to vary D and S simultaneous ly so as to match t he 
measured decay time making use of the approximation (5], 

7 a2 
i: = 0. 1 3 - exp ( - O. 345) 

D 
(2) 

whil e at t he same time ach i evinci as c lose a match as possible to the 
rlet ai led rise time behaviour of the experimental li ne e111i ssion . Probable 
errors are estimated from the sens i tivity of the Fi t to changes in S and 
D, the results of thi s procedu re are shown in figs lb ilnd l e . In general 
the val ues Sand D can be determined within 0. 5 and 0. 05 (20% over mos t of 
the range) respecti vely . Fiqures 2a anrl 2b illustrate the quality of 
agreement often found in thi s fi ttinci procedure . The results indicate 
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that changes in -c are accounted for predominantly by changes i n S. The 
predictions of the code are in agreement with the ratio of the 
exper imental intensities from Al XII and XIII at particular values of S 
and D. Th is gives us co n fide nce in our adopted Te profi l e , the 
Al XII/Al XIII line i ntensities being part i cularl y sensitive to Te(r) . 
The model fails, however, to predict the abundances of aluminium ions in 
t he discharge. These shoul d increase as S is increased whereas in 
experiments t here is no change i n al um i nium abundance i n long and short 
confi nement regimes . This i s consi st ent, however, wi t h t~e idea that the 
observed changes ar e due to changes in central confinement and that the 
amount of al um in i um enter inq t he di schar ge is strongly dependent on the 
pl asma edge physics, which i s not al tered between long and short 
confinement reqimes. It shoul d be noted t hat in al l cases the esti mated 
fraction of ai"um i nium t hat actually appears i n the plasma is of order 1% 
of the total ab l ated off the t ar get . 

Observations of Al XI (2s- 2p , 550A) emi ssion made with a grazi ng 
incidence diffracti on grating instrument are in agreement with the model 
predictions of the time dependence of emission for the decay phase (figure 
2c). The rise time of Al XI emission is faster than that of Al XII or 
XIII, due to its greater emitting shel l radius and lower ionisation 
energy. The grating instrument time response is slower than the Bragg 
instrument due to a lower light throughput so a detailed comparison of the 
risetime with the model is not possible. A comparison of t he magnitude of 
the emission of Al XI wi th the model is not possible since the instrument 
is not calibrated at this wavelength . 

In a series of discharges with aluminium injection into a dens i ty 
pl ateau followed by a strong gas puff the discharge is made to change from 
a long to short confinement mode . At the transition to short confinement, 
alumini um held in the core of t he plasma is released as the impurity 
profil e broadens and the Al X line intensity is seen to increase , 
transi ently to be followed by di ffusion losses from the plasma as a whole 
(fi gure 3). 

Spatial Profi l es 
The Bragg spectrometer is capable of spati al ly scanning t he plasma 

all owing Abel inversion of the chordal l ine brightness . The spatial form 
of t hese Abel inverted profi Jes was compared to the model pred i ctions and 
cl ose agreement found (fiqure 4a). The major influence on t he width of 
t he spatial profiles is , however, the t emperature profile. In the 
discharges produced with the long to short confinement transition the 
model predicts a rapid readjustment of profi l e halfwidth by 0.44cm . Such 
a change ought to be just detectable in the experimental data (figure 4b), 
even above fluctuations in the Abel inverted profiles, but is not 
observed. A possibl e explana tion for this lies in small changes in the 
temperature profile as the confinement changes . The outer chords of the 
uninverted spatial profile, where signal level s are around i i of axial, do 
show a marked increase in the shorter confinement phase . This is expected 
on the ba;i s of our model , but quantitative interpretation is impossible 
due to the sensitivity of this emission to immea surabl y small chanqes in 
the t emperature profile, as well as t o the gross changes i n confinement. 
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Conclusions 
InJected aluminium impurity confinement in DITE in a helium plasma is 

well modelled by an anomalous transport equation of the form of equation l 
where D is approxi mately 0.3m2s-I and S varies from l to 6 depending upon 
confinement regime. 
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Figure 1: Dependence of (a) injected aluminium impurity confinement time 
't, (b) diffusion coefficient D, and (C) pinch term S, upon density. 
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Figure 2: Example of fit of model predic ti ons (dashed lines) to 
experimenta l data (soli d l i nes) for (a)Al XII , (c)Al XI and (b)blow-up of 
r i se port i on of Al XII. Da ta taken from a long confinement shot: #2g865 . 
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Figure 3: Example of a shot (# 29940) where the confinemen t was ch anged 
from long to short at 460ms by gas puffing. After the t rans iti on an 
increase in Al X is seen as aluminium i s released from the core and 
subsequently a decay as it escapes from t he plasma. Dashed li ne shows 
mode l predict i ons wi th D = 0.3m2s-l and 5 = 5.5 in the long and 2.5 in t he 
short conf i nemen t regimes. 
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I. l11trod11dio11 

Tokomak plasma diagnostics yield data sets ('1cvcl I data ') from which - ;1111011g other :i11pnrta11t 

qu:u11i1ics co11ccr11ing e.g. the currl'nt density, the neutral gas and the impurities - the radial profiks 

of the plasma para111c1crs (1cvcl II datal may he dc1ived. We co11centrate here on the transport 

;u1alysis which resort> to the radial proftlcs anJ the power deposit io n due to o hmic and .1dditio11al 

heating and yickls the diffusion cocllicicnt , the electron- and ion heatJiffusivities, D, Xc and Xi rc­

spccti,·cly ( '1evcl 111 datal and consequently the local a11J global power habnces. F sscntial pre­

requisi tes for this arc the computation of the deposition profiles Jue to RF-heating and the 

numerical method ) idding the t ransport cocifo.:icnls. 

:!. Pmn·r 1lt·1.><>!>ilim1 tine to UF-hl·atiui.:. 

T o cslimatc the dcpo!'i il io11 profiles the L'ikonal expansion of the 1hc \\an; l'lJH:ttion is uscd as in 

gco111etric optics /I i. rite resulting hyperbolic equation for the pha>c is >olved by the method of 

characlcri~ t ics, i.e. hy tr~u.:ing rays in the thrcc<limcnsional lokamak geometry thereby employing the 

d b pcrsion rcl:ati(Hl of the wann plasma /1 1. Thc rays arc started al a surface surrounding 1hc a11-

le1111:1, ;1s i1h_licatcU i11 1:ig. I: the power allotted lo each ray is proportional t<) lhc rcspet:ti,·c s11rface 

elcnll'nl a11d 10 the Poynting nux, i.e. the square o f the :mtcnna curn.·111. whirh has it s maximum 

at the high licld side (llFS) of TEXTOR (l'ig.1). In Fig. I a ll rays have been la1111clwd with the same 

i11it i:al power; as a consequence thc 111ajo1i ty is started at I IFS . All rays arc slarh.:J on Ilic 

magm.: lo:-;onit.: hram:h; th1.: ones coming from 11 FS reach the cnnlluenl layer and arc COll\'Crlcd to 

io n llern>teiu waves 12/ .Duc to a strong increase of the p;irallcl wavevcetor eomponen t (kll) , re­

sulting from its sclf-consistcnl evolution along a ray in the total tnkamak magm:tic licld, lhl.'sc Wa\·cs 

rn1rmally tr:111,fer their power to th1.: clc..:lrons via I aund:rn Jampiug. I lo\\'C\'1.:r, fur some ra) s o nly 

minor incrcmcob of "-II occur in the..· ccnlral hnl n:g.ion allowing mo~l of the r<>\\ Cr lo c:-.capc to­

ward~ the cdge;lhis powc..·r can be dlii.:ic..·ntly ah!tc..>rhcd hy h:innu11ic damping of 1111.· i1upuril) iuu~ 

(at / = f o ll I in l'ig I ;fc )ll+ lil-llotcs the C)dotrnn frcqucitc) of oh+). I he rays >tarted at the hm 

fil"ld :-.ide mainly heal the minority spn·ic..·s (protuns) during m:m) lran,ib hc..'l\\'l'Cl1 the ..:onllurlll 

I I C g.ra11 1t:l' .11 tlu.· ln:<olitul fia r Pla <;;m,1pll)sik . J\. Ft\ J11lid1 
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layer and the cutoff at the boundary. The deposit io n p rofiles of rcf. .12/ are approximated by spline 

fit s; the pO\\Cr deposited in the impurity ions is assumed to be transferred to the electrons. Fig 2 

shows the resulting profdes for the electrons (broken line) and fo r the ions (fu ll line). The peak in 

the clctron absorption at large radius is partly due to impurity heating. 

3. Trnnsporl analysis 

The aim o f the transport analysis is to calculate the transport coefficients and thus to obtain the 

local •mcl global power balances. The computational tool is an extended version of an I I / 2 d code 

/3/ in which a feedback loop connecting the transportcocfficients and the measured proftlcs is used. 

During an artificial time evolutio n which is started · as in predictive calculations /3/ · from pre­

scribed inti:t: pro f des, this feedback effects corrections of the Xe -, x;- and D - profiles al each time 

step such that in stat io nary limit the experimental profi les are reprod uced approximately. One ad­

vantage o f this procedure, as compared to a direct in version, is that the code can be run part ly also 

in the predictive mode, i.e. that it can reconstruct missing data e.g. concerning the impurity- and 

the neutral gas transport from model assumptions; ano ther is that unrealistic (n~gati,·c) coefficients 

are avoided which might otherwise arise because of incompatible profile data. The initial coeffi­

cients arc those of the empirical ALC/\TOR-modcl / 31 in wh ich the diffusion coefficient is given 

by /) ; l/.C = l.25• JO I 71(cm3 nel cm2/sec . To obtain the corrections for Xe· x; and D. the system 

o f transport equatio ns is evolved with respect to tin1e thereby rcqui1ing the computed profiles 

11
1
{p) to converge within prescribed accuracy limits to experimental ones (1::1{p)); i = I stands for 

Te, i = 2 for T; and i = 3 for the densi ty n. The method de>cribcd below effects that the accuracy 

limits agree with the experimental error bars. As long as the deviation between the prof des C1{p) 

and l1
1
{p) arc to large, particle- anti po wer source are applied which rcncet the mismatch between 

the experimental and the simulated data; they read 

l';(P) = 1'0; [ 0b(F;(P)-111{p)) - 8&(H1{p)· G;(P))] ( I) 

l'o; is a constant source densi ty for power (i = 1,2) or particles (i= 3); this dcmity can be prc,c1ibcd 

almost arbitrari ly; its upper limit is given by the maximum allowable stiffnc5' of the the transport 

equatio ns. The au xiliary profiles G
1
{p) and F

1
{p) enclose f

1
{p) ; the difference C;-T; is of the order 

o f the error bars and thus deterrn.ines the accuracy o f the procedure. 8!}.x) is the smoothed step 

functions w.th tran sition width b. If inserted directly into the tr•msport equation>. the so urce den ­

sitic> 1'
1
{p) would tend to shift the computed profiles H1{p) between I~ and G;. I lowcver, to obtain 

the equivalent change o f e.g. the electron heat d iffusivity, 117.e , the respective source den<ity is to 

be transfonncc.I into a conducti\·c sou rce density reading 
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(2) 

Similar equations ho ld for D.D and Ax;. < I~ 12 > is a metric quantity accounting for the shape 

of the Oux surfaces /3/ . On the corrected diffusion coefiicirnt upper and lower bounds given by 

0. 1 D;11.c < D < 10 D;11.C arc imposed. Analogous relation> arc used for le and l ;· These con­

straints may sometimes prevent the simulatio n profiles to reach the experimental o nes but the cal­

culations (sect. 4) sho w that this margin is in general sufficient. Finally we nutc that as in prcdi.:tive 

calculations the Engelhardt -inward Oow term /3/ is applied to reproduce cxpc1iment:.I 1.kn;ity p ro­

fi les. 

-1. Results 

The calculations resort to the data o f shot :\r. 19 161, which is characterized by the p:asma current 

Ip= 4SOkA (Oat top value) a line averaged density reaching 4.7 x IOl3cm-3 during the Rf'-pulse 

and the total R f'-po wer deposited in the pbsma PRF = 1.94 MW. f'ig.3 shows the plasma pa­

rameters d uring the Oat top of the Rl'-puls between 1000 ms and 1400 ms. The maximum electron 

and ion rcmpcratures are 1140 eV and 1000 eV respectively. The maximum electron density is 

6.3 x IO 13,m-3 and the density profile is approximated by a fourth order parabola. The maltimum 

of Te foUows fro m ECE - and the proftle shape from current densi ty measurements thereby pre­

supposing neoclassical resi>tivity. The profile parameters of T; are the same as those for Te e xcept 

for the maxim um taken from neutro n yield . The transport coefficients computed fro m the profiles 

in l'ig.3 arc displayed in l'ig.4 (fuU line) together with those of the ohmic heating phase (broken 

line). In this phase the maximum values of Te, T; and ne are 870 eV, 740 eV and 5.4 x JOl3cm-3 

respectively. Fig.4 demonstrates the ability of the plasma to adjust the transport cocllicicnts to the 

deposition /4/ . In case o f R l'-heating Xe at r= 0 .9a is around 4 times larger than Xe in the o hmic 

heating phase at the same radius; at the plasma center, however, le is d uring the ohmic heating 

phase larger than during the RF-phase because the ohmic heating power density peaks at the 

plasm a centcr. Due to the assumed inward Oow term the di!Tusion coefficient has its maximum 

value at the plasma center as weU so that the particles deposited there are removed. However, the 

di!Tusion coefficient turns out to be limited by the upper bound mentioned before. In spite o f this 

the computed density profile is still Oat. The electron and ion power balances which resort also to 

the deposition profiles of Fig.2 as an essential input, reveal that the dominant unloading process is 

heat conductio n (87%). Radiation (6%), convection (5%) and charge exchange (2%) arc less im­

portant. 
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IMPURITY BEHAVIOUR IN X-POINT PLASMAS ON JET 

B Denne , K Behringer, A Boileau, G Fuss11Bnn• , M v Heller11Bnn, 
L Horton, J Ramette* , B Sao..itic* , MF Stamp and G Tall ents 

+ 

* 
INTRODUCTION 

JET Joint Undertaking, Abingdon, OX14 3EA , UK 
IPP-Gar'Ching , D-8046, FRG 
EURATOM-CEA Association , CEN Cadarache, France 

The magnetic separatrix (X-point) configuration has been 
successfully established in JET /1/ . Spectroscopic diagnostics (XUV, 
VUV , visible and Charge Exchange Recombination Spectroscopy (CJCRS;) have 
been used for studying impurity behaviour in these discharges . 

The llBin impurities in JET plasmas are carbon (from carbon limiters 
and protection plates) and oxygen. Metals (nickel and chranium frcxn 
Inconel walls and antenna screens) generally contribute little to Zeff 
and radiated power . Typical impurity concentrations (in% of the 
electron density, ne) are /2/ : 2-4% C, ~1% 0, and 0 .02% , or less, metals . 
During the period in which most of the X-point operation was carried out , 
the oxygen concentration in the plasma was , however, somewhat higher 
(~2%) due to occasional leaks. 

X-POINT PLASMAS WITH OHMIC HEATING 
During ohmic X-point operation, the carbon concentration was 

observed to be only 1-2% ne , a reduction compared to s imila r limiter 
discharges, implying that less caroon was produced at the X-poin t 
graphite target plates than at the limiters . Metal concentrations were 
reduced , too, although the plates were most l ikely covered by wall 
material . During previous operation with Inconel target plates no 
increase was observed in metal concentrations i n the plasma when changing 
from carbon inner-wall to X-point operation . These observations indicate 
a low plasma tanperature (•20 eV) in front of the plates, resulting in a 
low sputtering yield . The oxygen concentration , oxygen most likely 
originating frcxn the vessel walls , was 1- 2% ne, similar to limit~r 
plasmas for the same plasma conditions . As a resul t, for given ne, Zeff 
was somei.hat lower in X-point as compared to limiter plasmas (see Fig. J . 
The total power radiated, P~ad • was ·40% of the input power at the lowest 
electron densities , increasing with ne and approaching 100% at ne • 
2x10 1

• m- 1
• This includes the power radiated from the X-point reg ion 

which was 30-40% of the total power radiated in all cases . 

ADDITIONAL HEATING (L-MODE) 
During additional heating a modest increase in ne was observed . 

With Neutral Beam Injection (NBI) both carbon and metal concentrations 
were higher than in the ohnic case , which is consistent with an observed 
increase in the edge electron temperature , although the metals might also 
have originated from CX sputtering . The C/O ratio increased during NBI , 
in contrast t o what was observed in limiter plasmas, where oxygen ~·as the 
dominant impurity during NBI at high ne . Somewhat higher Zerr-val ues 
were found in X- point plasmas with additional heating - the general 
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falling trend wi th increasi ng ne , obsel:'Ved in ohmic cases , being 
maintained. During Ion Cyclotron Resonance Heating (ICRH) and combined 
heating, increased levels of screen material (Ni and Cr) were fcx.lnd in 
the plasma as in the limiter cases /2/. The total power radiated from 
the bulk of the plasma was typically -25% of the total input power . 

H-MODE 
Dur:ng H-mode, n increased steeply (Fig. 2) . The electron density 

profile was quite flat . Langmuir-probe data 131 showed t hat ne in the 
scrape-off layer was approximately constant throughout the durat ion of 
the H-mode despite -3x increase in bulk density . The electron 
t emperature profile became broader and the edge temperature was high (a 
few 100 eV) . Radiation emitted from peripheral carbon and oxygen ions 
(C III - C V and O IV - O VII lines) was essentially unchanged (or even 
decreased) after the L+H transition, whereas C VI and 0 VIII radiation, 
emitted from radial locations f urther in, increased, reflecting the 
increasing bulk electron density . The behaviour of the lowly-ionised C 
and 0 is consi stent with the obse r'Ved change in edge parameters , and 
results in less total radiation per ion for these light impurities . 
After the H-mode was established , the t otal power radiat ed from the bulk 
pl asma i~creased approximately as n~ /4/ , except when ICRF was applied , 
in which case it increased more steeply due to some metal contribution . 
Eventually the radiation losses lead to the tennination of the H- mode. · 
No ASDEX- type edge-local ised-modes (ELM ' s) (see e . g . /5/) were obsel:'Ved, 
probably because of the high radiation l evels . 

The bulk particle confinement increased by a factor -3 161 in the 
L~H transition. The impurity confinement increased similarly . Fo r 
carbon the improved confinement can be seen in Fig . 2: the carbon 
concentration i s essent ially cons tant , or increases slightly in the 
H-mode, although the carbon influx (represented by the C III-line 
brightness) remains unchanged with respect to the hydrcgen flux, ~H 
(carbon production yield ~C/~-5%) . Towards the end of the H-mode the 
impurity confinement deteriorated as 'E (deduced f rom the decay of the 
nickel concentration) . There is no ind icat ion of i mpurity accumulation 
in the neoclassical sense. Analysis of several metal ionisation stages 
as well as the soft X- ray emiss ion profiles and bolometer profiles show 
that the metal densi t y profile is not peaked. The absence of impuri ty 
accumulation might be explained by the presence of sawteeth in the H-mode 
discharges . 

The bolometer profiles a re hollow with a broad r adiat ing shell /4/ . 
Transport code modelling for carbon and oxygen reproduces the measured 
peak radiated power, but the measured radiat ing shell extends further in 
radially than predicted by the code . This discrepancy is presently not 
understood. 

During the H-mode , Z ff did not decre~se as normal at high ne (see 
Fig .1 ) , but remained s imilar to the lower-ne values of 3- 4. The high 
Zer r values coul d be accounted for by the measured central concentrat ions 
of l igh~ impurities . The C/O ratio during H- mode was 1-2:1 . An obse rved 
increase in metal density can be explained either by sputtering by CX 
neutrals or by the increased edge temperature . The metal concentrat ion 
is rather independent of ne fo~ H-mode pl asmas which contrasts with the 
falling trend wi th increasing ne seen i.n all other types of discharges . 
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However , the metal concentration is still low: its contribution to Zeff 
is S0 . 2, and ~10% of Prao is due to metals according to transport code 
calculat ions . For the discharge shown in Fig.2, e.g. , the metal 
concentration at the end of the H-mode was 0 .002%. 

SUMMARY AND CONCLUSIONS 
In ohmic X-point plasmas Zeff is reduced somewhat compared to 

similar limiter discharges as a result of lower carbon and metal 
concentrations . This indicates a low plasma temperature in front of the 
neutraliser plates. 

In additionally heated, L-mode, X-point plasmas , carbon and metal 
concentrations are higher , consistent with the observed increase in edge 
temperature. ICRH and combined heating results in higher levels of 
screen material (Ni and Cr) in the plasma like in the limiter cases . 

During H-mode, particle confinement improves by a factor of -3 ; 
impurity confinement improves similarly . No impurity accumulation, in 
the neoclassical sense , has been observed . 

During H-mode , Z ff does not decrease as normal with higher ne , but 
remains at values of ~-~ . typical of lower-ne plasmas. Measured carbon 
and oxygen concentrations (from CXRS) can account for the measured bulk 
radiated power and z fr • metals contributing only little . 

No ASDEX- type ECM s have been observed. E~~·s could allow control 
of the plasma density and impur i ty contaminat ion . It might be possible 
to achieve lore;er H- modes in JET by reducing the.impurity content of the 
plasma, in order to obtain ELM ' s, or to provide some efficient density 
pumping mechanisn . 

,.-~~~~~~~~~~~~~~~~~~~~~~-, 
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FIG . 1 Zeff vs n for X-point plasmas with ohmic heating ( e ) , NB-heating 
(6) and combinea heating (0) (filled symbols denoting H-mode) . For 
comparison the typical behaviour of limiter plasmas with ohmic heating 
(--) and with RF/combined heating ( - --- ) are shown. 
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FIG.2 . Behaviour of l ine aver~e electron density (ne) , carbon and oxygen 
concentrations (fr om CXRS) , hydrogen flux ($H) , and carbon influx, 
represented by the brightness of a C III-line (vertical viewing) during 
L- and H-mode in a NB-heated (5MW) X-point discharge . The L+H transition 
takes place at -12.5 s . 
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CONFINEJllENT OF IMPURI TIES INJECTED BY LASER BLOW OFF IN THE TJ- 1 TOKAMAK 

B. Zurro , F . Mompean , C. Pardo , S. Clement a nd TJ-1 Group 

Association Euratom/Ciemat . 28040 Madr id, Spain . 

INTRODUCTION 

Confinement studies of impurities introduced in the plasma by either laser 

blow off or pellet injection have been performed during the last years in 

several devices (1) (2) and (3). A non generally accepted picture emerges 

from these results, that justifies additional work . 

In ohmically heated tokamak discharges, many of the experimental 

confinement time data can be fitted by the Alcator scaling (1) ; plasma 

expells the particles independently of their charge and mass, while the 

type of background ions determines the particle transport . A slight 

decrease in the i 11puri ty confinement with increasing toroidal field has 

also been found . No clear dependence with plasma density has been reported, 

except close to the de nsity limit where long confi nement t imes have been 

observed (2) (3). 

In this paper the confinement of iron injected by laser desorption in the 

TJ- 1 tokamak has been studied as a function of the plasma density and of 

the toroidal field . This experiment has been performed in a lower range of 

toroidal fields than in previous experiments . 

EXPERIMENTAL 

The laser ablation technique was used to inject iron into ohmically heated 

discharges in the TJ - 1 , a small tokamak (major radius 30 cm, minor radius 

9 , 5 cm) , operated at CIEMAT, at toroidal f ields between . 8 and 1. 5 T and 

plasma currents between 35 and 45 KA. The stainless steel vacuum chamber, 

conditioned by Taylor discharge cleaning , is the only limiter . Hydrogen is 

puffed in the discharge with a piezoelectric valve started at a base 
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pressure of 2 . 10-4 torr. A Q switched ruby laser, delivering pulses of 2 J 

in 30 ns . was focalized on an l}LI" iron film deposited on a pyrex plate. A 

vacuum manipulator permits a fine orientation of the plate within an 

auxiliary chamber, maintained at a pressure of 10-
7 

torr . and coupled to 

the tokamak through a 75 cm long tube, perpendicular to the torus axis and 

contained in the equatorial plane . The alignement of the whole system was 

initially made using an He-Ne laser , and subsequentl y optimized by 

monitoring the Fe I emission at 3581A , both at the injection point and at 

the plasma edge . 

Impurity i njection takes place once the plasma current re~ches its plateau 

value. The time behaviour of the injected iron in the hot plasma core has 

been monitored with a pyroelectric detector and a vacuum ultrav i olet 

monochromator provided with a channelectron , both collimated along the 

central chord . The decay time of the perturbations in the signatures of 

both detectors is then used to deduce the impurity confinement time . 

RESULTS AND DISCUSSION 

Wooton et al ( 4) have shown that 

the confinement time for energy 

and particles is dependent on the 

wall condition and on the radia­

tion losses . All the measurements 

present ed here have been performed 

under well controlled conditions 

as indicated by the stationary 

value of Zeff . 

The deper.dence of T:r. on the 

toroidal field has been studied at 

values of . 8, 1. , 1.2 and 1. 5 T, 

at a fixed line averaged electron 

density of 2 . 5x10
13 

cm-
3 

Fig . l 

shows the results obtained , the 
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FIGURE 1 

Variation of the iron confinement 

time with toroidal field 



dashed line corresponding to a 

parabolic dependence. The observed 

increase in -C1 is that predicted 

by the neoclassical theory (4), 

contrasting with the results 

obtained at higher toroida l fields 

in other tokamaks (1), (6) where 

the confinement time decreases as 

the toroidal field increases . In 

Table we compare our 

experimental confinement times for 

iron with the values calcul ated 

from the Alcator scaling, and from 

the neoclassical expression due to 

Rozhanskii (4) . Note that Alcator 

scaling fails to give account for 

the observed dependence on BT, 

while Rozhanskli expression 

predicts fairly well the data 

t rend and the numerical values. 
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Variation of the iron conf:nement 

time with the puffing :evel 

Thi s latter expression was applied t o the TJ-1 case assuming parabolic 

profiles for the density and temperature a nd the Artsimovich ion 

temperat ure . The dependence of with the plasma density has been studied 

varying the amount of gas puffed into the chamber . The density was 

quantified with an H~ monitor coupl ed to the same toroidal sect or than 

the piezoelectric valve . The confinement t i me is plotted versus the Hoe 

signal in Fig. 2 . At very low density , actually without puffing any 

additional gas into the discharge, the pyroelectric detector and the VUV 

spectrometer data show the same behaviour, a long confinement time , that 

disrupts the discharge in few milliseconds . This point is represented by an 

arrow in Fig . 2 . With i ncreasing plasma density, the iron is expelled 

faster. This behaviour is not predicted neither by t he Alcator Scaling nor 

by t he Rozhanskii theory . 

The observed variation of the confinement time with BT is t hat one would 
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expect for11 a simple picture of the plasma . However, it has not been 

observed f or impurities in other tokamaks. It must be remarke d that t he 

impurity experiments in the literature have been carried out at higher 

toroidal fields than in our case . Our measurements are not i n contradiction 

wi th previous results , they rather suggest t hat "GI improves with increasi ng 

BT , reaches a saturation a nd tends to decrease a t higher toroidal fields . 

Th is dependence on the density has not been observed, f or impurities, 

although recent experiments show similar r esults for -Cp (7) . In TJ-1 , this 

be haviour can be interpreted as an ef f ect due to the plasma co l li sional ity , 

though a Zeff va r iation with ne o r an electric field effect cannot be 

discarded as possible causes . We are indebted to Dr . J. Tagle (J ET) for his 

contributi on to the design of the experiment . 

TABLE 1 

Compar ison between TJ-1 confinement times, 

Alcator scaling and Rozhanskii theory 

EXP ALC 
BT(T) I (KA) 

p qa G I (ms) 
z: ROZ 

I G I 

1. 5 46 4 . 9 3 . o: . 5 2 . 0 3 . 7 

1.0 35 4 .4 i.2:. 1 1. 2 5 . 7 

-a.a 37 3 . 2 0 .9: .1 0 . 8 4 .1 
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IMPURITY TRANSPORT DURING RESONANT MAGNETIC PERTURBATION 
EXPERIMENTS IN THE TEXAS EXPERIMENTAL TOKAMAK * 

William L. Rowan, Roger D. Durst, S.-P. Fan+, J. C. Forster++, 
A. G. Meigs, S. C. McCool, P. E. Phill ips, B. Richards, P. M. Schoch++, 

James C. Wiley, A. J . Wootton, X.-H. Yu+++, and S.-B. Zheng+++ 
The Fusion Research Center, The University of Texas at Austin 

Austin, TX 78712, U.S.A. 

INTRODUCTION 

J. S. deGrassie, T. E. Evans, and G. L. Jackson 
GA Technologies 

San Diego, CA 92138, U.S.A. 

A resonant magnetic perturbation applied in the TEXT edge reduces the cen1ral 
impurity concen1ration by modifying the edge impurity ITansport and by reducing the 
impurity source. Generated by a toroidally discrete set of poloidal coils, the radial 
component of the perturbative field, 8Br, is small with respect to the toroidal field, B<P, and 

decreases approximately exponentially from the plasma surface toward the center. 8Br has 
a principal component which is resonant with a magnetic flux surface near the plasma edge 
and additional sideband components that are resonant with neighboring surfaces!. 
Computation of the total magnetic field2 (for example, figure 1) suggests that as the 
perturbation is increased, islands form at each surface resonant with the principal 
component or a sideband, increase in width, and eventually overlap inducing ergodicity in 
the region of overlap. 

EXPERIMENT AL RESULTS 
The perturbation is applied to a TEXT3 discharge with a resonant surface (mln=712 

or 7/3 for this coil set) sufficiently close to the plasma surface that 8Br1B<P = 10-3. For 

p(=r/a)< 0.8, Te(r) and ne(r) are unaffected by the perturbation so there is no reason to 
expect that the perturbation modifies either cenlTal eleclTon energy transport or cenlTal 
particle ITansport . In response to the perturbation, the emission from all central impurties 
is reduced by the same factor, and the reduction occurs on an impurity transport time scale 
(figure 2). In addition, the central impurity confinement time as determined from the 
temporal behavior of injected impurities is not changed. Since it is thus unlikely that central 
impurity transport is affected by the perturbation, the central impurity reduction must 
follow from changes in edge processes, either in transport or in the impurity source. 

The perturbation causes a substantial modification in some edge impurity 
distributions. On a time scale comparable to that of the perturbation, light impurity ion 
concentrations for p < 0.95 tend to decrease while for larger radii they tend to increase. 
Some edge impurity distributions develop well-localized, strong increases near the field line 

*supported by U. S. DOE Contract DE-ACOS-78ET-53043 
+IPP, Hefei, PRC 
++RPI, Troy, NY 12 181, USA 
+++rpp, Chinese Academy of Sciences, Beijing, PRC 
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X-points for induced islands (figure 3), but their shapes are otherwise unaltered. The 

strength of the distribution perturbation increases as OBr increases, and those impurity ion 
distributions which are most perturbed are also the most localized radially. Thus far, this 
distribution phenomenon is the most robust indication for the presence of a poloidally 
varying perturbation. 

The edge electron temperature, the edge radial electric field, Er, and the edge 
particle transport are all substantially affected by the perturbation. Te is reduced in the 

range 0.8<P< 1.0 suggesting that the impurity variations are at least partially due to changes 
in source. The inward-directed Er is substantially reduced over the perturbed region. Edge 

particle transport is increased for a limited range of OBr thus demonstrating that the 
perturbation can affect at least this aspect of transport. 
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Figure 1. A Poincare plot showing the intersection of perturbed field lines with a 
poloidal cross section. For this case, the m/n=712 perturbation produces both 

islands and ergodic regions for r>18 cm (p > 0.7), but its effect does not penetrate 
nearer the center. 

DISCUSSION 

While the supporting data ( $ and Te, for example) indicate that both edge transport 
and source contribute to the reduction of the central impurity concentration, simple 
inspection of the observations does not conclusively select one over the other. One 
dimensional impurity transport simulation4 does suggest the most likely mechanism. The 
simulation !S limited to the edge plasma since there is no experimental evidence for 

transport variation for p < 0.8 and since computations (for example, figure 1) predict that 

the effects of the perturbation are limited top> 0.7. In the simulation, the effect of 
reducing the impurity source is to reduce the concentration for every edge impurity 
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ionization stage on an impurity transport time scale. This clearly disagrees with 
observations for the edge impurities. The effect of a well localized transport feature, as 
might be expected for an islands is in good qualitative agreement both with time scales for 
changes and with the increase of some impurity ionization stage concentrations and 

decrease for others. With a broader stochastic feature6 (cc (0BrlB4>)2) extending over the 
entire perturbed plasma region, the simulation predicts the observed changes in impurity 
concentration, but also suggests that equilibrium is established over a time scale that is 
longer than observed. Radially limited stochastic layers might be a more realistic 
description for the type of stochasticity present in this experiment. 
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Figure 2. Typical emission from a central impurity ion (Fe+ 19). In the interval 
(A), the perturbation is increasing and the impurity emission begins to decrease on a 
transport time scale. Over (B). the perturbation is constant. In interval (C), the 
perturbation decreases to zero, and the impurity emission responds by returning to 
the preperturbation level. 

CONCLUSION 
The resonant magnetic perturbation reduces central impurity concentration without 

affecting centtal transport. The reduction is caused by direct modification of the edge 
transport and by indirect modification of the impurity source via changes in the edge Te· 
Impurity reduction is a significant result, but its usefulness -- the degree to which it can be 
optimized as a plasma purification tool in fusion applications or exploited as a means for 
better physical understanding of plasma processes -- depends on identification of the cause. 
Here, the major penurbative effect seems to be the production of a well localized transport 
feature. An island is most likely, but an ergodic layer more localized than that used in the 
simulation is also a candidate. This experiment confirms predictions 7 that a resonant 
magnetic perturbation can be used to control impurities although the specific mechanism is 
not yet fully under>tood. 
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Figure 3. Tomographic reconstruction of the emission contours for a c+3 spectral 
line. This poloidal cross section demonstrates enhancement of emission near the X­
points for interior islands. The field line configuration predicted is that of figure 1. 
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IMPURI TY PENETRATION INTO A ROTATING PLASMA -- THEORY AND EXPERIMENT 

K. L. Wong, C.Z . Cheng, B. Stratton, A. Ramsey 

Princeton University, Pl asma Physics Laboratory 
Princeton, New Jersey 08544 USA 

ABSTRACT 

Guiding center orbits of impurity ions in a r otating t okamak plasma 
are calculated for TFTR parameters. The calculation is carried out in a 
coordina t e system which r ota t es with the plasma. It is found that the 
centrifugal force and the Coriolis f o r ce play a dominant r ole; as a 
result, the banana width can be significantly larger when the plasma is 
ro t ating at hig h speed due to neutral heam injection. The banana width is 
approximately proportional to the rotational speed and inverse l y 
p r oportional to the plasma current. The orbit c haracteristics are 
sensitive to t he direction of i njection. In the case of co-beam 
injection, freshly ionized imp urity i ons, essentially sta t i ona r y in the 
laboratory frame, are counter-rotating in the plasma frame. Thus, their 
first banana orbits move outward in minor r adius and are much enhanced in 
width. This makes it diffi cul t for the impurity ions to penetrate through 
t he plasma edge . This calculation offers a qua litative explanation for 
the experimental da:a from PLT and TFTR. 

I t was found in PLT1 impurity inje cti o n expe r imen t s with ne u tral heam 
heating that the impurity line-radiation profiles and their temporal 
e volution are not sensitive t o the direction of plasma rotation. This 
a ppa r e ntly disagrees with existing theory. 2 • 3 Ho wever, a given i njec ted 
amount of impurity r e sults in a factor o f two to three less i 1>purity 
concentration in the co-heam case. Simi l ar behavior was observed in TFTR 
recently . Figure 1 shows t he 1 27 . sJI MoXXX II line i ntensity evolution 
afte r molybdenum was i n jected into a rot ati ng TFTR p l asma. The amount o f 
i njec;tion was kept to a minimum so that t he i ncrease i n total r<idiated 
power f rom t he injected impurity was negligi b le. During counter-beam 
injection, t he line inte nsity was more than a factor of two stronge r than 
duri ng co-bea m inj ec tion . In this paper, we attempt to explain this from 
the orbi ts o f the impurity ions . 

Let us assume that each magneti c surface in the p l asma rotates as a 
rigid shel l abou t t he axi s of sym1netry with angular veloci ty w which can 
vary among different mag netic surface s . w usuall y peaks at the plasma 
c enter with values ( 3 x 105 rad/sec for T FTR experiments . I n o rder to 
avoid compl ications associated with mo ving magnetic field lines, we carry 
out t he o rhit Ci\lcula tio n in a coordinate system whi ch r o ta tes with t he 
plasma . The equation of motion fo r a n impurity ion i s 

+ 

m dv =· q (E + v x B) 
dt 

+ + + + + + 
2m w x v - m w x [w x ( R + ·r) J 

0 
( 1) 

The last two t e rms on the right hand side are the Coriolis fo r ce and the 
centrifugal fo r ce, r<!spect.i vely . The centri fugal fo r ce pushes the plas 1na 



0 
w 

"' .... 
"' >-

a 
0 

Fig. 

122 

0 
w 

"' .... 
~ !.5 
:::> 
0 
0 

4.5 4.6 4. 7 4.8 4 .9 5.0 

TIME (sec) TIME Cstc) 

1 Evolu t ion 
molybrlenum 
beam power 

of the 127 . s!. line intensity from MoXXXII after 
injection into TFTR at 4.5 sec. (a) 5 MW of counter­
(b) 6 MW of co-beam power . IP = 900 kA for both cases. 

I 
/ 

/ 

I 
~Flux 
\ Surface 

\ 
\ 

" 

#87X0330 

(a) CO-INJECTION (b) COUNTER-INJECTION 

Fig. Schematic drawing for a banana orbit of an impurity i on in a 
plasma with (a) co-beam injectio n, (b) counter - beam injec tinn. 
For w = 8 x 1 o4 rad/sec, Ip = 1 MA, a 1 keV PeXVI ion trap~rl 
between e = ± 2 radians has a banana width of 5 cm . 
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ions t owards the lar2e major-radi us s i de and causes a n elec t rostatic 
potential to build up: 

m. 
l 

e 

T 
e 

2 w 
2 

( 2) 

+ + 
where < > denotes a veraging over the magnetic surface, l? utti ng E - \1<1> 
and solving Eq . ( 1) with the guid ing cen t er appr oxima t ion, we oh tain the 
guiding center drift velocity in the r otating frame : 

2 VD 
2 + + 

+ µ 
( 1 

+ + E x B 
wl = qB2 

+ --) B x VB + ---
v 2 B2 
l 

.. .. .. + + + .. 
2m (w x V) x B m(w x (w x R)] x B ( 3) 

q B2 2 q B 

where µ = 1/2 mV 2;s is the magnetic moment . The f irs t term is the drift 
velocity d ue to -hagnetic field g radient a nd fie la line curvat ure , and the 
o ther three ter11s are the consequence of plasma rot a tion . For TFTR 
paramete r s, the first t erm i s s ma l l compared with t he o ther t errr.s and we 
fi nd that the banana widths of i mpurity ions can be severa l times larger 
i n a r o t ating plasma. The o rbits are obtained by integ rating Eq . ( 3 ) 
together with the parallel co mponent o f Eq. (1). For simplicity, we 
assume circular concentric magnetic surfaces and Fi g . 2 schematically 
s hows the banana orbits f o r the two directions of plasma rotation, In the 
co-injec t ion case, the o r bit shifts towa rds the plasma edge , an<! in the 
counter-i n jec t ion case, the orbit shif t s towaras the p las ma center . 

In order to explain the impurity i nj ection experimen t , let us 
consider a neutral impurity atom near the plasma edge. Since the atom is 
almos t s tationary in the l aboratory frame, it will be a passing particle 
in a r ota ting plasma af te r it is ionized and collisions will scatter t he 
particle into a banana orbit . In the case of co-beam i n jection, the 
impurity ion stationary in the laboratory f rame is counter r o t a ting in the 
p lasma frame; t he fi rs t banana orbit moves o utward in minor r adius, and it 
can be scraped off by the limiter as shown in Fig . 3a. In the counte r 
injection case, the f i rst banana o r bit moves away from the l ini t e r a nd 
inboard in minor radius and therefore has a better c hance to pene t rate 
into the plasma interior. Nume rical partic le s i mulation based on this 
orbit t heory is being carried out. Pi tch-angle scattering a nd energy 
equilibration with t he bul k p lasma a re i ncluded. Pr e l iminary results show 
that it is indeed true that mo re impurity ions can penetrate into the 
in te rior of a plasma wi th counter- i n jection, i n qualitative agreement with 
experimental observations. 
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Fig . 3 Firs t ba na n a or.bit of a fres h l y i o n i?.erl imp urity ion i n a p l asma 
Yli t h ( a) co-beam i nj ection , (b) coun te r-beam injecti o n . 
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The· experiments 9n the study of Ohmic, l ol'ler hybrid current drive 

and. electron cyclotron resonance heating regimes have been con­

tinued on •r-7. 
In the Ohmic re(;imes of the discharge with various currents and to­

roidal fields an evolution of the plasma densi ty and temperature 

proiileo at variation of fie huo been meas~red. The comparison be­

tween the di.scharges with the so.me lie/I but with various C/.L has 

been done . A particular attention in t he discussion of the results 

is given to the profiles formed i n the discharges Yli th the l i mi­

ting ne / 1 and in the discharees close to them. 'l'he main depen­

dences of plasma parroneters in these regimes are formulated. 

J.Ht! IJ ~uuy oi 11uw-p.lasma ins tability with respect to the m=2, at 

its spontaneous develop;nent and 1m dex- the ~t'.P.drupole mae;nP.t; c ~'.­

eld produced with a special coil, has been done. Th e m=2 ma&netic 

island width ha.s been measured with the oynchronous det ection of 

the sygnal from the sce..'111inc; s ensor of soft X-ray radiation with 

r espect to the sy&nal f r om Iilirnov probes. The studies have been 

done in the Ohmic and LH-regimes. 

In the experim1mts on current drive simulte.r:.eously vii th the 111-po­

wer , the power frorr. two gyrotrono, operating at different frequenci­

es, was launched into the plasma. One of the gyrotrons generated 

the porier at the ECR-frcquency, ut the plasma colwnn axis. The fre­

quency of the second_c;yrotron \'/as chosen from the condition of Che­

renkov resonance for fast electr ons in the beam produced by t he 

LH-viuves. The main att ention in the experiraenta has been given t o 

the problem of current drive effic~ency and to the study of hcatine; 

of the electron component . 
The e:.:periments were carried out at t h e f oJ.lorlini; LH and ECR pa­
rameters: poricr l aunched in the .L!I-rB.11ee (900 J,'iHz ) 1·ias 500 k'.'I, to­

tal pov1er of tl'lo gyro.t ron s \'/as GGO k';/, their frequencies \'/ei·e 6J 

OHz and 81 GHz 
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FLUCTUATION INDUCED TRANSPORT STUDIES IN TEXT WITH AN HIBP. 

P.M. Schoch, J.C. Forster, R.L. Hickok, and A.J. Wootton' 

Rensselaer Polytechnic Institute, Troy, NY 12180; 'Fusion Research Center, The 
University of Texas at Austin, Austin, TX 78712. USA. 

INTRODUCTION 
Simultaneous measurements of the turbulent fluctuations in both n and <l> have 

been obtained on the TEXT tokamak with a heavy ion beam probe(1). These 
measurements show that in the plasma interior $/kT e is greater than n/n. The 

measurements also permit the evaluation of the S(k,oo) spectra and the local particle 
flux due to the electrostatic fluctuations as a function of radius. The total flux is 
estimated by assuming poloidal and toroidal symmetry and integrating over the magnetic 
surface. The results are compared to the total particle flux evaluated from both Lyman 
alpha measurements of neutral hydrogen and from Langmuir probe measurements(2). 

EXPERIMENTAL RESULTS 
A 500 keV cs+ ion beam HIBP was used to study the turbulent fluctuation spectra 

in TEXT. The ohmicaly heated plasma discharge conditions were Bt = 2.0 T, Ip = 200 kA 

and ne = 3 x 1O19m-3. For these operating conditions, measurements could be obtained 

over the range 0.6 < r/a < 1.1. The bandwidth for both the density fluctuations, n, and 

potential fluctuations, $, was 500 kHz. Separation between the two simultaneous 
sample points varied with the radial location of the measurements but was of the order 
of 2 cm. The orientation of the separation could be varied from strictly poloidal to 
strictly radial but only one fixed orientation was available at a given plasma location. 
Signal to noise ratios in excess of 100:1 have been obtained for n but for $ the typical 
value was 3:1. 

Typical auto power spectra for n/n and $ are shown in Fig. 1 a for data from one 

sample volume. The system is sensitive to poloidal wavenumbers (k0 ) values up to 10 

cm-1, and the spike in the$ spectra below 50kHz is due to MHD effects. Fig.1b shows 

the coherance, (y), and phase difference, (a).between n and $. The phase is nearly 

constant with a value of - 7t/4 and the coherance is greater than 0.4 for 50kHz to 

400kHz. A plot of n/n and $/kT e as a function of radius is shown in Fig. 2. The plotted 

points are rms values for frequencies above 50kHz so as to avoid MHD effects. A typical 
value for $is 10 volts. For all radii except r/a= .88 n/ n is greater than $/kTe• which 

is in disagreement with the simple Boltzman condition. n/n and $ have the same 
spectral shape in the frequency range of 50kHz to 150kHz, (these are the frequencies 
which contribute to turbulent transport), so the disagreement with the Boltzman 
condition occurs over this entire frequency ranpe. 



127 

The coherence and phase between simultaneous measurements of iii n at two 

separate points in the plasma are shown in Fig. 3. The $ measurements showed the 

same phase shift as the n/n in the spectral range of 50kHz to 150kHz, showing that the 

ii and $ have the same k values. For this particular measurement r/a was equal to 0.9 

and the separation between the two points was 1.5 cm in the poloidal direction. The 2rr 
phase shift at 120 kHz indicates spatial aliasing (half the wavelength becomes equal to 
the sample point separation). The well defined phase shift permits evaluation of ke 

and yields an experimental dispersion relation of wlk= constant. It also indicates that 
the poloidal correlation length is greater than 1.5 cm. Similar measurements with a 

radial separation between the two points shows very small coherence, indicating that the 
radial correlation length is measureably smaller than the poloidal correlation length, in 
agreement with Langmuir probe measurements in the outer region of the plasma. 

The two point measurements indicate that the fluctuations are propagating in the 
electron diamagnetic drift direction. The associated poloidal electric field is kact> cind the 

radial E x B flux (which is in the outward direction) is given by 

where a in the phase angle between the density and potential fluctuations. r1 is the local 

particle flux: assuming poloidal and toroidal symmetry it is possible to estimate the 
total outward particle flux (r) due to the turbulent fluctuations. This is shown in Fig. 4 
as a function of plasma radius. The HIBP measures a nonzero flux of 1-4 x 
1O1 Sm ·2s-1 at rla=0.65. Also shown is the total particle flux.derived from 
spectroscopic Ha measurements. To within experimental error the fluxes are in 

agreement over the radial range measured with the HIBP. At larger radii the results can 
be compared to Langmuir probe measurements. 

Thus the measured electrostatic turbulance accounts for the total particle flux for 
rla>0.6. The convective energy flow to the limiter {f512kT erds), is - 140kw for this 

discharge. Charge exchange and radiated power measurements by bolometry accounts 
for - 12Skw. Combine these account for all but 55kw of the 320 kw ohmic heating input 
power for this discharge. 

CONCLUSIONS 
Simultaneous ii-$ measurements on TEXT have shown that $/kTe is 

approximately 2 times larger than ii/n over most of the plasma radius, for all 

frequencies in the 50khz to150khz range. The poloidal correlation length is larger than 
the radial correlation length and the dominate direction of propagation in in the electron 
diamagnetic drift direction. The net outward particle flux from electrostatic 
fluctuations (for r/a>0.6) is equal to the total flux to within experimental errors, and 
for this discharge convective energy loss is significantly greater than conductive. 
Additional measurements are needed to evaluate the validity of the assumed poloidal and 
toroidal symmetry. 
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Fig. 1 a Autopower spectra for ii and $" at r/a=0.9, 1 b phase and coherance of cross 

correlation of ii and $. 
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Fig. 2 Normalized fl uctuations 
levels, boxes are 4'/k Te and 

triangles are ii/n. Spectra are 
integrated from SOkHz to SOOkHz 
to elimanate MHD effects. The 
density point at r/a= 1.0 has 
substantial power in the O to 
SOkhz range which is not included 
in this measurement. 
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Fig. 4 Measured particle flux, 
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FAST CUllREHT-lUSE STUDIES on TUE TU11Ail-J 'fOKA1.1AK 

DUHillG S'l'A'rI01JARY STAGE OF OIU:1ICALLY I!EA'l'ED PLASUA DISCI!ARGE 
• 

Askinaai L.G. ,Dogdanova M.E. ,Golant V .E. ,Goncharov S.G., 

Gryaanevich. ll.P.,Izvozchikov A. B.,Lebedev S. V.,Razdobarin G.T., 

Rozhdestvenskij V. V. ,Sakharov n. V. ,Khalilov U.A. ,Chernyohev F. V •, 

Shahovetz K.G. 

A.F.Ioffe Physical -Technical Institute,Academy of Science , 

Lenint,;rad , USSR 

ABSTRACT 

The experiments on faot current-rise after major radiuo com­

preoaion have been perforr.ied / 1/ .Initial plasma paro.r.1eters were: 

Ip o .;.o kA,R c62 cm, qa m2.5-4. U,ne c:0.8° 1013cr.1-J, Ti a 110 eV. 

After co1apreesion and plasma current -rise these val ueo becomes 

I 100 120 1 A R 1·3 2 0 J r: - 1 r- •1013 - 3 T Jr.o p ::: - ;: , = J cm , q " = • - • ; , n e • • J cm , e "' ; -

')00 eV, Ti. a1 )0-200 eV .Plasma current clenai ty cl:lotributions have 

been obtai11ed from external ma0netic r.1cacurernc11to in oevcral dio­

cha::cr;eo .Prel ir:linary data showo fo.ot relaxo.tion of t he j-profile o. 

Time behaviour of the plesras cu1·rent denoi t,y and electron tem-

peratu.ce profilco hove been studied by tnmoport code s i nmlotions. 

Ilwncrical resul t o hc.vc been compared r1i th tile cxpc1·imcntol datn. 

Uao1etic islands on the plasma periphery seems to lie i-eoponsiblc 

fo1· T.!IID-activi ty spikeo durinr; ctu•1·ent-.l'ioe period.Fast increooc 

of T has been obocl'ved i n t he r·c::;ime with 1 01'1 q volnco. 

1. Ilcmdei' s.J~ • • Golant v.r~ • • Gorno s t acv s.v.ct ol .XI J:ur .C o11i'. OH 

Contr.Fuaion and Plas.Phys.,Ancllc11,1 90J,v. 1,p.111. 
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llUI.:.EnICAL GiiJJLATIOH OF IJISCHATIGES rn TOK./u.L'l.K 01:1 THE BASIS 
Ol!' ii s;~Ll.o'-co;:orcT!'.;H'i' I.iODBL :i!'OR .\.'.iu:i.ALOUG THA11SPOH1' P!WC:t>SSBS 

Puro.i'.L V. V. , Tn;i::asyc.n K. IT. 

I.V.l~urchatov Institute of Atomic Eneri;y, !.ioscow, USSR 

A seif - consiatent model of enei·G:r a.nd p 0..rti cle balance in tolrn.mak 

in both Ohnti.c and auxili ax·y-hicI1 power-heutin8 rec;imcrn on the ba­

sis· of an analysis of stokha:Jtic processes in the transport of 

chorced particles at their interaction r1i th the viGorously-non-li­

ncar electromnguetic fluctuationn has been built. It is conside­

red that an anomalous transport in Ohmic re,simes is mo.inly rele­

ted r1i th the stokhastic diffusion of bo.nru1a electrons in the rei;u­

J.o.r convective cells , re cul tine; in n nell-lmown relationship for 

the electron diffusivi t;/ coefficient : x._. = ~~ zrn _ _ E The 
L f'C. (/.'A"' 

inclusion of an <.!UX:Ll iar:1'-hi1)1 po·;;e1·-heatinc; resul·~s in a tlesto.!Ji -

li:,;c~hon oi the drift-type cells, \"/hen nn inequality fll?</1lc f ~ cl'!.1/T~ 
i :J so.tisfied. The presence of a finite life ti!Jle for the cP.lJ ::i rP.­

sul ts in the cmerr;encc of anomalous hec.t fluxes for both electron 

::.;:d. ic:: :o; .. , .:i;:;; .. ~:; us Ylc: l as in ·~he: plasma clii"1."uu:i.on , as a \'1nole, 

vr.ith a characteristic trans port coefficient h;< "-" f-1£: {/f j~.;:' -f ~;"' / 
The proposed set of equc.tions for the enere-.f and po.rticle bale.nee 

hRS been ini;ecre.ted. !l'..!!:!-:?ricclly. The re.cults of calculatio11s have 

shovm tho.t the. proposed model allov1s to describe both the Ohnlic 

diachar~es 3Jld the difJchor3es ni th au;dliary-high poHer-heo.ting 

011 '.1!-10, D-III , TFTR , includin0 t he super shots, by the sa.'!le 

approc.ch . This model c;ives a cood agreemen·t with the resul t3 of 

dynamic expe:L'iments on heat pulse propacation. 
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ELECTRON DENSITY PROFILES IN NEUTRAL BEAM HEATED PL ASMAS 

Grek B., Park H., Goldston R.J., Johnson D.W. , Mansfield D.K., Schivell J. 
Princeton University Plasma Physics Laboratory , Princeton N.J, 08544, USA 

INTRODUCTION 
In this paper we present data on electron densi­
ty profiles measured with a 76 spatial channel 
Thomson scattering system and a 10 channel in­
frared interferometer during neutral beam 
heating experiments on TFTR. For the data pre­
sented here the carbon tiled inner wall was used 
as the plasma limiter. Depending on operating 
conditions the electron density profiles exhibit­
ed a variety of shapes, as well asymmetries 
with respect to the electron temperature pro­
files. Differences between the line integrals of 
the Thomson scattering density data and the in­
terferometer data are interpreted as being 
caused by cold plasma located between the last 
closed magnetic flux surface of the plasma and 
the vacuum vessel walls. All the profiles shown 
here were taken near the end of the neutral 
beam pulse, so as to be as near steady state as 
possible. 
Electron density profiles on TFTR during neutral 
beam heating 'all into two general categories. 
The first is a generally broad density profile 
which is characteristic of the L-mode operation 
with significan:ly reduced energy confinement 
compared with purely ohmically heated dis­
charges. The second category consists of 
peaked profiles which are observed at lower 
plasma curren:s (.8 to 1.1 MA), in a well condi­
tioned machine, with confinement times much 
greater than given by traditional L-mode scal­
ings. Although a continuum of electron density 
profiles between these categories has been ob­
served depending on vacuum vessel condition­
ing and machine operation, we will consider 
these two regimes independently. 

L-MODE REGIME 
Electron density profiles characteristic of this 
mode of operation, for two different densities, 
are shown in Fig. 1. For reference purposes 
density profiles of ohmic discharges, for simi-

lar density ranges. are also shown. As can be 
seen the beam heated plasmas differ in overall 
profile shape as well as ed~e characteristics 
from the ohmically heated ones. The ohmic plas­
mas have a generally parabolic shape that goes 
to a density that is usually of the order of 
1o131cm3 or less at the wall. The second de ­
rivative of the density with the minor radius is 
negative everywhere. Depending on the form 
and magnitude of the pinch velocity assumed, 
particle diffusivities from 103 to 104 cm2/ 
sec are calculated from this ohmic plasma over 
the bulk of the profile (using particle source 
terms as calculated by the SNAP coda). The 
higher density beam plasma has a much higher 
edge density at the inner wall that is the l imit­
er, and also has very steep density gradients at 
the outer edge. The lower density beam shot 
was obtained with a well conditioned inner wall, 
whereas the higher density discharge was gen­
erated before wall conditioning. Comparison of 
the two profiles show that the major difference 
between them is an apparent pedestal of about 
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2x 1o131cm3. Very high density gradients are 
therefore generated at the plasma edge for this 
mode of operation. Particle dlffusivities for the 
beam shots are of the order of 104 cm2/sec, 
over most of the inner plasma. It is also of in­
terest to note that the interior density gra­
dients are nearly identical in these two shots, 
since the major difference between these two 
beam shots is a pedestal in the density. The 
second derivative of the density with respect 
the minor radius is generally positive on the in­
side of the plasma and negative on the outside. 
Since purely radial diffusive flow cannot ac­
count for this, one might assume that poloidal 
flows must exist in the plasma. 
line integrals of the Thomson scattering data 
were calculated assuming that flux surfaces are 
shifted circles with constant electron tempera­
tures, but with densities that have a poloidally 
varying component with a cosine dependence on 
the poloidal angle. The ratio of line integrals of 
the Thomson scattering data thus obtained and 
the interferometer data are shown in Fig. 2. As 
is evident from the figure a significant contri­
bution of cold plasma to the interferometer sig­
nal must be assumed at the plasma periphery. 
This plasma is either outside the range of tern-

0 

FJGURE-2 
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Ratio of interferometer density 
line integrals to Thomson scatter­
ing density line integrals vs major 
radial positions of interferometer 

peratures that is detectable by the Thomson 
scattering system (<30 e.V.) and/or is located 
out of the machine mid-plane .. Taking account of 
geometry of the TFTR inner limite; implies that 
a cold plasma with a density in excess of 1O141 
cm3 must exist near the Inner edge for the high 
density case. For the lower density beam heated 
case and for ohmic plasmas, a cold edge plasma 
with a density in the range of 10~ 31cm3 is suf­
ficient to account for the differences between 
the Thomson line integrals and the interferome­
ter data. 
The above general characteristics do not seem 
to change with either beam power or beam or­
ientation. Fig 3 shows density profiles obtained 
in somewhat smaller plasmas using beams 
(about 2.5 MW.) that were more perpen.dicular 
in order to penetrate deeper into the plasma 
(tangency radii of 1.gm) or for beams that were 
more tangential with the outside of the plasma 
(tangency radii of 2. 75m), so as to heat and fuel 
the outside. 1 Although the calcula:ed particle 
source terms were considerably different in the 
two cases, particularly in the plasma canter, 
the two density profiles are remarkably simi­
lar. 
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The two density profiles do however show some 
differences in asymmetry w ith respect lo the 
temperature profile. The edge healing case has 
a higher outward asymmetry at lhe outer plas· 
ma edge. II this density asymmetries are inler­
preled in terms of a toroidal rolalion,3 and as­
suming Iha! the ion temperature profile is Iha 
same as lhe electron lemperalure profile (wilh 
a central ion temperature as calculated by 
SNAP), the toroidal rotation profiles shown in 
Fig. 4 are obtained. 

SUPERSHOT MODE 
Electron density profiles characteristic of this 
mode of operation are shown in Fig. 5. The pro­
files in this mode differs in two major respects 
from those in Iha L-mode.2 . First the density 
profile is highly peaked, with negative second 
derivatives over the bulk of Iha discharge. A 
larger part of Iha density difference is now 
supported in Iha bulk of the plasma. Peak lo 
edge density differences of up lo 6x1013 tcm3 
have been observed lo be supported by Iha in­
terior of Iha plasma, with edge pedestals of 
about 1.Sx 1O1 3 /cm3 or less. Second, Iha 
character of Iha cold edge plasma is different. 
The ratio of Iha line integrated density from 
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Toroidal velocity rotation profile 
calculated from the density asym­
metries for the edge and central 
heating cases of Fig. 3. 

Thomson scallering lo lhal from lhe inlerfe­
romeler is generally close to one over lhe lull 
profile, and deviates from unity only near Iha 
inner wall. This implies lhal a colder plasma re­
gion exists primarily near lhe inner wall with 
line averaged densities of significantly less lhan 
10131cm3. The main difference between the 

two profiles shown in Fig. 5 is the neutral beam 
orienlalion. The central densities for Iha case of 
near balanced beam injection are considreably 
higher lhan those obtained for Iha all co­
injection cases. The peak electron temperatures 
obtained with balanced injection are oflen 
greater than 6 KeV. whereas lhe peak electron 
temperatures for the co-injecfon case is of Iha 
order or 4.5 KeV. 
Another difference between lhe two discharges 
shown in Fig. 5 becomes apparent when the den­
sity asymmetry with respect to lhe tempera­
ture is examined. This is shown in Fig. 6 where 
Iha normalized density asymmetry [(outer den­
sity-inner densily)/(mean density)) al a given 
temperature is plolled vs. minor radius. As is 
characlerislic of all disharges limited by Iha in­
ner wall, Iha density Is significantly higher on 
Iha inner side of Iha plasma 'or large minor ra-
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dii. The slight negative asymmetry, that is 
present over the central regions of the profile, 
for the balanced beam injection cases Is also of­
ten seen in ohmic discharges. If the positive 
density asymmetry over the remainder of the 
discharge, for the co-injection case, Is inter­
preted as being caused by a toroidal rotation,3 

the toroidal rotation profile shown in Fig. 7 is 
obtained. If the difference in asymmetry be­
tween the co-injection case and the balanced in­
jection case is used to calculate a toroidal rota­
tion velocity the rotation profiles obtained .are 
considerably broader. The central rotation ve­
locities thus calculated are usually comparable 
to those obtained from doppler shifts of impuri­
ty lines although significant differences are 
sometimes observed. It Is expected that in these 
case other mechanisms such as poloidal rotation 
or convective flows might be active. 

CONCL USIONS 
There are two general type of density profiles 
observed on TFTR. The first is a generally 
broad profile with a significant fraction of the 
density supported by the plasma edges where a 
cold plasma blanket exists. These profiles are 
usually associated with reduced energy confine-
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Normalized density asymmetry 
((outer density -inner density)/ 
mean-density) vs minor radius for 
the data in Fig. 5. 

ment times. The second type is a much more 
peaked density profile with the bulk of the plas­
ma supporting the density differences. This lat­
ter type of discharge also has a more tenuous 
edge plasma blanket than the L-mode plasmas. 
Finally the density asymmetries observed on 
TFTR are generally small and are usually com­
parable to those expected from toroidal plasma 
rotation, except near the plasma periphery 
where large negative asymmetries exist. 
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RECENT CONFINEME:-IT STUD[ES Of OHMI CALLY-HEATED HELIUM PLA SMAS 

P.C. Ef thimion , D.W. Johnson , N. L. Bretz, M. Bitler , C. E. Bush , B. GrPk, 
K.W. Hill, R.J . Gol da t on , H. Park , A.T. Ramsey, B.C. St r at ton , 
f . J. Stauffera , Y. Takaseb, G. Taylor and R.M. Wieland 

PrincPton Ur.iversity Plasma Physics Laboratory, Pr inceLon , NJ 08544 USA 

ABSTRACT 

A seri es of dpnsi t y scans at different current s for hel ium plasmas 
has been completPd Lo study the Pnergy confinement in the linear and 
saturated rPgimPs of ohmic heating . ThP linear regime characteri sLics are 
idPntical to those obtained previously for deuterium plasmas . In the 
sat ur atPd regime confinement becomes essentially independent. of dens ity 
and current. 

A set of recent confinement experiments of ohmically-hPated plasmas 
on TFTR have focused upon gas fueled helium discharges . HPlium plasmas 
are particuarly useful because high elecLron density discharges are ea~i~y 
achieved in TfTR . A maximum line average electron density of 9 x 1019m j 

was reached for 2 .2 MA f ull-size a = 0 .81 m mi nor radius_Ql asmas . Equally 
important, line-average densities as low as 1 x 1O19m j were obtained . 
This large densiLy range pnabled both the linear and saturated regimes of 
ohmlc confi~ement to be studied f or a singl e species in TfTR . The limited 
density range for deut erium plasmas on Tf TR i s not suffici ent to study the 
saturated regime for these f ul l-si ze plasmas . 

The majori t y of the helium plasmas were formed on the graphite i nner­
wall limiter at a major radius of R - 2 .46 m and a minor r ad i us of a = 
0 . 81 m. Systematic density scans at currents of 1. 0, 1. 4, 1. 8 and 2 .2 MA 
were conducted to observe the conf i nement dependence on these 
parameters. However , a 1 imi ted number of scans were conducted on the 
outer movable graphite limiter (R - 2 .57 m) to allow for a comparison wi th 
experiments conducted be fore 1986 . Recently , discharges on the movable 
limit er have been constrained to currents of 1 . 4 MA due to structural 
limitations . 

rigure 1 shows a plot of the total energy confinement time of the 
helium plasmas as a funct i on of dens ity for di ff er ent c urrents (1 . 0 , 1. 4 , 
1.8 , and 2 . 2 . MA) a t a t oroidal magnetic fi eld of 4. 78 T. All of these 
discharges have a major radius of R = 2 .46 m and a minor radius of a = 

0. 81 m. T~e total energy confinement time is defined here as the stored 
energy in the electrons and ions divided by the ohmic heating input 
power . f or this figure the ion energy content was calculat ed assuming lx 
neoclassicc.l ion t ransport [ 1 J . There is a 1 inear regime of confinement 
at each current that obeys the scaling of the previous deuterium plasma 
resulLs of 1 « neqc [ 2] . The l i nes in the f i gure are t he actual TfTR 

aPer manent address : 
bPermanent address: 

University of Maryland, College Park , HD 
MIT , Plasma fusion Cent er , Cambridge, MA 
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scaling < = 6 . 5 X 10-22nER 2aqc which is the best f i t to the previous TFTR 
deuterium data [2] . At these low densities of plasma operation , the 
impurity conten~ is very high , rt>sulting in a low helium i on contt>nt . 
This point will be later illustrated in Fig. 2. These same 
characteristics were t>xhi bi ted in previous experiments for deuterium 
plasmas. In the s aturated regime, the c urrt>nt dependence essentially 
disappears and t he saturated confinement time i s approximately 0 .33 s on 
the inner wall graphite limiter . Note that there is no indicatfon of the 
confinement time decreasing with density , as observed in some experiments 
[3] . The density disruption limit at each current coi ncides with the 
observation of MARFE behavior . 

The central ion temperatures for some of the discharges were mt>as ured 
by Doppler broadening of impurity nickel Ka lines . These temperatures are 
found to be consistent with 0-6 timt>s neoclassical i on transport <xineo), 
and using them to determine multipliers on xineo would change the 
resultant global confinement times by 5% or less . With the assumption 
that the enhancement in the ion transport determined by the central 
electron and ion temperatures is modelled as a f i xed multi plicati ve factor 
applied to neoclassical ion conduction across the entire profile , the ion 
and electr on conjuctivities <xe and x1 > are cal culated at a rad ius of 0 . 66 
of the plasma minor radius . At this radius , the net input power is not 
obscured by edge radiation , or sawtooth effects as in the plasmas core , 
and the temperature gradient is accurately measured. The calculations 
show that x1/xe is in the range of 0 .1 - 0 . 75 with the ratio at 0 . 75 when 
the multiplier is near 6 . However, for the electron conduct ion to depend 
inversely with dens ity in t he saturated r egime , this multiplier must be in 
the range of 15-20 . Therefore , if we model Xi • ~ xineo the power loss is 
still dominated by the electrons . However , we cannot exclude models in 
which ion transport dominates in the outer region because of a strongly 
radially rising xi(r) . 

There is a l arge variation in the Zeff of these plasmas in going from 
low to high density (F ig. 2 ) . The Zeff was determined primari l y by tht> 
visible bremsstrahlung measurements , but there were some measurements from 
the horizontal X-ray pulse height analyzer. The very l arge Zeff at low 
density is a concern in the confinement studi es because of the low helium 
ion content . At densities of ne > 6 x 1019m-3 , Zeff apprcaches 2 . 
Fur t hermore , there is a linear current and inverse density dependency in 
the Zeff at l ow density , which has been observed pr eviously in TFTR [2] . 

In 1985 hel lum discharges were s tudi ed on the outer movable limiter 
( IP • 1.8 MA and B ~ 4. 71 T), and i t i s interesting to compare those 
results with the r ecent ones ( 1987) . The data indicates t hat the 1985 
plasmas have 25-3o:r; mor e stor ed energy , d ue to higher e l ectr on 
t emperatures al t hough t he Zeff • determined from tht> visible 
br emsstra hlung , and the ohmic input power are the same . A comparison of 
electron temperature profiles from Thomson scatter ing and electron 
cycl otr on emi ssion show that the laser temperature was 10-12% higher chan 
the electron cyclotron emission measurement in 1985 , whil e the two 
measuremt>nLs agree to within 5:r; for recenL helium plasmas . A calcula tion 
of the total energy confinement times with t>i ther e l ectron temperature 
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measurement, could only produce less than a 10% variation in the 
confinPment time value . Zer r deduced from neoclassical resistivity agreed 
wel l wi th the mPasured Zeff from visible bremsstrahlung f or the 1985 data, 
while in the recent data the neoclassical and Spitzer Zeff ' s bracket the 
visible bre([sstrahlung value as is of ten the case in TFTR. While there 
are significant variations in diagnos tic calibrations , resulting in a 10-
12% uncertainty in TE , the differencPs in the saturated confinement times 
appear to be real. In addition, the peaking factor of the t emperature 1 

profile are slightly different (<Te>/Te(O) = 0 . 46 for R = 2. 57 M and 0 . 4 
for R • 2 . 46 M) and may be due to small differences in R. The current and 
magnetic field scans to study tile peaking factor do not explain the 
variation in the factor in going from the inner to the outer wall limiter . 

To help clarify the differences in the saturated confinement data for 
the movable and axisymmetric inner wall bumper limiter , a comparison of 
confinement on the inner and outer limiters was recently completed at a 
current of :P • I .4 MA and a Loroldal fiPld of B • 4 .0 T (Fig . 3) . The 
data shows the saturation levels are similar . However , the tempPraturP 
peaking factors are slightly different (<Te>/Te(O) • 0 . 35 for R = 2 .57 m 
and 0 . 3 for R = 2.46 m) - a result observed in the 1985 data. 

In conclusion, helium discharges offer a convenient means of 
examining the saturated confinement regime f or ohmically- heated plasmas in 
TFTR . There is no indicalion of a turning over of the confinement Limes 
or a current dependPnce in the saturated regime . Based on measuremPnts of 
the central ion tPmperature, we deduce that ion Lransport can be a 
si~nificant part of the overall Pfwer balancP , but if we assume Xi = "' 
Xi eo , the Xe does not vary as ne in the saturated regime. Differences 
in the saturated confinement level for data in 1985 and recent data cannot 
be compleLely explained by diagnostic uncer t ainLiPs . : n the linear 
regime, the confinement results are identical to those previously reported 
for deuterium TFTR plasmas. Further experiments will continue to examine 
the effect of the toroidal field , gas programming , and limiter 
conditioning on the saturation levPl . Modelling the data with different 
electron and ion transport models is also planned . 

This work was supported by U. S. DOE Contract No . DE- AC02-CH0-3073 . 
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Edge and Center Heating Experiments on TFTR 

R.J. Golds ton. Y. Takase*. D.C. Mccune. M.G. Bell. M. Bitter. C.E. Bush. P.H. 
Diamond' . P.C. Efthimion. E.D. Fredrickson. B. Grek. H. Hendel, K.W. Hil l. D.W. 

Johnson. D. Mansfield. K. McGuire. E. Nieschmidt, H. Park. M.H. Redi , J. Schi vel\. 
S. Sesnic. G. Taylor 

Plasma Physics Laboratory, Princeton University 
P.O. Box 451. Princeton. N.J. 08544 

Introduction In order to investigate the mechanism(s) contr ibuting to. the 
apparent resit iency of the elect ron temperature profi le shape in tokamaks. in 
the race of perturbing forces such as aux i liary heating or current -ramping. we 
have performed a series of exper iments in which we strongly modified the 
neutral-beam heating profiles applied to a f ixed TFTR target plasma. The 
experiments were car ried out in deuter ium pl asmas with Ro = 2.36m, a = O.?m, 
BT = 4.9T, and I = 1.2MA. Jn one series of discharges 2.8MW of neutra l beams 
were aimed at f tangency radius of R = 1 .9m t o provide heat ing of the plasma 
center. and in a second series the same beam power was aimed at ~ = 2.7Sm to 
heat the outer region of the plasma predominantly. The heat ing power prof iles · 
for these two conditions are shown in figure 1. At the end of the O.Ssec beam 
pulse, the electron density had increased rrom an initial value o f ~ = 2.6 x 
1O19 / m3 to 3.4 x 1O 19 ;m3 in both cases. The central ion ter1perature as 
measured by x-ray crysta l 5pect roscopy increased from an initial value of 2.2 
keV up to 3.5 keV in the central heating case. but on ly to 2 .9 keV in the edge 
heating case. Jon temperature profile measuremen ts were not available. 

Sawtooth Behavior The time evolution of the central elec t ron tempera ture. 
as measured by fundamental 0-mode electron cyclotron emission (calibra ted for 
these shots to Thomson scattering profi les) is shown in f igure 2 for the two 
cases. The sawtooth behavior is markedly different during the early par t of the 
beam pul se. but becomes more similar later. For the central heat ing case the 
sawtooth amplitude becomes larger and the period becomes longer soon after 
the beam power is appl ied. Thi s effect takes longer to develop in the edge 
heating case. Because the elec tron temperature prof i les di ffer by very Ii tt le 
in the two cases (see figure 3), and t his sawtooth behavior is a hi ghly 
reproducible phenomenon, (for example it al so occurred in the shots r epor ted 
in ref. [2).) it seems possib le that the difference i s associated with 
beam-driven current s. r ather than with detailed differences in resistivity 
profiles. Jn t '1e central heating case calculations, the total curre1t profile is 
unaffected by the beam-driven current. since it has essentia lly the same 
prof ile as the ohmic current. However 8% or the inductively dr iven current 
within r = o.~a is replaced with beam-driven current on a time scale or so 
msec, at the beginning o r beam injection. In the edge heating case. the 
beam-driven current is located off-axis. so only 1.5% of the inductively dr i ven 
current within 0.4a is replaced rapidly. and approximately 400 msec is 
required for that core current to drop by a further 3% in r esponse to the 
orr-axis current drive. Thi s is consistent w ith the more modest effec t or 
in ject ion on the sawteeth, and with the observed time delay . -hese result s 
suggest. albeit indi rectly , that the sawtooth cycle is rather del icately 
controlled by the induc t ively-dr iven current density profile. and is sensi tive to 
the presence of beam-dri ven current because it serves to replace destabilizing 
inductjve\y-dr iven current 
* M.l.T. Plasma Fusion Center. Cambr idge. Massachusetts USA 
• U.T.A. Ins titute for Fus ion Studies. Austin. Texas USA 
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The direct electr on hea t transpor t across r = 0.2m (just outside the q = 1 
sur face) due to the sawteeth. determined from fast time resotLtion ECE 
off-axis measurements. was found to be small (< 40 kW for both cases) 
compared to 250 kW (edge heating) and 400 kW (central heating) o f electron 
conduction losses (assuming Xi neoclassical). The sawtooth transport at r = 
0.35m is completel y negligible. 

Transport Analysis The elect ron power balance in these discharges was 
also anatyzed using the TRANSP code. A sawtooth model keyed to the measured 
sawtooth times was used to account for the observed direct sawtooth transport 
in the electr on power balance, and to impose ion sawtooth transport in the 
calculation of Ti (r .t). Anomalous ion thermal t ransport due to Tli modes was 
inc luded i n some ca lculations, us i ng /(jC°r1\·) as derived by Lee and Diamond [1]. 
A cubic threshold function which gradual y "turns on· /(i(Tlil was used. This 
f unction initiates Xi (Tli ) at Tli = 1.5 and reaches full strength at Tli = 2.5. 
Steepening the threshold function so that it reached full strength at Tl i = 2 
yielded very similar results . 

In f igure 4, /( (r ) deduced assuming Xi = /( .neo is shown by the dashed 
t ines, for central anj edge heating. For central heating, Xe< r l is everywhere 
enhanced beyond its ohmic counterpar t. For edge heat ing, Xe(r ) is comparable 
to (or even tower than) ohmic values in the plasma core, but is significantly 
enhanced in the ou ter half-radius . In order to test the robustness of the result 
that the transport coef f icients are different in the two cases, the calculated 
Xe<r.t) from the TRANSP analysis of a central heating case was used as input 
for another run of TRANSP, operated in a mode to predict Te(r,t) tased on 
Xe(r,t). using edge heating beams . The result was that edge heating, given the 
same Xe(r .t) as deduced for centr al heating (and with Xi neoclassical), caused 
no central electron temperature r ise at all, but did induce a significant 
broadening of the elect ron temper ature prof i le. Since the experimental 
observation is that Teo rises with edge heating, and that the electron 
temperature profi le shape if anything shr inks slightly (f igure 3), we deduce 
that there must be real differences in the transpor t mechanisms in these two 
cases. On the other hand, the major difference need not be in t he electron 
channel, as pointed out in our previous work [3]. The calculated central ion 
temperature agrees well with the measured value in the case of edge heating, 
but is much higher (4.5 keV vs. 3.6 keV) in the case of centr al heating. Thi s 
suggests that anomalous ion thermal transpor t may play a rote, and Tli modes 
are a natural candidate for thi s situa t ion where, on the basis of neoclassical 
ion thermal tr ansp:irt, we calculate much more peaked Ti(r) profiles with 
central than with edge heating. Xe<rl calculated assuming Xi = Xineo • /(i(Tli ) 
is shown by the solid tines in f i gure 4. (In the tow density ohmic phase of 
this discharge including Tli effects is unimportant for the electron power 
balance.) Xe(r) is now more similar for the edge and cent ral heating 
experiments. and the calculated T i(O) agrees welt with the measured value. 
Inclusion of Xi(Tl i ) had no effect on Xe in the core region of the edge heat ing 
case. because the hollow heating profile did not dr ive Tli past threshold in this 
region. 

It is interes'.ing to note that the nontinear dependence of /(i(Tlil on Tl\" 
and its large absolute value oyyond threshold, ensures that approx ima e 
marginal stabil i ty (i.e . Tli ::: Tl{rt ) is maintained in these calculations over 
most of the profi le, in the presence of strong centr al ion heat ing. An 
exception to this occurs near the edge, where the temperature dependence of 
Xi<ll t l <X Ti 3'2 allov.s Tli to significantly exceed threshold. As a result the 
marginal stabil i ty "link" from the plasma sur face to the core confinement 
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region is broken. However recent theoretical studies [3] indica te :hat a proper 
treatment or the e f fects of n :z: O radial eigenmodes will further enhance the 
absolute value or J<i(T\\·) (particularly near the edge) thus broadenir,g the extent 
o r marginally stable p asma. This may help to explain the strongly enhanced 
transport in the outer regions or the plasma seen in f i gure 4. as wel l as t he 
apparent strong sensitivity of tokamak energy conf inement in genera l to edge 
recycling conditions and particle confinement. Preliminary calculations using 
/(i(T\ i) from [3] show a st rong sensitivity of core ion temper ature to the 
assumed edge ion temperature and neut ral r ecycling conditions . A task which 
remains is t o t est i f other predictions of rq-driven transpor t, par ticular ly 
particle flows and electron thermal dt ffusivi ty, can be correlated 
quantitatively with experimental observations. The remaining difference in l<e 
seen in f igure 4 may itsel f be correlated wit h T\i-driven tur bulence. The issue 
of momentum diffusion in t hese edge and center heated plasmas is addressed in 
the paper by Scott et al., at this conference [4]. Another topic of possible 
importance is the role or beam ions in the stability of T\i modes, and any beam 
ion radia 1 transport caused by them. 

Conc lusions Central and edge heated TFTR plasmas were analyzed using the 
transport anal~sis code TRANSP. When the effects or anomalous ion transport 
due to T\ i modes were included. the agreement between measured and predicted 
Ti(O) with cent r al heating was significantly improved. Moreover the observed 
resiliency of the measured electron temperature profi l e i n the face of very 
dif ferent heating profiles could then at least in part be explained by a 
theoretically predicted marginal stability mechanism in the ion channel. 
Finally, the dif ferences in sawtooth behavior between edge and central heating 
suggest the poss ibility that the sawtooth cycle is sensitively cont rolled by the 
inductivel y-dr iven current density in the inner region o r the plasma. and is not 
sensitive to beam-driven current. except insofar as it replaces des t abilizing 
inductively-driven current. 

Acknowledgment 
This work supported by DoE contr act #DE-AC02-76-CH0-3072 

References 
[I] G.S. Lee and P.H. Diamond. Phys. Fluids~ 3291 (1986). 
[2 ] R.J. Goldston et al.. Procedings or the European Physical Society (1986) 
[3] P.W. Terry. P.H. Diamond, Sherwood Conference (1987). 
[4] s. Scott et all. this conference. 

Figure Capt ions 
1. Beam and ohmic heating pro f i l es in edge and cent r al heat ing cases. 
2. Time evolution of central electron temperature for edge and central heating. 
le offset by -0.S keV for edge heating case, to separate traces. 
3. Electron temper ature prof iles for edge and central heating, as well as_ ohmic 
t ar get plasma. Note t hat the aux iliary-heated plasmas have 30% higher ne than 
the ohmic plasma. 
4. Electron thermal diffusivity deduced in ohmic phase. and for eGge and central 
hea t ing. Dashed lines correspond to assuming neoclassical ion thermal 
transport , while solid l ine indicate inclusion or /(i(T\il. For each line type the 
higher curve corresponds to central heating, and the lower curve corresponds to 
edge heating. 
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DRIVE CUllllEl\TS 11\ TFTR 

M. C. Zarnstorff, M.G . Bell , M. Biller, R .J . Goldston, B. Grek, R.J . Hawryluk, G. ll ammett, 
H. Hendel, D. J ohnson, D. McCune, H. Park, A. Ramsey, G. Taylor , H. Wieland 

Princeton University, Plasma Physics Laboratory, Princeton NJ 08544 USA 

Introduction: Recent hjgh-con.finement neut ral-beam heated plasmas in TFTR {l] show evi ­
dence of substantial non-Ohrnically-driven toroidal current, even for balanced beam momcnttUTI 
input. The observations are inconsisten t with calculations incluiling only Ohmic and beam­
driven currents, but are consistent with models inclurung the neoclassical bootstrap cmrent. 
The bootstrap current , wruch has not pre,·iously been detected in tokamaks, has the polenlial 
for generating a steady-state tokamak and driving MHD instabilities[2,3], a nd enhancing other 
current drive tech.niques[4 ]. 

Obse rvations: TFTR. is heated by one counter- and three co-tangential neutral-beam lines, 
providing - 20 MW of -100 keV 0° for up lo 2 seconds, and allowing the inpl)t angular 
momenttUTI to be varied by choice of operating beams. Feedback loops control and stabilize the 
pla sma current and the location of the ou termost flux surface. T he plasmas discussed here are 
of the enhanced confinement "supershot" type obtained recently, and have f p = 0.8 - l . l l\'1A , 
Br = 4.8-5.2 T, R = 2.45 m, and a = 0.8 m. With neutral-beam heating power Pa from 10 to 
15 MW, but relatively low net injected momenltUTI (near balanced co- and counter-injection ), 
they typically have T.(O) - 6 keV , T;(O) = 15 - 20 ke V, Z.n = 2 - 4, moderate toroidal rotation 
velocity v.p - 105 m/sec, and very peaked density profiles n. (O) / n. - 2.5. These plasmas are in 
the collisionless regime with v.; < 5 x 10-3 , v •• < w- 1 at the half-raruu s, and have very long 
resistive eqwlibration times (- 5 sec) . The measured diamagnetic f3p .J. - 2, f3 p,0 + 1, / 2 - 3, 
and Shafranov shift- 0.35 m (from Thomson scattering density and temperature profiles). The 
vertical elongation of the outermost flmc surface (as inferred from measurements of the poloidal 
field outside the plasma) decreases from l .05 in the Ohrruc phase to - 0.9 at the end of beam 
heating. Non-balanced momentum injection int.o similar plasmas produces very high toroidal 
rotation veloci t ies (up to 106 m / sec), but lower n, (O), T,(O), and T;(O). 

T he surface-voltage i ', ur is negative for these plasmas during beam heating, even with balanced 
injection for sufficiently large f3p , as shown in Figs. I and 2. Tills has remained t rue for recent 
plasmas where the balanced beam-injection lasted up to 2 seconds. The surface vol t.age is 
calculated from six voltage loops arranged poloidally about the plasma, correcting for the time 
derivative of the flux between the loops and the plasma and the time derivath·e of the toroidal 
flux in the plasma. This voltage is m agreement with that calculated from the numerical time 
derivatives of the poloidal flux contained in the plasma, as inferred from the external poloidal 
field measurements. There is no evidence of rusrupti ve MHD activity, wh.ich has previously 
been found to transiently force v,.r < o. Since 1 P is held constant, in the later portion of the 
heating pulse when the shape is stable the continued expulsion of poloidal flux (V,.r < 0) is a 
rurect inrucation of non-Ohmic currents, from the ruffusion equation for the electric field . 

Analysis: To quanti tatively understand these driven currents, the poloidal flux ruffusion in 
these plasmas has been modeled by the time-dependent 1 ~ rumensional transport analysis 
cod e TRANSP[5]. The code calculates the time evolution of the surface voltage for vari-
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ous assumptions of plasma t ransport and driven currents, using measured t ime-dependent 
plasma parameters. The T. and "• profiles are measured at two times in each discharge by a 
seventy-six point Thomson scattering system. The T. profile is also measured by first-harmonic 
elect ron-cyclotron-emission radiometry, and the nc profile by an array of infrared interferom­
eters. Central and near-cent ral values of T; and v,p are measured spectroscopically, using 
Doppler-broadening of Fe XXV, and Fe XXTV lines. z.u is determined by tangential mea­
surements of visible bremsstrahlung emission and radial x-ray spectroscopy. Zeff is assumed to 
be uniform for most of the calculations. The analyses presented assume that the flux surfaces 
are circular, though subjected to the Shafranov sruft. The effects of the measured flux surface 
deformation are currently being analyzed. T he measured profiles of n. and T. are mapped onto 
the calculated flux surfaces by srufting the respective iso-contours to the flux surfaces with the 
same minor diameter. T ills sruft is typically < 10 cm, indicating good agreement between the 
calculated and experimental flux surfaces. 

Neutral-beam deposition , orbi ting, and thermalization is simulated by a Monte-Carlo 
techn.ique[6]. The T; profile is not measured, but is calculated from the ion energy-balance 
equat ion , asst.Un.ing neoclassical[7] ion heat conduction, classical electron-ion temperature equi­
libration, and a ~rT convective heat flow. The cross-field particle flow r is calculated from 
the continuity equation , the measured density and z,0 , and the calculated beam and neutral 
particle source rates. For an assumed global ion particle confinement time Tp of 0.15 sec, con­
sistent with limiter D0 measurements for similar p lasmas, the beam-particle-source is larger 
than the wall source inside ~a. In the ion power-balance calculation , the ion convective power 
loss is dominant inside ~ a, and is larger than the the neoclassical conductive loss by a factor of 
- 30 inside ~a. T rus analysis has been restricted to plasmas with near-balanced momentum in­
jection , avoiding the complicat ions[B] introduced by the large rotation velocities obtained with 
unbalanced injection. For near-balanced injection , these simulations are in good agreement 
with the measured central impurity temperatures, the measured neutron flux, and magnetic 
measurements of stored energy. 

\r, •• for the pre-beam Ohmic plasma is lower than the value calculated using the other measure­
ments and neoclassical theory [9], but not as low as predicted using Spitzer resistivity (without 
t rapped part icle corrections). To account for this, the conductivity has been increased by a 
factor of 1.5 to match the pre-beam V,... Calculations with the standard conductivity, or 
an initially parabolic Z,ff profile to match V, •• do not show significant differences during the 
beam-heating phase. The electron sruelding of the beam-ion current is calculated including 
trapped particle effects[9], increasing the calculated net beam-driven current. The calculated 
sruelding of the beam-driven current is small , due to the strength of the electron trapping and 
relatively large Zeff· Uncertain ties in Zeff do not significantly affect the calculated net beam­
driven current, due to the electron t rapping. The neoclassical bootstrap current calculation[9] 
includes the effects of impurity ions and finite aspect ratio, but does not include the unther­
malized beam ions. T he calculated bootstrap current has a relatively large uncertainty, due to 
its sensitivity to the unmeasured z.ff and T; profiles. 

Results: As shown in Fig. 3, the measured V,.. is well matched during the beam-heating 
pulse when the model includes both the neoclassical bootstrap current and the beam driven 
current, but does not agree without the bootstrap current. T rus is the case for all eight plasmas 
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analyzed in detail. T he disagreement between the experimental V,., and all the models for the 
fir st 0.2 seconds of beam healing may be due to the initially rapid Aux surface shape change , 
which is currently not included in the analysis. The calculated beam-dri ven-current is non· 
zero, even for near-balanced injection, due to the orientation of the counter-injected beams 
being closer lo perpendicular lo the magnetic field than for the co-injected beams. The sum of 
the calculated beam ( ~250 kA) and bootstrap ( ~ 350 kA} currents does not exceed the total 
current in the discharge (850 kA). T he negative surface voltage is due to the broadening of the 
current profile by the bootstrap current while the total current remains constant. The toroidal 
voltage remains positive on axis. T he calculations also indicate that during the 0.7 sec healing 
pulse, the surface voltage is only sensitive Lo changes in t he current in the outer 0.3 m of the 
plasma, due to the hjgh electrical conductivity. 

No satisfactory alternate explanations of these observations, not invol ving the bootstrap cur­
rent, have been found. In particular, variation of the value of Z,f!, or its profile, does not 
significantly increase the amount of beam-dri ven current , due to the calculated Jack of sig· 
nificant electron shielding current. To replace the calculated broad-profile bootstrap current , 
whose evolution matches the observed surface voltage, by beam-driven current would require 
that some 703 of the calculated beam-driven current Aow in the outer 0.3 m. Since the beam­
driven current is dominated by fast ions that have not slowed down or pitch-angle scat tered 
significant ly, such a spatial rearrangement of the beam-driven curren t by fast-ion transport 
is incompatible with the observed plasma heating and d(d , n)He3 neutron emission . The sur· 
face voltage can be roughly matched, without the bootstrap current , by assuming that the 
atomic cross-sections used in the calculation of beam deposition (primarily impact ionization 
and charge exchange with impurities[lO]) are too small in the 50 keV / nucleon region by a factor 
of 3 to 5, well outside the accepted range[l l ]. 

Summary: Substantial non-Ohmic currents have been found in 1Ugh-,l3p neut ral-beam-heated 
TFTR plasmas, even for near-balanced injection. !Vlodelling of the plasma I ~ •• requires inclu­
sion of the neoclassical bootst rap current. 

We are grateful for discussions with J.D. Callen, H.P. Furth , D. Meade, P. R utherford , and J.D . 
Strachan. This work was supported by the US DOE, contract number DE-AC02-76-Cll0-3073. 
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HIGH- RESOLUT ION INTERFEROMETRY ON TI-!E TEXT TOKAMAK 

S.K . Kim, D L. Brower, W.A . Peebles, N. C. Luhmann . Jr . 

In s titute of Plasma and Fu s ion 
Univer s it y of California. Los 

Los Ange l es, Calif ornia 90024 .. 
Research 
Ang eles 

U S. A . 

A mullich&nnel . h e t erodyne, fer - 1nfr ered lase r intg f e r o!!'e l e r sys l em 
with high spatia l (llx = J .5 cm ) and high phase (lln ,;; JO cm-:.!) re so luti on 
ha s bee n emp l oyed on lhe TEXT t okemaJ.: l o s tudy; ( 1) the tempo r a·I evo lution 
o f t he den o 1t y profi l e (w i th ga s puf f i ng e nd pe ll e t inJec t1 on); (2) d e n s ity 
pro f ile scol1ni: with plas ma paramete r s such a s the curr en t ( 1

0
), tor oidal 

fi e ld (BT ) and density ( iie ); end ( 3) propaga t ion o f d ehs1ly pul s es 
i ntroduced by either an oscilla ting g&s puff o r by MHD sawt ooth acl1v 1ty . 
The l et ter ha s r e s ul t ed in the fi rs t densi t y pu l se propagat i on 1nvest1gal1on 
o f int e r feromdr1 c e lly-mee s ured, Abel-inverted sawtoot h perturbations 
prov1d 1ng e measure of the associated d i ffus i on coef f icient . 

The l>dn-f requenc~· lase r s ource operates al 432 µJn(= 60 mW ) wi th en IF' 
fr equency o f :750 kHz . A schemat ic of the in terf e r omet ry sys l ern is s hown in 
fig . I . Both t he p r obe and loca l osc i I la tor beams ar e expande d in one 
dimens ion v i a parabo li c cylindrical mi r r o rs in o rde r to view t he e ntire 
pl asma cross sec t ion . High spatial sampl ing is ac hieved by a rr&ng ing 
cor n e r - c ube GaAs Sc hot tky- diode mixers in e l inear array (the array h as 
s l ots f o r 29 mixers with mi nimwn spa c ing o f 1 . 5 cm). The system i s 
t ypicel ly operated w1 th ,;; 15 mixers which are spaced acros s the p l asma 
p r o file as lh• experime n t dictates . TEXT i s en ohmical l y- healed tokamak of 
ma 1o r rad ius R=l m and mino r radius a=O 27m ope r ating al 100,;; Ip ,;; 400 kA . 
10 ,;; BT ,;; 2 . 8 T . ecd 1013 ,;; iie ,;; 10 14 cm-3 

lWt< FllE CU:NCY 
NI LASER SYSTEM 

GRATING TUNED HIGH l>ON(R CIJi LASER 

SCHOTIKY 
RffER(NCE 
DETECTCA 

P0t. YETMY LENE LENS ARRA Y 

/' ,..; 
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CORNER CUB[ 
MIC(A ARRA Y 

LOCAL OGCl..LAT~ &AM 

f igu r e I . Schematic of the mul t ichanne l . het e r odyne. far-infrared las er 
in terfer ome ter system. 
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A typi ca l lime history of the plesmo density prof 1le is shown in fig . 
2. Dur ing the start- up phase of the discharge lbe profile is hollo>1· . 
eventuall y b~com ing central ly peaked. The first 100 ms are usually 
eccomp&n1ed by tons ider&ble MHD ac t ivity (Mirnov oscll l &lions ) as the 
dis charge estab l ishes itself . The l&rge gas puff at• JOO ms is us ed lo 
bring the pl& •m& to the des ir ed densi ty . At thi s time the pro fi le becomes 
somewhat flall er due to edge fue l1ng but soon reaches the normal 
porebole- 1 i ke peeked profile . By f1x1ng the cenlr&l chord averaged density 
and varying Ip and BT. the profile scaling with q

8 
is studied. Achieving 

h i gher q,, by ch&r:g1ng Ip or BT resulls in a more narrowly peaked density 
profile as sho"n in Fig. 3. Al low qa. the den s i t y profil e becomes very 
flat al the cenler. In addition , for a fix ed qa, i ncreasi ng the plasma 
density serves lo broaden ne ( r) (see Fig . 3) . The associated changes in 
density sca le l engths al high ne are thought t o be responsible for the 
appearance o f an ion fe a ture, possibly related lo 
ion- temperalure-grad~enl-driven instabilitie s, observed in the density 
fluctuation spectra. 

13 - 3 
•10 cm 

Figure 3 . Scaling of ne( r) with (a) BT , (b) Ip , and (c) ne , where the 
amplitudes are norma li zed . 
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Evid ence for sawtooth den s ity pulse p r opagation is shown in Fig. 4 (a). 
for chords positi oned f rom the pl asma edge to inside the m1x1ng radius. The 
(b.lllpl i lude) normalized, lime-averaged (over = 30 periods). Abe l- inverted 
density s&wtee th are shown in fig . 4(b) . Away fr om the plasma edge. the 
sawteelh exh i b i t en exponential fall-off which is indicative o f a d if fusive 
process. This 1s more clear l y s een in fig . 4(c) . whe r e the sawtooth 
densi t y perturbation pro fil e 1s plotted a l various limes during the sawtooth 
period . ilTlllled 1alely after the crash , a broad pe ak appea r s al r:l9cm whi ch 
even tually c o llapses with no evidence of bal l istic propagation . The 
posi ti on of the stationary peak cou ld be idenl1f1ed as lhe mi ~ ing r adius; 
rm ix = (2) 0 · ~rq= I . The d i ffusive nature o! the dens ity sawleeth is a l so 
support ed by a measured amp l itude f a ll -of f~ r 4 . out s ide the mix ing r adius. 
Source effects compl i cate analys_is f or the edge reg ion. 

(a) (b) 

D.O .25 .& .75 1.0 

Fi gure 4 . Ip = 300 kA. BT = 2 T . TIME 11/-1 
iie = 4 x 10 13 cm-3 , 
( a) line-averaged density traces ; 
(b) ampl i tude-normalized , Abel-
inverted sawtooth lime history ; 
(c) prof 1 le evolution o f sewl oolh 
d ensi t y perturbation . 1.5 •, 
(d) peak tHrJ\'&l t 1me of i nver ted 
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By neglecting the convective term in the continu!ly equation, whi ch can 
be JUst !f1ed for a sawtooth den s ity pulse, end s t aying eway f rom the edge 
(or sour ce) regi on. one can &rr1ve et the simple d1f fus1on equation, an/ a t = 
~ .[ DeVnel· Th en density pulse propagal ion analysis, enalegous lo heat puls§ 
propege t1 on am.lysi~. can be performed (without any ossumpl1ons eboul Te) . 
S l&ndard t versus r plots are sho~~ 1n fig. 4 (d) f or lwo values of ~ . 
The slope ~nd1cales a d1f fus1on coe ff1 c1ent . De = [(Bxs lope) - 1) = B (4) m 's 
for qa = 2.3 (3 .5), which 1s a noma lously large compa r ed l o osc ill a ting gas 
puff measurements . The d1ffus1on coe ff1 c 1ent measured f rom density pulse 
prop&g&l1on is approximately equa l lo the el ec tron thermal diffusivity 
arrived at from her.t pulse &nalys1s. 1.e. De= Xe· This observation. 
together with the strong phase cor relation betwe en density and temperature 
sawleelh. s trongly suggest that the heal tran sport induced by s&wlee lh 1s 
directly coupled with particle transport end 1s not a purely conductive 
process as ts frequently assumed . 

figure 5 . Density profile evolution 
during pelle t 1n1ect1on; 
Ip= 250 kA , BT= 2.B T . 

10 
RAOIUStcm l 

-275ms 
-303ms 
---·353 ms 
'""'409ms 

20 

Recent experiments on TEXT have included pellet injections which 
introduce dramatic changes to the density profile . Preliminary r esul t s 
she.wing the lime history of the ne(r)-prof1le with pellets are shown 1n Fig . 
5. Abruptly after 1niection, e s 1gn1f1 canl increase 1n lhe density and 
profile broedentng ts obse rved . Pellet deposit ton appears to be roughly 10 
cm off axis . E,•enlual relaxation yields a narrow, centrally-peaked profile. 
for this 1niecl1on. lm/ n e = 1 and sawtooth eclivtly is suppressed suggesting 
increased confinement . Correlation between lhe observed changes in ne(r) 
and density fl uctuel t ons will be the f ocus of future experimen t s. 

Thts work is s~pported by the U.S . Department of Energy under con tract 
No . DE-AC05-7BET53043 through subcontract No . UT-1-24120-520 19 . 

1W.A . Peebles, R L. Savage, Jr ., D.L . Brower, S . K. Ktm, T. Lehecka, 
J . Howa rd, E.J. Doyle. N.C. Luhmann, Jr .. to be pub!. in lnt . J . of 
Infrared and Mi! limeter Waves. 
2D.L . Brower, W. A. Peebles, S.K. Ktm , N.C. Luhmann, Jr., W.M. Tang, 

P . E. Philltps, UCLA Institute of Plasma and Fusion Research, 
rep. no. PPG-1056, April, 1967. Also see D.L. Brower el al ., this meeting. 
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COMPHFSS [l)N °'' DE'rACHm PLASMAS 1N Tf'l'I{ 

J. n . Str achan, C. B. Bush, H.P. Fu r th , 8. Grek , n.". Johnson 
D. Mansfi.elrl , S . S . Henley, I) , Muel ler, II. Park , 

J . Schivl'll, G. T"it , G. Taylor , K. L. Wo ng, S. Yoshikaw;o 
Pl asma Physi•~'> Lahora t o ry, Prince t on UnivP.rsity 

PrincP.ton, NJ 08544 USA 

Bo th frP.e-expa nsion a nd detacherl plasm;os separate the p l asma 
houndary f r om the l i.mi te r. The free-expans i. on plasma [ 1 ) occurs when a 
controllP.rl r apiil inc r edse in thP. vP.rtical magne t ic fielrl · inwa relly 
translates a ple.smn i n con tdct wi th t hP. outer l i miter . Th" i ncrease in 
vP.rtic;ol fielrl i s s t o pped when t he pla sma is well -separaterl fr om the 
1 i.1•i ter . The subseri ue n t expa ns ion o f t he r>lasma can he us e d to rliaqnosP. 
convectivP. tr'lnspo r t . The eletdchP.rl plasma (2 , 3] occurs when all the 
input power i s rarliated from the plasma periphery. In thi s casP. , the 
mi.nor radius is determinerl hy the e ne r qv ha l ,,nce (erlge emis-sivitv) (3,4] 
anel thP. rarliati :lg ho11n1lary o f the plasma can he well- removed from the 
limiter . The radia tP.rl powe r is a time- resolved measure o f the enerriy 
a ccoun tahi li ty and , in particular , it is possihle in these plasmas to 
diagnose the ti11e nela y bP.tween transiP.nts in the input power ancl the 
o u tput r a•liative power. Such time rlP.lays are essentially the e ne rqy 
confine men t time. 

I n this paper, r esults arP. rP.porterl from simi.la r TFTR discharqes in 
which a detachP.rl p l asmil underwent a ma j o r radial compression of the 
free-expans i on type . A 2.<;7 m major radius, 0 . 50 m mino r radius , 4. 5 
Tesla , 0 . 60 MA cletacherl plasma was compresserl in major rarlius bv 0 . 25 m 
in a time o f abon t 20 msec. For these discha r ges , the bolomete r 
r arliation pattern '[5], Fig . 1 , indicated that the p lasma remained 
eletacherl during and afte r t h e compressio n . The 25\ in- out asym~etry in 
the peak edge rarli ation (Fig. 1) was no t e vident in the total power 
radiateel (i n versus o u t) indicat i ng a variatio n in the winth of the 
raniating layP.r that was e viden t bo t h before anrl af ter the compression . 

nuring the major radia l compressi on (Pig. 2a ) f r o m 2.57 m t o 2.32 m 
(C = 1 .108), t he plas ma current was progr ammeel t o rise f r om 0 .fiO MA to 
0 . 66 MA (Fiq . 2h) which is the increase expected f r om compression theory 
( 1 J . The t ota l radiated power (Piq . 2c) nearly doub led as a result of 
the compr ession and decayed back to the precompression values 1n about 
150 msec . The peak rarliative emissivity (Fig. 2d ) a l so douhlerl 
indicating a doubling of the pr oduct of the electr o n density with the 
i mp11r ity density i n the r a rliating l ayer in contras t t o the factor o f 
1.51 i nc rease expecterl if both densities we re con trollen entirely by t he 
compression . '!'he minor r adius (as measur erl by the bolometer arra y) 
reducP.rl from 0 . 50 m t o 0 . 44 m (Piq. 2b) instead of to n . 47 5 m as 
expected fro m compressioq theory . 

I n the 150 msec following the col'lpress ion , the e nergy rarlia tP.rl is 
47 kJ more than the ohmic input (Fig. 2b) whi l e theoretically thP. energy 
a clderl to the plasma by the compression was 19 kJ . The principal resu lt 
of the c ompression Wi'IS for t he plasma t o eventually lose near ly 28 k.J 
(or 20\ ) o f its precompr ession energy . The radiative decay duration (an 
expone ntial time constan t of about 60 msec fo r a duration of 150 msec) 
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i s an indi=ation of the energy confinemen t time which b y kinetic 
ana l ysis was 210 msec for the precompression plasma and 140 nsec f or the 
steady-state post-compression plasma . Sinc e the current is p r oq ranmed 
in TFTR , i t is poss i ble that skin currents occur which account f or some 
o f the radiation. 

During the free-expansion phase, the detached plasma dirl not expand 
during the first 150 msec (Fig . 2c ) and then expanded slowly at O.S 
m/sec for another 150 msec. In Ref. [l I, the free- expansion plasmas 
expanded at 7 m/sec and the p lasma boundary encounterert the limiter SO 
msec afte r compression. Overall, the expansion measure ments reported 
here are in sharp con t r as t to those o f Ref. [ l), even though t he 
confinement degradatio n i s simi l ar. This result points out t he 
importance of measuring local rartiation losses for the i nterpretation o f 
free-expansion experiments . 

The hor izontal line-integrated density (Fig. 2a) increased from n~ 
= 4 . 07 x l015cm- 2 to 4.75 x l 0 15cm- 2 as expected by compression theory 
[ 1 1 • Subsequently, n,.,t rte creased about S\ in the first 150 msec and 
somewhat fa s ter thereafter . Since t h e plasma inside t h e rartiating layer 
did not l ose many par t i cles , there was no t significant par tic l e 

Limiter Limiter 
MAJOR RADIUS 

Compression -

F'tG . 1. Isometric display of the bolomete r array rtata . The compression 
occu rre d at J.O s ec. The vertical -'\X i i; i s thP. c hordal rar!iated powP.r . 
The hol low rai1iati o n pattP.rn is charr1.cte:c l .:;t ir:: of thP ci~tilcheci plac:;rna anci 
inrticatPs that nearly 'lll thP. ra<liation arisP<; frnrn " surfacP l ay"!r . 

~~ax-f'lancr<-lns11t1 t fur I' as1naµnys11< 
G : ~ l.un··1on 
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transport across the colrl plasma reqion . The vertically viewing 
interferometer channels [n] can resolve the rlensity in the region 
ontsirle the plasma edge both before ancl after the compression (Pigs. 
3a, d). The density of the colrl plasma in this reqion inc r eases by a 
factor of three . The rlensity just outside the racliatinq layer (Piq. 3a) 
evolved in time like the eclge emissivity (Fig. 2d). The plasma density 
i nsirle the rarl i ating layer was large (> 5 x 1013cm-3 ), poloirlally 
symmetric, ancl time inclepenrlent (Fiqs. 3b,c). 

nne aim of this experiment was to cliagnose the enerqy co~finement 
time of the cornpression heating from the time rlelay of the associa tecl 
rarliative loss . This result was not achieved hecause the total rarliatecl 
ene r gy associatecl with the compression was 2.5 times larger than the 
compression energy rleposi tea in the plasma. We speculate that the extra 
energy was extractecl from the plasma as is consistent with a rerluced 
kinetic energy conten t from 131 k.J to 98 kJ followinq the compression. 
The zero-orrler interpretation of the nO msec time constant of the 
rarliative losses (Fig . 2c) is that transiently there was a 60 msec P.nergy 
confinement timP. just following compression. 
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PROF ILE EVOLUTION AND PARTICLE TRANSPORT CLOSE TO THE ONS3T 
OF SAWTOOTH OSCILLATIONS DURING THE DENSITY RAMP-UP PHASE IN ASDEX 

0 . Gehre , V. Mertens , M. Kornherr , E. R. MUller , and G. Becker, H.S . Bosch , 
H. Brocken , A. Carlson , A. Eberhagen, G. Dodell , H.-U. Fahrbach , 
G. Fussmann , J . Gernhardt , G. v .Gierke , E. Glock , 0 . Gruber, G. H~as, 

w. Herrmann, J . Hofmann , A. I zvozchikov2 , E. Holzhauer1, K. HUbner3 , 
G. Janeschitz , F. Karger , M. Kaufmann , O. Kluber , K. Lackner , M. Lenoc i , 
G. Lisitano, F. Mast , H. M. Mayer , K. McCormick, D. Meisel , H. MurTiann, 
J . Neuhauser, H. Niedermeyer , A. Pietrzyk4, W. Pnschenrieder , H. Rapp , 
A. Rudyj , F. Schneider , c . Setzensack, G. Si l ler, E. Speth , F. S6ldner , 
K. Steinmetz , K.-11. Steuer, s . Ugn i ewski5, O. Vollmer, F. Wagner ,' D. Zasche 

Max-Planck-Institut fur Plasmaphysik 
EURATOM Association, Gar ching, FRG 

Abstract : The evolution of the prof iles of electron density and tempera­
ture, soft X- ray (SX) and bolometer rad iation is invest i gated in ASDEX 
dischar ges close to the onset of sawteeth. For the transition phase t~ese 

diagnostics show the signature of a strong sawtooth-like collapse, which 
removes impur ities accumulated ln the plasma center. A comparison of 
electron density transport before and after the transition i ndicates that 
the bulk plasma transport has not s i gnificantly changed and the observed 
broadening of the density profile is due to the additional relaxation 
mechanism of sawteeth. 

Introduction: The time evolution of the electron density profile ls studied 
i n detail duri ng density build-up in ohmic ASDEX divertor discharges . After 
a flat distribution in the ignition phase , the profile continues to peak 
till sawtooth activity sets in . Following this event, the profile con­
tinuously flattens till the density plateau is reached. 

Di agnostics: The transit ion phase to a sawteeth i ng discharge often shows a 
sudden decay of t he central densit y and a strong broadening of t he profile . 
This behaviour is demonstr ated i n fi gs. 1 and 2 , which s how 3-D- plots of 
vertical density profiles , measured by HCN-laser interferometry / 1/ . In 
fi g . 1 the sawteeth a lready start during the rising phase of the density , 
while fig . 2 shows an even more pronounced onset at the beginning of the 
plat eau, indicated by the sharp decay of the center of the distribut ion . A 
similar decay , after an i nitial peak ing phase , is also observed i n the SX 
radiation. The case of rapid sawtooth onset is confronted with a less 
common one , characterized by a gradual sawtooth development during which 
the density profile shows a smooth braodening and no central peaking of the 
SX radiation is f ound . In case of no sawt ooth developmen t at all, the den­
sity and SX profiles cont inue to peak , generally termi nated by a disruption 
due to a rad iation col lapse. A compar ison of t he temporal development of 
the central SX rad iation for these three cases is shown in fig. J. 

1 Universi ty of Stuttgart ; 2 Ioffe Institute; 3 University of He: ctelberg ; 
4 Un iversity of Washington, Seattle , USA; 5 Inst . for Nuclear Research , 
Swierk , Poland 
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The density p~ofiles reached shortly before a distinct transition to the 
sawtooth phase are characterized by a nearly constant shape, independent of 
plasma current I p• t or oidal field Bt , dip/dt and safety factor q(a ). For 
deuteri um plasmas more peaked profiles are found as compared to hydrogen , 
similar to an investigation made f or the density plateau phase of saw­
teet hing ASDEX discharges /2/. A faste r densi t y rise normally leads to a 
more pr onounced t r ansi tion at broader profiles. 

A 3-D-plot of radial SX profiles measured dur i ng the time window of t he 
t ransition is shown in fig . 4. The strong decay is only seen on channels 
corresponding to the plasma core within the radius of the q=1 surface . This 
radius is identified f rom t he i nversion point of SX and ECE, when sawteeth 
have started, and stays constant within meas urement resolution. The picture 
also shows that the transition does not always occur in a single decay but 
may include a cascade of steps . An Abel inversion of SX channel s immedi ate­
l y before the decay gives central emission values , which are at least one 
order of magnitude higher than bremsstrahlung. Shortly before the transi­
tion bolometer pr ofiles s how the bui l d-up of a central peak ( f ig. 5) , which 
vanishes with t he onset of sawteeth . The electron temper ature profile 
measured by q~asi-stationary YAG scattering before and after the transition 
i s presented in fig . 6. It indicates a pronounced f l attening of t he central 
region during the event. 

IPPl· GHR 296-87 

~ Time e'lolution of the 
electron density profile 
cl ose to the onset of saw­
toot h oscillations, tran­
sit ion to the sawtooth 
regime during the density 
build- up phase. 

IPP3·GHR295·17 

~ As in fig . 1, but with more 
pronounced transition at the 
beginning of the densi t y 
plateau . 
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~ Electron temperature 
profiles measured shortly before 
and after the transition to a 
sawteething discharge, indicating a 
pronounced flattening of the 
central region. 

In summary, the transition to the 
sawtooth r egime shows the signature 
of a strong sawtooth- like col l apse, 
removing metal impurities from the 
center of t he discharge, which have 
accumulated there dur ing density 
build-up. No m• l precU!"sors are 
found, however, and the strong MHD 

activity seen during this phase , which was not studied in detail, does not 
allow to exclude a more complicated instability with higher mode numbers . 
The connection to impurities is supported by experiments , where krypton 
pulses were injected into the plasma. With increasing krypton wntent , 
indicated by higher initial levels of central SX radiation, the onset of 
sawteeth is shift ed to later times and MHD activity during the transition 
increases . At too high impurity content no sawteeth develop and the 
discharge disrupts. 

Transport: Electron density transport has been investigated shortl y before 
and af ter the collapse . Using the continuity equation in cylindrical geo­
metry, fluxes have been calculated neglecting sources. These f l uxes i n the 
pl asma core r egion can be interpreted in terms of a model of el ect r on 
transport consisting of diffusive and convective driving terms: 

r(r)= - D(r) · n ' (r) - n(r)·v(r). 

The f luxes analyzed in the phase without sawteeth and , after the t r ansi­
tion , averaging between sawtooth crashes, could be described by the same 
set of values for D and v. This indicates that the bulk plasma t rans port 
has not significantly changed after sawtooth onset . The observed broadening 
of the density profile is attributed to the started sawtooth activity , 
balancing the counteracting inward fluxes . 

References: 
/ 1/ Gehre , 0 . , Course and Workshop on "Bas ic and Advanced Fusion Plasma 

Diagnostic Techniques", Varenna 1986, to be published. 
/2/ Gehre, 0 ., Becker, G., Eberhagen , A., and ASDEX team, Proc. 13th Europ . 

Conf. on Controlled Fusion and Plasma Heating, Schliersee 1986, EPS 
Europ . Conf. Abstr. 10 C, par t I , p. 220- 223 . 
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PARTI CLE BALANCE IN NEUTRAL-BEAM-HEATED TOKAMAK PLASMAS 

G. Becker 

Max-Planck-Institut fUr Plasmaphysik , 
EURATOM Association , Garching, rRG 

ABSTRACT : The particle balance in H discharges in ASDEX during the steady­
state ohmic and H phases is investigated by means of transpor t simulat ions. 
Profiles of particle sources and outward and inward flux densities are com­
puted . The magnitude and radial extent of the sources due to cold atoms and 
beam fuel ling and the corresponding convective energy l oss are determined. 
It is further s hown that the measured density profiles are not invariant to 
changes in particle source and confinement . Constraints on the electron 
heat diffusivity , the diffusion coefficient and the inward drift velocity 
are derived. An expression represent i ng a lower limi t for the diff usion 
coefficient in the presence of particle sources and inward fluxes is given . 

Introduction: r r om the steady-state energy and particle balance equa·tions 
with neutral inj ection it is possible to derive constraints on the electron 
heat diffusivity Xe • the diffusion coefficient D and the inward drift 
velocity Vin /1/ . Such relations are used to develop scaling laws and are 
applied in transport simul ations. One prerequisite for such studies is to 
know the radial extent of the particle and energy sources due "o neutral 
injection and the corresponding convective energy losses. The Japer deals 
with the part icle sources , particle conf inement and resulting constrai nts 
for transport coeffi cients in injection-heated pl asmas. The topical 
question of density profi l e i nvariance wi th changing particle sources is 
stud ied . Results from transport simulations with modified versions of the 
BALDUR code 12 , 31 are used . The neutral-gas transport is cal culated by a 
Monte Carlo code. The parti cle source due to neutral injection is treated 
by foll owing :he fast neutrals by means of a Monte Carlo code . 

Steady-state Jar t i cl e balance: Sever al discharges exhibiting long plateaus 
of current, density and beta were analysed. The example shown in rig. 1 is 
an H discharge with Ip• 380 kA , ne • 3 .5x1Q1 3 cm-3, Bt • 2 .15 T and PNI • 
3 .45 MW (HO ~ o• , E0 • 40 keV) . The computations are compared with measur­
ed density and electron temperature profiles and with $pJ.. f rom t he diamag­
netic loop. Good agreement is obtained by applying the coefficients /4 , 5/ 

XOH(r) 1.6x l0 16A-:- 112s t n ( r) -lT (r}- 1q( r )-l cm2 s-l ( l ) 
e t e e 

DOH(r) 0 . 4 XOH(r ) (2) 
e 

i n the ohmi c phase and 

x8cr> e 
6 -1 - 1 

2.6x10 r
0
(r) qaBt(R

0
) 

nH(r) a o . 4 X~(r) 

2 
cm 

- 1 
s 

(3) 

(4) 

in the H phase . The inward dri ft vel oc ity is gi ven by Vin (r ) = 0 . 5 D(r) 
rTe(r)-1 cm s-1 , and the ion heat diffusivity used is three t imes the neo­
cl assical values according to Chang and Hinton. The ion mass number i s 
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denoted by Ai. The toroidal magnetic field Bt is in kG , ne is in cm-3 , Te 
is in keV , qa is the cylindri cal q at the plasma radius a•40 c~ and Ro = 
167 cm is the major r adius of the plasma. The quantities rn • -ne/Cane/arl 
and rTe • -Te/CaTe/arl are in cm. 
Under steady-state condi tions the particle balance with anomalous outward 
diffusion and anomalous inward drift reads 

dn 
-o~-vinne=ri + rb (5) 

where r1 and fb are t he f l ux densities due to the ioni sation of cold atoms 
and due to the beam f uelling, respectively. The parti cle balance in the 
ohmic phase is shown in Fig. 2. Since the plasma i s impermeable to cold 
neutral s (~o<<a with mean free path ~ 0 ), the i nter ior of the plasma is 
almost source-free. This gives rise to near ly equal outward and inward 
fluxes, the typical difference being only 10 % of each of these fluxes . Ob­
viously, the main contribution due to r1 occurs outside r • 0.8 a. The de­
tailed r1 pro~ile is given in Fig. 3 . 
Results from transport analysis of the H phase are presented in Fig. 4. It 
should be ment ioned that almost identical results are obtained in L dis­
charges . In contrast to the ohmic phase , the outward flux clearly exceeds 
the inward flux. For r$0.7 a the dominant source is due to beam fuelling, 
while ri still prevails in the edge region. As can be seen , at r• a/2 one 
obtPins Vin ne•fb·-0 .5 D dne/dr. Figure 5 represents a detailed plot of 
rb(r). Comparison with the energy flu~ density Pb(r) shows that the 
average energy per absorbed particle E R Pb(r)/fb(r) • 23.8 keV only 
varies by ±0 . 6 keV over the whole cross-section, so that to very good 
approximation Pb can be set proportional to fb everywhere. 
In ohmic plasnas the convective power loss is only significant in the edge 
r egion , where fi is lar ge . With neutral injection, however , high con­
vective losses Pc • 2 .5 (Te•Til fb also occur in the plasma bulk owing to 
the large part icle source and high temperatures. The ratio Pc/Pb • 2 .5 
(Te•Ttl/E amoun ts to about 30 % at r=2a/3 . With increasing heating power 
t he fraction of Pb lost by convection grows with the temperature sum to 
unacceptably high values , unless Eo and E are correspondingly raised. 
The response of the density profile shape to changes in the particle source 
distribution is demonstrated in Fig. 6 . During the ohmic phase the measured 
density profi l e ls parabolic , while it is more triangle-shaped in the H 
phase. Evidently , the density profile shape is not invariant to changes i n 
particle source and confinement . 

Constraints on transport coefficients with injection heating: General ex­
pres sions for transport coeffi cients are derived from approximate particle 
and energy ba lance equations . Using fi<<rb for r$0.7 a in Eq. (5) yields 

v in -I rb 
D"' rn - n

2
D (6) 

Unlike in the source- f ree case (vin/D = rn-1 ), the ratio v1~/D is here 
determined by the beam-fuelling profile as well, which has to ')e taken from 
code calculat ions . To avoid this disadvantage, we eliminate rb with the 
help of the energy balance. 
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For r~0.7 a the losses due to charge exchange and radiation are negligibly 
small . At injection powers much higher than the ohmic input and negl igi ble 
ion heat conduction one obtains 
qe(r) • Pb(r) - Pc(r ) (7) 
where qe is the flux density due to elect ron heat conduction. With Pb(r) • 
Efb(r) and Pc • 2 . 5 (Te+Ti) fb it follows that 

f b = -[E - 2. 5(Te+Ti)]-1 nex e dTe 
dr 

Replacing the ~article source in Eq . (6 ) yields 
vin I I X dTe .,,r- + [E-2.S(T + T.) ]-~--

D n e 1 D dr 

(8) 

(9) 

This relation holds under stationary conditions for Pott<<PNI and fi<<rb . 
An even s impler formula !s obtained by setting xe/D equal to a constant . 
It was shown above that E is a constant which is usually large compared 
with the temperature sum. The ratio vi n/D can be determined frcm measured 
density and temperature profiles without knowing the beam-fuelling source . 
Using, for ins tance, the approximations ne (r) = ne(O) ( l-r /a1) and Te(r) • 
Te(O) ( 1-r/a2 ) yields vin/D ·(a1-r)-l - const , i. e . the increase of Yin 
with radius i s much stronger than that of D. 
The weak r adial dependence of Pb=Efb in the range 0 . 25 S r/a S 1 (see Fig . 
5) r esults i n qe = -nexedTe/dr ~const (see Eq . (7)) . With the above Te 
profile one t hus obtains Ke ~ nexe •Const and D( r )- xe(r }-ne( r )-1. 
According to Eq. (5) the diffusion coefficient reads D= -(ri+fb+Vinne}/ 
(dne/dr ) . In the case vin=O one obtains t he expr ession 

(10) 

which represe~ts a lower limit, since for given part i cle sources and 
density profile a finite inward flux always corresponds to a h '.gher di f­
fusion coeff icient. The minimum D can al so be given when t he anomalous 
inward flux i s unknown. Equation (10) is especially useful for predicti ve 
code s imulations , because it yields the minimum D values whi ch are abl e to 
produce the measured density gradients . 
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EFFECT OF PARTICLE CONTROL BY A PUMP LIMITER ON CONFINEMENT 
IN JFT-2M 

S.Sengoku, A. E'unahashi, M.Hasegawa,* K.Hosllino, S.Kasai, T.Kawakami , 
H.Kawashima, T.Matoba, T.Matsuda, H.Matsumoto, Y.Miura, M.Mori, K.Odajima, 
H.Ogawa, T.Ogawa, H.Ohtsuka, T.Shoji, N.Suzuki, H.Tamai, Y.Uesugi, 
T.Yamauchi, T.Yamamoto, A.Honda, I.Ishibori, Y.Kashiwa, M.Kazawa, K.Kikuchi, 
Y.Matsuzaki, K.Ohuchi, H.Okano, W.Sato, T.Shibuya, T.Shlina, K.Suzuki, T.Tani 
and K.Yokoyama 

Depar tment of Thermonuclear Fusion Research, Naka Fusion Research Est., 
Japan Atomic Energy Research Institute,Tokai, Naka, lbaraki 319-11, Japan 
*On leave from Mitsubish i Electric Co., Tokyo, Japan 

A pump limiter is shown to reduce the bui ldup of neutral gas at plasma 
periphery in the high density regime resulting to minimize the threshold heating 
power to swit ch a limiter H-mode and to reduce the degradation of energy 
confinement time. 

INTRODUCTION: Enhanced confinement with an H-mode like transition has 
been observed in JFT-2M limiter discharges without strong neutral buildup./ I / 
Such a limiter H-mode is very advantageous to the design of a fusion 
reactor. However, the energy confinement time is degraded o r the H-mode 
terminates when the strong cold gas fuel is in troduced during the beam heating 
phase to rise the plasma density./ l / In this regime, the neutra l gas at the 
plasma periphery begins to build up. In order to reduce the neutral bui ldup, 
a small-scale pump limiter has been applied to the limiter and divertor H-mode 
dis charges. 

EXPERIMENTAL SETUP: In this exper iment, Ti-gettered JFT-2M Lokamak 
is operated with D-shaped limiter (R=I.28m, a=0.32m, K =l .4G, lp=320kA, 
Dt= l.24T) or sing:e-null diver tor (R= I.29m , a=0.27m, K =l.47, lp=230kA, 
Bt= l.26T) configurations (Fig.I). Working gas is deuter ium. Used pump 

Pump limiter 

Limiter 

Divert or 

limiter PL has throats in both electron 
and ion drift side (3.5 cm wide) and an 
expansion chamber (V =78 C ) followed 
by Zr/Al getter pump. The effective 
pumping speed at t he expansion chamber 
is about 800 l/s. The molybdenum pump 
limiter head (2 cm thick) is coated with 
TIC. The direction of ion gradB drift 

Configurations is upside in Fig. I. The pump limiter is 
installed on the top of the torous because 
the enough clearance between the plasma 
and limiter at the outer midplane is 

FIG.I cross-section of the required for the limiter H-mode 
JFT-2N. The limiter (b=O mm) transition ./ I / As a standard case 
and divertor configurations 
at t =0 .8 s are shown. Hatched 
areas are fo~ graphite guard 
limiter and di vertor plate. 

gas-puff va lve is closed just before the 
hydrogen neutral-beam-injection (N BI) . 
/2/ 
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EFFECT OF THE PUMP LIMITER ON 
CONFINEMENT: Figure 2 shows the 
time evolutions of typical parameters 
for the limi ter discharges of medium 
density (line averaged electron densi ty 
of the target plasma fie =3.Sx 1O1 3 cm - 3 

at t=O. 7 s) heated by balanced NB! 
(inj ected power PNBI of 1.2 MW) with 
and without the pump limi ter (solid and 
dashed lines, respectively) . The dist ance 
between the magnet ic sur face intersecti ng 
the inner limiter and t he pump limi ter 
head t. is 3 mm. The stored energy 
W5 increases substant ially at the H- mode 
transition and then decreases in t ime 
corresponding to the beginning of the 
increase in radai ton loss power in both 
the cases (Fig.2 a). The evident 
charges wi th the pump limiter in the 
H-mode phase are the lower recycling 
light near the inner wall, t he faster 
density rise ar:d the slower density profile 
relaxation following quick broadening 
( Fig.2 b). The recycling light near the 
neutralizer plates of pump limiter is 
also reduced in this phase (Fig.2 c ). 
The edge electron temperature inferred 
from the electron cyclotron emissivity 
(Fig.2 d) is sl ightly higher with t he pump 
limiter. 

In the Ohmic heating (OH) phase 
of the limi ter discharges, the global 
energy con finement time TE* is improved 
by the pump limiter at around the criti cal 
density above which the gas pressure 
begins to bui ld up/2/ (ife=(3-4)xl013 cm - 3 

in Fig.3 a). In t he H-mode phase with 
pump limi ter, where the particle intake 
to the pump limi ter is drastically 
decreased (Fig.2 c) , TE* is comparable 
t o the value withou t pump limiter. 
However, the pump limiter allows 
cont inuous gas feed during NB! phase 
and exhibits t he highest nT va lue (a 
data set of open squares over c losed 
squares in Fig.3 a ). Without the pump 
limiter, the attainable n T with the 
continuous gas feed is lower than that 
of the standard gas-pu ff case. 
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FIC.2 Typical time evolutions 
of a )plasma stored energy r~5 
obtained by poloi~al field 
analysis, b)vertica l line-
integrated electron density 
and recycling light near the 

inner "all I Ho/Da (IN J. c JI Ha/Da 
near the neutralizer plates 
of the pump limiter (PLJ and 
d)electron cyclotron emissivity 
I ECE proportional to the edge 
electron temperature for the 
limiter discharges "ith (-- ) 
and "ithout (----) pump limiter . 

[ ( LJ for r~5 of an L-mode 
discharge, H and L for t he 
II - and L-mode phases, Op for 
tl1e gas-puff program, !':.=3 mm] 
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FI G.4 Time evolutions of the line 
integr ated electron densities and 
the edge IECE of the limi t er 
d ischarges with ( -- ) and withou t 
( --- -) pump limiter with PNBI of 
0 . 59 Ml'/ and 0.68 MW, repectivel y 
fne= J.9xl0 13 cm- 3 at t=0.7 sJ. 

1 n the di ver tor H-mode discharges, 
we also observe the similar effecL of 
t he pump limi ter with 0.8 MW 
co-injection while t:, is about 3 cm from 
the separ atr ix surface (mechanical limi t ) 
as shown in Fig .3 b. 

EFFECT OF THE PUMP LIMITER ON N EUTRAL BUILDUP AND THRESHOLD 
POWER: Figure 4 shows the line integrated elect ron densities and the edge 
1 ECE compari ng t he cases with and wi thout pump limiter with P NBI close 
to the threshold heat ing power to switch t he H-mode Pth for the limi t er 
d ischarges (the target plasma densit y ne=3.9x 10 13 cm-3 where the neut ral gas 
builds up wi thout pump limiter and does not wi th pump limiter). The pump 
limiter suppr esses t he increase of the density during t he L-mode phase as shown 
in Fig.4 and, t herefore, allows higher edge temperature at the pre-transition 
sawtooth peak, wh ich triggers t he H-mode, wi th decreased heating power by 
about l OOkW. This can be related to the reduct ion of neutral buildup by 
the pump limiter. 

The neutral bui ldup at the OH phase increases 
in the without pump l imiter case ( Fig.5 a and d). 
limiter, Lhe non-bui ldup region is extended as shown 
pressure with to wi thout pump limi ter (hatched region in 

Pth as clearly shown 
By applying the pump 
by the ratio of t he 

Fig.5 b ) . In Lh is 
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ex t ended region, the e lectron temperature at the pre-transition sawtooth peak 
is higher wi th pump limiter even though wi th lower PNBI ( Fig.5 c) . The Pth 
with pump limiter is well decreased down l o the value of non-bui ldup phase 
without pump limi ter ( Fig.5 d ). Further access or t he pump limi ter to the 
plasma gives further extension of t he non-bui ldup region (dashed line in 
Fig .5 b). The H-mode still appears with fJ. = -12 mm and PNsr= l MW. 

CONCLUSI ONS: The effect s of the 
small-scale pump l imi ter on T E* or nT 
are not so drastic. I t is, however , 
clear ly shown t hat t he par t icle control 
by a pump limiter reduces the neutral 
gas buildup resul t ing to t he reduction 
of t he required heating power for the 
limiter H-mode t ransition as well as to 
the increase or n T values of the lin:iter 
and divertor H-mode discharges. 'fhis can 
expand the operational regime of the 
H-mode. We observe the limiter H-mode 
t ransi tion even if fJ. is sufficiently 
negative. This means that the pump l imiter 
is compatible to the H-mode discharges. 
The resul ts obtained here give a guide 
line to the future large-scale pump limiter 
experiments. 
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FIG. 5 a }Peripheral deuterium 
neu tral-pressure P 02 just before NBI 
(t=0 . 7 s) measured by a magnetically 
shielded quadrupole mass spectrum 
analyzer,/2/ b)the ratio of P

02 
1Vith 

to IVithout pump limiter, c)I ECE at 
the plasma edge (a bar corresponds 
to the top and bottom of the sa~ooth 
oscilation at t he pre-transition ivith 
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CONFINEMENT ANALYSIS OF AUXILIARY HEATED JET DISCHARGES 

K Thomsen+ , V Bhatnagar++, J D Callen* , J P Christiansen , JG Cordey , 
M Evrard++, D Gambier**, N Gottardi , T Hellsten, D G Muir , P J Lomas , P 

Smeulders , P R Thomas 

JET Joint Undertaking , Abingdon , Oxfordshire , OX14 3EA, UK 
+Ris0 National Laboratory , Denmark , ++LPP-ERM/KMS, 1040 Brussels , Belgium, 

*University of Wisconsin, Madison, WI 53706 , USA , 
**CEA , Fontenay-aux-RosP.s , France 

1 • INTRODUCTION 
Up to 9MW of neutral beam heating (NB!) and up to 7MW of ion cyclotron 

resonance heating ( ! CRH) and up to 16MW of combined heating have been 
applied to JET discharges . In NB! experiments , both H and D beams have been 
injected into D discharges . !CRH heating scenarios with H or 'He minority 
ions in D discharges and H minority ions in 'He discharges have been tried . 
This paper reports experiments in which the plasma was limited by an out­
board limiter or the inner wall . 

The dependence of stored energy W on total input power P is approxi­
mately the same for all combinations or heating methods (ie , the degradation 
of the global energy confinement time TEis approximately independent of 
heating method) . Power scans at constant plasma current Ip show that the 
best data representation is a scal ing with W increasing linear~y with P 
(offset linear), in which the slope 6W/6P is the incremental confinement 
time , Tine · \·Jhereas W clearly increases with IP for fixed P, the scalin·g or 
Tine with IP. is not as apparent . This is mainly due to the lack of 
sufficient data with fixed plasma parameters. The plasma dens:ty n 
increases both with I and additional heating power, which makes it 
difficult to perform groper power scans at fixed density. A scaling law for 
W was obtained from early NB! results at I = 1 , 2 and 3MA using standard 
regression techniques . This showed Tinc[s~ = 0.047 I [MA] [1] , which when 
applied to all data exhibits a substantial scatter . ¥he scatter in W versus 
P for fixed c~rrents is thought to be due t o differences in the power 
deposition and radiation profiles, and in density . 

A way of including these effects in analyses of confinement properties 
has been proposed [2). There is strong evidence that the energy transport 
is diffusive [J] . By assuming that the heat flux i s given generally by heat 
conduction plLs convection in the form g = - nxVT + Sconv• the heating 
effectiveness n and the ideal incremental confinement time T have been 
derived . Thus an effective power input , Perr = nP , can be c~lculated from 
power deposition profiles and radiation profiles for a certain form of the 
heat diffusivity X· The incremental confinement time can be written as Tine 
- nTx · Results from analyses utilising this method will be discussed. 

2. DENSITY SCAN WITH NBI 
A closer examination of data scatter from NBI heating experiments (0° 

into o•i at fixed IP - 3MA a nd BT = 3. 4T reveals that T~nc is decreasing 
with increasing density. At low density (n < 1. 7 x 10 1 m ') Tine • 0 . 28s , 
while at high density (n > 1 .7 x lO"m-•) Tine • O. 14s as shown in Fig 1. 
We have analysed these data in two steps with a constant n and x model . 
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profile effects using a constant x model and are shown i n Fig 4. A 
regression analysis yields tx[s] = (0 .1 2 ± 0 .03) IP [MA] . Ever. though the 
change from total input power P to Perr increases the slopes of the lines 
substantially , there is still a non-zero offset , (ie , W • tx Perr+ W(O) with 
W(O) > 0). 

6. CONCLUSION 
Analysis has shown that the observed dependences o f incremental 

confinement time tine = ntx wi th density and resonance position are mainly 
due to power deposition profi l e effects on th e heating effectiveness n. The 
data scatter is great l y reduced when corr ected for radiation losses . After 
correction for both radiati on and heat ing profile effects ICRH results show 
an improvement in t X wi t h pl asma current. However, t his is still not as 
strong as the NBI and combined heating data which s how tine • tx ~ IP . 
Future higher power and current experiments should clari fy this dichotomy . 

7 . REFERENCES 
[l] Cordey JG e t al, IAEA-CN-47/A-II-3, Plasma Physics and Controlled 

Fusion , Kyoto, Japan , 1986 . 
[2] Callen J D, Christiansen J P, Cordey J G, Thomas P R, Thomsen K, JET 

Preprint P(87)10, submitted to Nuc lear Fusion . 
[3] Tubbing BJ D, Lopez-Cardozo N J , JET Report R(87)01 . 
[4] Jacquinot J J et al , IAEA- CN- 47/F-I-1, Plasma Physics and Controlled 

Fusion , Kyoto , Japan , 1986 . 
[5] Bhatnagar V P et al , this Conference . 

Fig 1: W (magnetic) vs P from NBI 
experiments (3MA , 3 . 4T) with 
corrections due to heating profile 
effects (B) and radiation losses (A) 
indicated. 

Fig 2: tine (diamagnetic) vs 
normali sed plasma radius from On/Off 
axis !CRH experiments ((H)'He , 2MA) 
with n - t (l-p 2

)
2 shown by the 

solid l ine~ 

Fig 3: W (kinetic) vs P with and 
without corrections from ICRH 
current scans (('He)D , 5MA , 3 . 4T and 
(H)'He , lMA , 2 .2T) . 

Fig 4: a) W (magnetic) vs P from 
current scans with combined heating . 
The symbols ar e defined in b) where 
W (magnetic) vs P corrected for 
heating profile effects are shown 
for the same data set . 
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o Low Densily 

• Hgh Density 
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The penetrat i on depth of the neutral beams decreases with increasing 
density , which means that the power deposition profiles are less peaked than 
the ohmic heating profile at low densities while they are quite flat at high 
densities . The correction due to different heating effectiveness n of the 
d i ffering deposition profi les are indicated by the letter Bin Fig 1. The 
remaining difference in slopes di sappears when the e f fective power lost by 
radiation is also taken into account (letter A in Fig 1) . The offset W(o ) 
is differ ent for low and high density (0 .5MJ and 0.9MJ) while t X is 
i ndependen t of density (0.57s) . 

3. ON/OFF-AXIS HEATING WITH ICRH 
Narrow power deposition profiles (6r S a/5) have been observed in 

experiments with I CRH heat ing of minori t y ions [4) . By modelling the 
heating profile with a 6- function located at the minority ion cyclotron 
resonance pos!tion, information about the heating effectiveness n can be 
obtained from experiments in which the resonance position was vari ed . The 
variation of : inc with the heating resonance position rh is shown in Fi g 2, 
for 'He-plasmas with H minority ions at IP • 2MA (using different 
frequencies 28 . 4 - 37.2MHz and toroidal f ields 1 .7 - 2.35T). 

An attractive f eature of these exper iments was t he low level of 
radiation experienced in 'He-discharges , in which corrections for radiation 
losses could be ignored . The ICRH heating effectiveness depends on rh . To 
expla i n the variat ion of 'inc shown in Fig 2 , it is necessary t o introduce a 
x that increases with radius. With x = x0 /(1 - r~/a 2 ) , the model gives 
n(rh) • (1 - rh 2 /a 2

) 2 , which is shown by the dashed line in Fig 2. The mean 
value of 'inc for on-axis heating has been used for 'x (• 0 . 2s) . 

4. CURRENT SCANS WITH ICRH 
All ICRH scenarios give similar confinement scal ing properties . 

Si milarly , the toroidal field plays a minor role in the scaling of 'inc · 
The immediate conclusion from power scans at different currents is that 'inc 
- 0 .2 sec and independent of Ip . 

The poloidal and paramagnetic corrections to the vacuum field are much 
lar ger than originally anticipated . Thus, especially the 5MA experiments 
can be regarded as off-axis heating experiments . Using the heating 
effectiveness n = (1 - rh 2 / a 2 ) 2 in Sec 3, the power input has been corrected 
for heating profile effects and have greatly i mproved the 5MA data (see Fig 
3) . A scaling with 1 «I 0

. • was obta i ned , after correction [ 5] . Fina l ly 
correction of the 1 aAd 5MR data f or radiation losses provide a further 
improvement of 1 (-0 .37s ) at 5MA and the 1MA r esults were only sl ightly 
changed to 1 - ~ . 1 9s , (see Fig 3) . The radiat ion correction to the other 
the data rem~ins t o be carried out. However, the lMA data still seems 
better than would be impl i ed by the 'x « Ip scali ng derived from the NBI 
data . 

5 . CURRENT SCANS WI TH COMBINED HEATI NG 
Comb ined NBI and ICRH heat ing up to 16MW has been successful in 

increasing t he t otal s tored plasma energy . Power scans at different 
currents have shown an improvement in 'inc with increas i ng c urrent . These 
results have been corrected for rad iation losses and power deposition 
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ELECTRON HEAT TRANSPORT IN TOKAMAKS 

P H Rebut, ML Watkins and P P Lallia 
JET Joint Undertaking , Abingdon, Oxf ordshi r e , OX14 3EA, UK 

1 . INTRODUCTION 
Earlier work [1 -4 ] on the r ole of the magne tic field topology i n 

determining tokamak behaviour , such as anomalous elect ron heat conduction 
and degr adati on of conf i nement with additional heating , rel ies on an 
equilibr i um being established between laminar surfaces , magnetic islands 
and ergodic domains i n a plasma . This concep t leads t o a change in the 
plasma behavi our when the interaction of sets of magnetic isl ands produces 
a surrounding er godised reg i on . An analysis, based on t he non-dimensional 
struc tural parameter s which describe the dominant physical processes and 
the non-d i mensional shape parameters which generally describ~ the geometry 
of the plasma or i ts compos i t i on , is summarised in Section 2 . This 
analysis can be i nterpreted in terms of a cr i tical temperature gradient , a 
specific for~ of which (together wi th the heat f l ux wh i ch results when 
th i s gradient is exceeded) is consistent wi th a plaus i ble physical 
mechanism for the s us ta inment of the magnetic i slands . This nechan i sm 
relies on the direc t ed kinetic energy of electrons compensati ng the 
r es i stive di ssipation of the induced currents needed t o maint ain t he 
topol ogy (Section 3) . The resulti ng model i s fo und to agr ee with · J ET 
experimental data i n terms of t he global scaling of the stored e l ectron 
energy (Sect:on 4 ) and the detailed profile analysis usi ng trans port code 
simulat i ons of JET discharges (Sections 5 and 6) . 

2. DIMENSIONAL ARGUMENTS 
Heuristic scaling laws have been derived on the basis of non­

dimensional ~arameters [3] . The dominant physical pr ocesses are descr i bed 
by normalised structural parameters represen t i ng the plasma pressure , a. 
the res i stivity , 6, the power f low, 9 and t he diamagnetic thermal drift 
speed, Q. Granu l ar and relativistic effects are ignored for the present 
discussion . Taking account of the number of independent variables which 
can be constrained externally , a single r ela tionship must e xi s t between 
t he parameters . This must be of the general form : 

<P(ll , "' · 11) where 

and 

l' 
<P- ~ 

Q • (2me /kT)(k\1T/eBt)2 
( 1 ) 

appl icabl e to all tokamaks and , given t he geometric and magnetic 
configurat i ons , the input power and the plasma density , serves t o def ine 
the plasma temperature . The ohmic hea t i ng power can be wr i t :en as ~ • l'.16 
and in ohmi cally heat e d plasmas equation (1) becomes 

g( a. "' · ol 0 (2) 
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JET experimenta l results strongly suggest a large resilience to 
changes in the electron temperature profile in the conduction zone. It ls 
therefore reasonable t o interpret equation (2) mainly as defin i ng a 
cr itical t emperature gradient. We propose that: 

0 (3) 

We suggest that this form for the critical temperature gradient 
applies f or all forms of input power. Of course , with strong heating, 
further departures from the critical temperature profile are t o be 
expected . We- propose as a f orm for equati on (1): 

a • O,Y.z ••• (4) 

where ~neo represents all the normal heat losses through the electron 
channel and H ls a fun ction which ls zero (or unity) for o <(or >) !le · 

3. PHYSICAL MODEL 
Consistent with the concept of a chaotic magneti c topology involving 

small magneti c islands being responsible for the transport properties, we 
present a plausible argument to def lne the temperature gradient and the 
electron heat flow. The power balance -between the directed kinet i c energy 
of electrons and the resistive dissipation of the induced currents, :r, 
needed t o maintain the magnetic topology of the islands may be expressed: 

E j aerg L (5) 
or 

(6) 

where aerg ls the cross- section of the ergodic magnetic flux and L is the 
length needed to cross one chain of islands . Thus t he temperature 
gradient is related to the overlapping parameter Y. For low 
collisionallty, Y exceeds a cer tain critical value, Y

0 
- 0 . 9, in which 

case equation (6) reduces to equation (3). The heat flux is t hen: 

F = - v ~\the nekllTe (Y - Y0 ) + Fneo with Y = 'lc 17Te/170 T (7) 

ls related t o the interspace between the chain of islands and v ls a 
numerical factor. Equation (7) could be written in the f orm: 

(8 ) _ 

Specifically, a • 0 gives the following expressions for 17
0

T and x: 

(9) 

where "c • 3.5 and "H • 4.0 with E in vm-•, Bt in T, ne in 10 1 •m- • and Te 
in keV. These expressions are used in Section 4-6. However, a more 
suitable form for equation (8) may be with Yo « (17Te/2eBt)q 2 / q'/vthi 
(corresponding to a= Y,). 
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4. GLOBAL SCALING 
Expressed in terms of the input variables of electron density, ne • 

toroidal magnetic field , Bt • plasma current , I (MA), the average size of 
the plasma, 1, and the input power, P (MW) (independent of the heating 
method , namely , ohmic , NBI or ICRF), the global electron energy content , 
We (MJ), can be deduced f rom equations (3) and (4) and written as : 

W •a z1l•n ,/ ,s1/211 /21 • •/• !1 +a M1 /2 p ]Yi (10) 
e 1 e 2 ne• l•z•/261 ,;2 

M is the atomic number and z i s the effective char ge . From a regressional 
fit to about 1200 dat a points f rom JET limiter dischar ges, the coef­
ficients a, and a 2 are f ound to be respectively 2 . 3 x 10- 2 anc 3 . The 
comparison between t he fi t t ed and cal culated values is shown in Fi gure 1, 
where the range of the experimental conditions is also shown. A more 
refined treatment requires t he direct simulation of the plasma profi les . 

5 . SIMULATION OF ELECTRON ENERGY TRANSPORT 
A simplified 1-D electron energy transport code which uses equations 

(8) and (9), ohmic and additional input power and experimental density 
profiles (but ignores ion transport and radiated power) has been used to 
compare computed and experimental data. For two values of the plasma 
current the compariso~ in terms of the global energy content is shown in 
Figure 2. Simulations also show the possibility of a pedestal in the 
electron tem perature when a high shear is introduced at the eage , thereby 
s imulating an H-mode . 

6 . FULL TRANSPORT CODE SIMULATIONS 
A range of JET discharges has also been simulated using the above 

model for electron transport (equations (8) and (9)) in the 1-1/20 
predictive transport code , ICARUS. Other features of the model are 
basica lly those used previously [5] . 

Computed electron temperature profiles are compared with the 
experimenta l ones after the collapse of the sawtooth in various ohmic 
di schar ges wi th different electron densities and currents (Figure 3) . 
Other characteristics of the discharge , for example , ohmic power , radiat ed 
power , conf inement t i mes , are also well represented. 

With neutral beam injection the observed degradati on in confinement 
is obtained without changing the transport model . The electron tempera­
t ure profiles at the end of the ohmic phase and the L-mode are well 
simul ated , as also is the temporal behaviour for the central electron 
temperature during the transient between the OH and L-mode (Figure 4) . 

7. CONCLUSIONS 
A model for electron heat transport in t okamak plasmas whi ch in a 

single formulat i on accounts for both the anomalous behaviour in ohmic 
plasmas and the degradation of confinement wi th additional heating has 
been ·proposed . Some shape parameters (such as, Te/Ti , r/R, TVn/nVT) are 
possibly hidden in the evalua tion of v

0 
and vH . While this flll)dP.l does not 

yet have an es tablished theoreti cal basis, it is nontheless C<Jnsistent 
with the theory of ergodic magnet ic fi elds and JET experimental results . 
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ION ENERGY TRANSPORT IN JET DISCHARGES 

G. Bracco+, M. Brusati , S. Corti , F. Rimini, F. Romanelli+ 
C. Sack, A. Taroni , F. Tibone , V. Zanza+ 

JET Joint Undertaking , Abingdon , Oxon ., OX14 3EA , UK 
+Associaz i one ENEA-Eur at om s ulla Fusione , Frascat i, Italy 

Introductior. 

Simulation of JET experimental results with predictive transport codes 
have always shown a tendency to requ ire r ather large (3-8) "anomaly 
factors " for the neoclassical ion thermal conductivity Xineo in order to 
repr oduce the measured central value of the ion temperature Tio [1] . 
However , no firm conclusion on the rad i al (no t t o ment i on the functional) 
dependence of x i was possibl e in the absence of reliable measurements of 
Ti -profiles . 

Interpretation of passive charge exchange (NPA) data has l ed to the 
de t ermi nation of JET ion temperature profiles [2] in both ohmic and 
auxi l Lary heated discharges at low and moderate density [ii~ 2x 10"m-•]. 
These discharges have been analysed with an i nterpretative transport code 
(JICS) and simul at ed with a predictive transport code (JETTO) in or der t o 
assess bot h magnitude and r adial dependence of Xi · The anomalous character 
of Xi has been confi rmed and results are similar to those reported for 
Doublet III [3] . A revised expression of Xi based on ncmodes has also 
been deri ved and its r ange of validity assessed . 

Interpretative Code Analysi s 

In this analysis, Xi is de rived from the ion energy balance equation 
where the experi mental profiles of ion and elect ron temperatures and Zerr 
are s uppl ied as input . A fundamental assumpt ion , a dopted also in t he case 
of predict i ve code simulations , is that the e l ect r on-ion energy coupling be 
classical , with impurit y corrections t aken into accoun t vi a Zeff ' Only 
ohmic and RF heated dischar ges have been considered so far , since in these 
cases a reliable Ti profile is provi ded by the NPA diagnostic under the 
assumption that t he depar t ure of the ion dis tri buti on func t ion fr om thermal 
is negligible [2 ]. RF power deposition profiles are also glven as i nput 
data to J ICS when required and have been computed by means of a ray tracing 
code [ 4] . 

The ion heat d iffusi vity Xiexp derived from JICS at r • 0 . 6 a for a few 
representat ive cases l s shown i n Fig.1. The values are in the range 
(1 - 3Jm 2 /sec , also typica l f or Xe in the s ame cases . Both the numeri cal 
value of Xi exP.and its radial dependence are different f r om Xineo [5 ]. Th i s 
is il l ustrat etl by Fig .2 , where t he ratio Xiexp/Xi reo is shown as a function 
of radius for one repr esentat i ve case. The va ue Xiexp/ Xi neo in the so­
called conf inemen t zone (0 . 3 ~ ~ ~ 0. 7) varies from 5 to mor e than 10 . 

a 
The scat t er i n the data reflects the uncertainty associated with the 

experimen t al val ues an d the numerical determi nation o f VTi, and not 
surprisi ngly it becomes very large in the e xternal region . 
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Predictive Code Simulation and Theory 

In the predictlve approach t o the problem of determining Xi• various 
models for >.i are introduced in the code and the resulting ion temperature 
profiles are compared with the experimental ones. In the examples 
consldered here all the relevant quantities are either slmulated by the 
code well wlthln the experimental error bars (e . g. Te , see (6]) or taken 
from JET data banks to which the JETTO code ls llnked (e . g. radiation 
profiles). This ensures that uncertainties in the modelllng of other 
phenomena do not affect the determination of Xi more than experimental 
uncertainties. 

Results from the predictive code confirm the findings of the interpret­
ative code . In partlcular , it ls clear that at least a t low density 
(n • 10' •m- •) the usual approach wi th Xi Q axineo • a • 5 does not allow a 
good simulatlon of JET Ti profiles , either in ohmic or in RF heated 
dlscharges . A typlcal example of results ls shown in Figs . 3, 4. The same 
figures show that better simulations can be obtained with Xi • Xe• Xe being 
an electron thermal conduct! vi ty that allows reproduction of Te-profiles 
(6] . Such a choice for Xi has been found to determine in transport codes a 
central value of Ti and an ion energy content consis tent with experimental 
observations also in cases at higher density where no Ti proflle ls yet 
available and the usual approach x1 = a Xineo cannot be excluded . 

Comparlson of these results on x1 in JET discharges , characterised by 
rather flat density profiles , as well as those reported in other devices 
(e . g . (3)) with theoretical models suggests that a major role in deter­
mining x1 could be played by the so-called 111-mode (11 1 • dln Ti/din ni) . 
Previous tests on an expression of Xin· fai led in reproducl~g ion thermal 

fluxes available at the tlme in JET [7~. The derlvatlon of x
1
· has been n· 

recently reviewed (8] leading to a reduction of the coefficient\1 used 
n1 

in (7) . In addition , a theoretical expresslon of the threshold 'llc for the 
instablllty derlved i n [8 ) has been introduced in place of the assumption 
11 i c • cons t • ( 1- 1. 5) . 

The new expressions in the code are : 

f 
Ti \<: n ic) '/., 2 . 6•10' 0 
- · n1 'f(l - -- En · 
Bt' n1 

Here s tandard notatlons are used [ 8 ) , b1=0 . 1 and n 1 ·0 .8E~nZfl1-n 1 cln 1 ) . 
f . (l-11ic/111>Yz is derived in [8) for lli ~ l11c=l • 2 . S(cn-0 . 2) if En > 0 . 2 , 

Il ic = 1 elsewhere (f • O for ni < nic>; En s ('79.nn)-i/R and a ls a numerical 

coefficient to be determined from simulations and hopefully close to 1 . 
Results from the code show that reasonable lon thermal fluxes and Xi 

values are obtained in all tested cases inside the so- called transport 
region if a• 0. 5-1 . 0 . However , central values of Tiexp requ ire that Xini 

should not be switched off when ni falls below nic · This happens mainly in 
the central region where Ilic becomes rather large (,?4) . An empirical 
working prescription seems to be to re~lace the threshold function 
f[ 1 - n1cln 1) with a functi on (n 11n1c) , B • 1-1.5. 
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In the external region the available experimental information , albeit 
less reliable than elsewhere , does seem t o require a Xi increasing with 
radius. Th is i s not consistent with the Ti dependence of ~ini and would 

require some further modification to Xi or an additional mechanfsm at 
n i 

work. Results of simulations with Xi are also s hown in F'igs . 3 and 4. 
ni 

Conclusions 

Results of interpretative and pre di cti ve transport codes show that both 
the magnitude and t he functional dependence of Xi neo are not consistent 
with the available experimental profiles of Ti (and Te) at least at l ow 
density . 

A better t erm of comparison than Xineo for Xi seems to be the electron 
thermal conductivity; xi· Xe is general ly a better prescription for JET 
simulation than x1- 5 Xineo• especially at low density. 

Reasonable results for Ti in the central and intermediate plasma region 
are pr ovided if Xi • Xineo+ Xin i is used in a transport code ; Xini needs, 
however, some modifications from the theoretical expression derived in 
[8]. 
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HEAT TRANSPORT IN JET 

M. Brusati, A. Galway , H. Hamnen, F. Rimlnl , T. Stringer 
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Introduction 
A number of JET pulses , representative of the different regimes of 

operation, have been analysed using the l~D time dependent JET transport 
analysis code, JICS . This evaluates the components of the electron and ion 
energy equati ons in flux surface coordinates , using as input the experi­
mental profiles of electron density and temperature , from far-infra-red 
interferometry (FIR) and electron cyclotron emission (ECE) respectively , 
the effective Z from Bremsstrahlung, and the ion cyclotron (ICRH) and 
neutral beam injection (NB!) power deposition profiles computej from ray 
tracing and pencil beam codes respect! vely . · 

When the bulk ion velocity distribution is thermal , its temperature 
profile is obtained from the neutral particle analyser (NPA) olagnostlc , 
and the local ion diffusivity Xi is then calculated directly from energy 
balance . When the majority ions have a high energy tail due to neutral 
beam slowi ng down , the central value of the ion temperature ls provided by 
X-ray crystal and/or charge-exchange recombination spectroscopy . The 
profile is then evaluated assuming x1 - cx/ne • and adjusting its ai)solute 
magnitude iteratively to produce satisfactory agreement between the 
resulting total stored plasma energy and the stored energy measured by the 
diagnostic locp . 

Of the OH and !CRH pulses only those for which the NPA ion temperature 
profile is available have been analysed . The philosophy was to concentrate 
on a limited number of pulses which are fully diagnosed , rather than 
including a large number of incompletely diagnosed ones . Because of the 
limited number of pulses , the behaviour illustrated may not be 
representative of the full range of operation of JET . The conclusions 
reached are therefore preliminary. 
Resul t s 
~ temperature profiles show a fair degree of "profil e consis t ency". 
In Fig . 1 T~ ' dTe/dr , measured at 60% of the plasma radius , is plotted 
against the input power to the electron, divided by the electron density, 
for a number of additionally heated plasmas . The temperature gradient was 
extracted from the ECE data without smoothing, and so is sens itive to small 
random variations in Te. Despite the considerable variation in the energy 
deposition profile , between on- and off-axis ICRH, NBI, and combined !CRH 
and NB!, and a variation in q from 3,5 to 9 , the variation in the relative 
temperature gradient is surprisingly small . Similarly , there is no clear 
dependence of T1-· dTi/dr on the input power to the ions, though the 
scatter is now greater . Thus the ions may also show profile consistency . 

Quite generally , the electron and ion thermal diffusivities derived 
from JICS are comparable in magnitude . The ion diffusivity shows no 
correlation with neoclassical theory , as found also by Bracco et al ( 1 ] . 
It is almost an order of magnitude larger and its radial variat ion and 
parameter scaling appear to be d i fferent . 

The electron thermal diffusivity ls shown as a function of radius in 
Fig . 2 , for typical ohmic and ICRF heated steady state plasmas . Most of the 



178 

RF-power goes into the electrons, either due to direct damping of the wave 
on the electrons , or as a consequence of collisional powe r transfer from 
the high-energy minority ion tails . Examples of on-axis and off-axis ICRF 
heating are shown. In the on-axis case , the thermal diffusivity exceeds 
that for the ohmic case over the entire plasma cross section . In the 
off-axis case however , the diffusivity is lower inside the RF deposition 
layer and higher outside , thus maintaining virtually the same temperature 
profile shape . (The reason for the overall lower levels of the 
diffusivity in the off-axi s case as compared to the on-axis, is the higher 
radiation in the former) . A surprising feature about the off-axis case is 
the rapidity with which the diffusivity and the temperature react in the 
central region of the plasma . These changes occur on a timescale much 
faster (<20ms) than would be expected from the energy confinement timescal e 
( -0. 3s) . Similar effects have been observed in JET pellet injection 
experiments , where the "cold front" induced by the pellet propagates 
extremely rapidly inside the q=l surface [2). 

Recent experiments in JET have studied ohmic and auxiliary heated 
plasmas in the X-point configuration (single and double null), [3] . For 
NB-heated single null plasmas , a clear L~H transition has been observed , 
with the glo bal energy confinement time more than doubling . These plasmas 
are generally quenched by a radiative collapse due to impurity 
accumulation . Local energy transport analysis shows an overall decrease in 
the thermal diffusivity in the L~H transition, see Fig.3. 
Comparison with Theory 

Within the mixing radius, typi cally 0 . 5m to 0 . 6m in low q JET pulses, 
energy transport is generally dominated by sawtooth relaxations , which 
periodically flatten the temperature and density profiles . In the edge 
plasma , typically r > 1 . 2m, radiation may dominate the energy transport. 
To explain the anomalous transport between these radii, several different 
instabilities have been proposed . The most commonly invoked are the 
dissipative trapped electron mode (DTEM), the ion temperature gradient 
mode , and the ne mode [4]. 

In Fig . 4 the theoretically predicted electron thermal diffusivity for 
the DTEM [5] is plotted against the experimental local diffusivity derived 
by J ICS , for the representative select ion of additional ly heated plasmas in 
JET. The prediction is for the collisional or the collis ionless f orms of 
the DTEM, whichever is appropriate for the experimental parameters. The 
predicted values tend to be higher than those measured , by about an order 
of magnitude . The predicted diffusivity should include an undetermined 
numerical fa~tor, arising from uncertainty in the saturated fluctuation 
amplitude . This factor , which is set to unity in Fig .4, could possibly 
explain the jiscrepancy in magnitude . However , the lack of any correlation 
between the predicted and experimental diffusivities is more difficult to 
explain and supports the earlier conclus i on [6] that the DTEM is not the 
domi nant soll."ce of anomalous transport in JET pulses. A similar 
comparison , using the predicted thermal diffusivity for the re mode [4], 
again showed no correlat i on . 

The ion temperature gradient mode is frequently referred to as the ni 
mode, because it becomes unstable only when ni = d ~n Ti/du. ni exceeds a 
critical value . The anomalous transport predicted for this 1110de is large , 
larger even than for the DTEM . This has l ed to the expectati on that this 
high anomalous t r ansport will prevent ni from exceeding i ts critical value 
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by much . Because of its complex dependence on plasma parameters , in 
prediction codes the critical value is commonly taken to be 1. 5 , a mean 
value. Romanelli [7) recently evaluated the threshold , and found i t to 
increase linearly with en= n/(R dn/dr) when £n > 0. 3 , Figure 5 shows the 
ratio of the measured ni to Romanelli's predi cted thr eshold , as a fun ction 
of radius . While t he correlation is far from convincing , it :s not 
inconsistent with a rapid increase in diffusivity when ni exceeds the 
threshold , bearing in mind the error bars on the measured ni . 

Another clue to the local t ransport process is given by the JET 
"monster sawteeth" , [8) . During the sawtoot h rise phase , the central 
temperature rises almost adiabatically , with small transport losses . The 
sawtooth rise i s t hen abruptly terminated by a rathe r sharp " knee". The 
corresponding temperature profiles are shown in Fig. 6. This is consistent 
with a s trong loss process whi ch is switched on when the local temperature 
gradient exceeds a threshold value . 

It should be pointed out that the JET pulses used for compari son with 
theory are mcstly additionally heated . Publications which f ound 
experimental evidence for DTEM transport [5 , 9) also concluded t hat the ni 
mode pro vi des the dominant l oss mechanism when ni e xceeds its threshold . 
It appea r s from Fig . 5 that addi tional ly heated plasmas in JET generally do 
exceed this threshold , which may be why no evidence for the DTEM is seen. 
Conclus i ons 

A number of representative JET pulses have been studied from the point 
of view of local transport properties. Based on this preliminary study , it 
appears that: 

i) The electron and i on loss channel s are of compa r abl e importance . 
ii) The ion t hermal diffusi vi t y does not appea r to be neoclassical , ei ther 

in magnitude , r adial scaling or parameter depe ndence . 
iii) The temperature profile shapes are rather independent of heating 

method and l ocation . Changing the heating profile alters the thermal. 
diffusivity profile so as to maintain the same temperature profiles . 
The change in the diffusivity profile occurs on a timesca l e much 
faster than would be expecte d from the energ.y confinement timescale . 

iv) The thermal diffusivities show no obvious correlation wi th predi ction 
for ei ther the dissipative trapped electr on mode , or the ne-mode . A 

.correla tion may possibly exist between the measured ni ar.d the 
predicted critical value for t he ni mode. 
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INFERENCE OF xe FROM PHASE SHIFT ANALYSIS OF X-RAY SIGNALS IN FT 

L. Panaccione , A.A. Tuccillo 
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C. P. 65 - 00044 Frasca t i, Rome ( I t aly) 

INTRODUCTION 

The measuremen t o f electron the rma l conducti vity , Xe ' is of great in­
teres t in t oday ' s tokamak . 

Apa rt from the power balance analysis, a possible way Lo obtain x is 
to anal yse t he di ffus i on process of a small heat pertu rbation. The law­
tooth activity is a useful phenomenon fo r th is purpose because of its 
occurrence i n a wide range of discharges in tokamaks. The inference 
of x from sawtooth heat pulse propaga t ion is usually done by measur­
i ng the increment with radius of the del ay t ime of the sawtooth peak, 
accordi ng to 

(1) 

valid within the di ffus i on region (1). 
In FT discharges, this method has been applied to soft X-ray emission 

signals and 2w emission signals [2] . 
Another mce'l.hod to obtain the x i s to consider the dependence on 

radi us of the phase shift of the Fourie r components of small periodic heat 
pe r t urbation propagating signals [3,4). 

A program has been developed in order to analyse FT discharges using 
th i s method . A brief description of the program is presented below, as well 
as some first results. 

BRIEF DESCRIPTION OF THE METHOD 

The analysis of the el ec t ron heat bal ance equation for sma l l peri odic 
heat pertu rbations l eads to the following relationship between t he phase , 
~k' of the Fourier components of t he electron temperature and the radius , r 

~ ( ) (~)~ r 
..,k r = ~xe (2 ) 

where k is the harmonic orde r and w is t he fundamental angula r frequency 
[3,4) . Equation (2) i s a good approximation as l ong as t he following holds 

r > 

This condition i s satisfi ed i n the experimenta l cases considered here, in 
t he diffusion region . 
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From Eq. (2), the phase shift between two radii, r 1 and r2 , can be 
written as 

(3) 

with 

From Eq. (3), Xe can be written as 

(4) 

If 6r is small enough, Eq. ( 4) can give a local value of Xe, along the 
radius. 

Equation (4) is valid in a diffusion region. 

APPLICATION OF THE ~!ETHOD TO FT DISCHARGES 

In FT discharges, this method has been applied to soft X-ray emission 
signals corresponding to line integrals along parallel viewing chords in 
a poloidal plane. For this purpose, a program has been implemented to auto ­
matically elaborate experimental data. This program has been tested on 
artificial data generated by a full transport and sawtooth simul ation code 
(5). The agreement is quite good , wi thin the app roximations of such a cal­
culation. Signals coming from each possible pair of contiguous chords are 
ana l ysed and a value of x is carried out; hence , the behaviour of X along 
the radius is obtained. e e 

The position in the Hugill .plot of the shots cons idered is shown in 

0.5 

0.2 

0.1 

0 1 2 3 4 5 
iieR/Br (1019 Wb-1) 

Fig. 1 : Hugill plot of dis ­
charge parameters considered. 

Fig. 1. Figure 2a,b , c,d , e shows the X ob­
tained us ing t he method described foresome 
typical discharges in the explored ranges 
of density and q . 

This methok gives good results as 
long as the sawtooth signal is sharp and 
incisive. Referring to F1g. 1, good 
values of X are ob tained vhen the dis­
charge is in the central part of the 
explored region. As a general result, in 
the diffusion region where the method 
works properly, the values of X obtained 
are in agreement with the va lue~ obtained 
from the power balance and from the in­
crement with radius of t he delay time of 
the sawtooth peak, within a factor 2. 

The radius range of validity i s de-
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termined at the lower limi t by t he boundary of the diffusion 
the upper linit by t he flatteni ng of t he experimenta l signal. 

The method has been applied to a few Lll RF heated 
Figure 2f shows the results for a typical Lll RF discha rge. 
between ohmic and LH RF discharges is under study. 

CONCLUSION 

region and at 

discharges. 
A comparison 

The inference of x from a signal with a periodic electron heat per­
t urbation by using OFT ~echniq ues is a method which can be easily automat ­
ed . It has been applied success fully t o both olunic and Lll RF heated dis­
charges in FT by using sof t X- ray emi ssion as t he signal. The ag r eement 
wi t h other met hods is within a fa c tor 2. 
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MllD ACTIVITY AND ENERGY LOSS DURING BETA SATURATION 
AND COLLAPSE AT HIGH BETA POLOIDAL IN PBX 

H.W. Kugel, S. Sesnic, K. Bol, M. Chance, H. Fishman, R. Fonck 
G. Gammel , R. Kaita, S. Kaye, B. LcBlanc, J. Manickam, W. Morris,<•> 

M. Okabayashi, S.F. Paul, M. Reusch, and H. Takahashi 

1. Inlroduclion. 

Plasma Physics Laboratory, Princcton University 
Princcton, New Jersey 08544, USA 

One of the central issues in high-P experiments, in medium to high-q tokamak plasmas, is 
whether the observed temporal p saturation and collapse arc caused by ballooning, ideal kink, or 
tearing modes. Several explanations have been proposed for the p-iimiL~ found for dilTcrcnl tokamaks 
and experimental conditions. In ISX-B, for example, a deterioration in confinement at h.igh-P (ie., a 
soft P-limil) was observed, but this deterioration did not exhibit a correlation with the observed 
m= l/n=l mode [I], and hence, ballooning modes were proposed as a possible cause fo r this P-limit 
[2]. In PBX, in low-q (q s. 3.5), high current-ramp discharges [3], and in D-111 [4J, for certain 
limiter discharges, a disruptive P-limit attributed to the n= I external kink mode was observed. 
ASDEX [5] and PBX [6] studied very similar types of neutral beam heated discharges which 
typically undc;rwcnt transitions into the H-mode. After this transition, p rose initially, but then 
saturated and eventually "collapsed" at constant plasma current and heating power. In AS DEX, since 
the ERP's (ELM's) alone could not explain the additional energy losses during the saturation and 
collapse phases, and since no other observed MHD activity could be held responsible fo r the 
saturation and collapse, ballooning modes were invoked lo explain this P-limit. In PBX, however, 
it was possible to correlate these additional energy losses with various observed MHD phenomena 
(ie., sawteeth , lishbones, continuous mode, and ERP's), and there was no need to postulate the 
existence of ballooning modes. The PBX investigations reported previously [6] were performed at 
medium q-edge (4 to 5) and P-poloidal (I to I .2) values. In this paper we report the extension of p 
saturation and collapse studies to high q-edge (>6), high P-poloidal (>2) discharges. We will 
conclude that globally the high p-poloidal discharges generally behave similarly to those at lower 
p-poloidal reported previously (6J, but that the detailed behavior of the MHD depends on p-poloida.l. 

2. Experimental Conditions and Results. 

1l1e plasma parameters in these high q-edgc, high p-poloidal, H-mode discharges were as 
follows: I = 250 kA, B1 = 1.7 T, q-edge = 7, p .. = 5 MW, plasma elongation= 1.3, amid= 37 cm, 
R = 152 <!'m . indentation = 5%, < P? = I to J .'gl %, and the Troyan-Gruber scaling parameter Pc 
(µ01/ amid B) = 0.6 to 0.8. 

In PBX, we were able to examine direcUy the relation between MHD activity and ene rgy loss 
using a unique diamagnetic loop which had a very short response time and high amplitude resolution 
and was placed inside the vacuum chamber. 1l1ere was a very good correlation between the energy 
losses observed with the diamagnetic loop and the MHD events as observed in the x-ray diodes, 
Mimov signals, neutron losses, charge exchange fast particle efnuxes, and Ha emission. A typical 
discharge is shown in Fig. I ; shown are the displaced toroidal nux as measured by the diamagnetic 
loop, and the Ha emission from the divertor. The first neutral beam was injected at 350 ms, with 
another following al 400ms, and finally with the last two beams injecting al 450 ms. All four beams 
were injecting until 660 ms. Since the plasma current and shape were held constant during neutral 
beam injection, U1e displaced toroidal nux signal generally reflects the evolution of P-poloidal. The 
L-mode lasted until 485 ms, at which lime the transition to the H-mode occurs.1l1ese discharges did 
not exhibit sawteeth, and the transition to the H-mode often appeared to be triggered by relatively 
strong lishbones. After the H-mode transition, the discharge can be subdivided into three phases: P 
increase, saturation, and collapse. 

a. P-Increase Phase. After the transition to the H-mode, over a period of 20 ms, U1e 
internal energy increased at a rate of 0.9 MW, and the confmement improved steadily except for tbe 
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strong fishbone at 495 ms. TI1ere was little or no MHD activity during the period of increasing p 
except for this fishbone. During the last part of the P-increase phase, fishbones became more severe 
resulting in nonnegligible loss of fast particles. Tilis was the cause of the start of tl1c P-saturation 
phase at 520 ms. 

b . P-Saturation Phase- As shown in Figs. 1 and 2, U1e saturation period lasts for about 50 
ms, ending at 570 ms. Tilis period was characterized by three kinds of MHD activity, each witl1 
varying energy loss: fishbones, ERP's (Edge Relaxation Phenomena), and a continuous mode. 1l1cre 
are two types of fishbones, their difference being the modulation strength in various signals. The 
weaker fishbones are characterized by a weaker modulation of the x-ray signal, charge exchange fast 
particle effluxes, and Mimov fluctuations, a smaller change in the modulation frequency, a smaller 
drop in diamagnetic signal, and an almost imperceptible and slow drop in neutron flux. The plasma 
energy loss is less than 0.4 % and the neutron flux drop is less than 2 %. The duration of U1e burst is 
also short, less than 0.5 ms. The frequency of the fishbone is typically between 20 and 30 kHz, 
wllistling down to half of this frequency during the burst. 

The stronger fishbones have 11.igher energy losses of up to 1.5 %, larger neutron flux drops of 
up to 8 %, and greater than a factor of two increase in the charge exchange efflux for the weaker 
fishbone. The effect ·that most distinguishes the stronger fish bones from the weaker ones is the 
effect on the x-ray radiation. The horizontal-viewing diodes indicate an out-in plasma column 
motion: the inner diodes show a jump-up in signal, and the outer diodes a jump-down. The 
vertical-viewing diodes show only a jump-up in the signal, which increases strongly toward the edge 
of the plasma (up and down). The inferred plasma reconfiguration during the fishbone is very 
different from the sawtootl1-like crash at lowet q-edge and P-poloidal values. Here, the plasma 
appears to be pushed inward and further elongated. 

The ERP's often occur 1 to 2 ms after any fishbone and always after a stronger fishbone.The 
ERP duration is nomially few hundred µs. A possible sequence of events is that the fishbone expels 
energy from the center, the energy propagates outward and builds-up near the edge. After 1 to 2 ms, 
an ERP occurs, and energy is lost over a large region. This would imply that ERP's may not be just 
an edge instability but may involve a large part of the minor radius. The ERP instability may be 
induced by high pressure, temperature, or current gradients that may have built-up in response to the 
initial central energy expulsion. The energy loss due to the ERP is of U1e order of I %. 

There is another type of the MHD activity, wllich is characteristic of only the P-saturation 
phase and is never observed during the P-collapse phase. Tilis is an n=2 or n=3 mode as detennined 
by the radial magnetic field coils with a higher unknown m number. Tilis mode is seen in U1e x-ray 
diodes in Fig. 2 from 566 to 569.5 ms. The mode frequency is usually between 30 kHz (n=2) lo 60 
kHz (n=3) and the mode an1plitude is saturated. This mode· contributes very little to the additional 
energy losses, and is therefore not a strong participant in the P-saturation process. 

The repetition time of the weaker fishbones is 1 to 2 ms, while that of the strong fishbones is 
about 5 ms. Using these repetition rates and the energy losses involved in each event, it is possible to 
account fully for the energy losses during the P-saturation, and U1ereby to ascribe the P-saturation 
effect to the three types of MHD behavior: weak fishbones, ~trong fishbones, and accompanying 
ERP's. These additional energy losses are close to a total of 1 MW and are suf!icient enough to cause 
the P-saturalion . 

c. ~-Collapse Phase. The P-collapse phase begins usually with U1e onset of a strong n= 1 
mode and is characterized by two types of MHD activity: a quasi-continuous n=l mode and ERP's. 
In Figs. I and 2 this phase starts at 570 ms and lasts until the end of the beam injection at 660 ms. 
Both the continuous mode and the ERP's can be seen in Fig. 3. 

Al the beginning of the ~-collapse phase, the amplitude of Lhe continuous n= 1 mode is 
modulated. A larger amplitude mode results in a stronger loss of fast particles, a larger drop in 
neutron nux, and a bigger loss of plasma energy from the diamagnetic s ignal, thus establishing a 
correlation between the energy loss and the amplitude of U1e continuous mode. After the initial period, 
Uic mode amplitude saturates in the central part of the plasma column, but it continues lo burst at lhe 
edge; the modulation is seen as a decrease in mode frequency and amplitude, and these decreases 
occur at the time of each ERP. This modulation of the external part of the mode is well correlated witl1 
U1e change in the fast panicle enux, and lhe decay in the neutron nux and plasma energy. Using the 
correlation of this mode wilh U1e diamagnetic loop signal, the increase in modulation of the fasl 
particle losses, and U1e drop in neutron nux, we can conclude that Olis mode is reasponsible for botl1 
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the thennal and bcan1 energy loss. 
In Fig. 4 , we compare this continuous mode at high P-poloidal and high q-edge with tl1e mode 

at medium P-poloidal and medium q-edge. 111e relative modulation and tl1e phase of these two 
modes is shown as a function of the venical position in tl1e bean. Although there are differences in the 
details of the phase structure of these modes, they both show a gradual, continuous phase shift across 
the central part of the plasma. They both have a phase change of approximately 180" between z=-20 
and+ 20 cm. The large difference is in venical distribution of the relative amplitude modulation. 111e 
medium P-poloidal and medium-q case (#255) clearly shows a strong odd mode (possibly m=l) 
with radial coupling to strong higher m number modes, whereas in the case of high P-poloidal and 
high-q (#5214), tl1e radial coupling is stronger and tl1ere is no one dominant internal mode. 

The ERP events as shown in Fig. 3 correlate well with sudden drops in the diamagnetic signal, 
witl1 Ha spikes, with the drops in tl1e external x-ray diodes, with the high frequency bursts (100 kHz 
and higher) in the radial field signal, and with tl1e decrease in the fast particle loss modulation. They 
do not correlate al all with tl1e drops in the neutron flu x, indicating that the ERP losses represent only 
thennal energy losses. The ERP's contribute 0.5 % energy loss per event witl1 a repetition time of 1.4 
ms. 

If we assume tl1at the underlying plasma confinement propenies during the P-collapse phase 
arc tl1e same as tl1ose at 500 msec when little or no MI-I D was present, we can dctennine what 
additional losses are ascribable to tl1e M HD activity during the P-collapse. With this assumption, Ilic 
dW/dl tenn at 580 ms should have a value of+ I. I MW. The total additional loss required to explain 
tl1e P-collapse is 1.4 MW. An increase in radiated power, as measured by bolornctry, accoums for 
450 kW of this loss. The ERP's contribute 400 kW to the loss, leaving 550 kW allributable to tl1e 
n= I continuous mode, thus making this mode contribute a comparable amount to the P-collapsc. 

3. Conclusions. 

We have shown tl1at the observed 13---saturation and collapse in PBX can be explained in tem1s 
of long wavelengtl1 MHD and ERP activity, and that there is no need to invoke ballooning modes. 
111e 13---saturation and collapse phases are different in tcnns of tl1e MHD activity. 111c saturation 
phase is dominated by the fi shbones, ERP's, and n=2 or n=3 modes, but only the fi shboncs and 
ERP's contribute substantially to the energy loss. 111e p.-co!Japsc is caused primarily by a strong n= I 
continuous mode, and to a lesser extent ERP's, and additional rndiation losscs.111c n=I cominuous 
mode is responsible for both tl1cnnal and beam energy losses, and the ERP's only for thcnnal energy 
losses. This continuous mode fo r high p-poloidal differs strongly from the one observed at medium 
P-poloidal by not having a m= I component, and by exhibiting a strong rndial coupling of modes and 
no one dominant internal mode. 

(a) Pern1anent address: Balliol College, Oxford University, U.K. 
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BETA LIMITS AND MHD ACTIVITY IN T FTR 

A W Morris t , E D Preclrickson , K M McGuire, M G Bell , 111 S Chance, R J Goldston , R 
Kaita, J l\l an.ickam, S S Medley, N Pomphrcy, S D Scott , MC Zarnstorff 

Princeton University, Plasma Physics Laboratory, Princelon New Jersey 

High power tangential neutral beam injection into TFTR I l J has allowed a study of a vari­
ety of MHD phenomena at lower ion coUisionality (v.; - 10- 2 

- 10- 3
) than was possible on 

smaUer tokamaks. T he parameter regime for the bet.a limit stuclies is 0.5MA< Ip < l.3MA, 
5l'vlW< P;n; < 20MW, 0.5-2.0s injection ,R9 .om = 2.3 - 2.57m (usuaUy 2.45m) , aP = 0.6 - 0.85m 
(usually 0.8m), 3 < qcyl < 12 with low pre- injection density in a weU conditioned vessel. A beta 
limit exists at high q that is substantiaUy below that expected from simple application of the 
Troyon limit. So:ne discussion of phenomena at low q (q>J>(a) = 3, 2.5) wiU al"° be given. 

Discharges near the /3 limit: T he chief characteristics of the /3 limit as observed in TFTR 
are discussed in [2]. F ig 1 shows the envelope of the TFTR data along with the location of 
some discharges with coherent MHD activity. Although the bound at high qcyl is lower than the 
Troyon limit [3), qcyl and the profiles are different from those used in that study. Calculations 
with the PEST code reveal that the plasmas may be unstable ton = I ideal-MHD modes, with 
n = 2 stable. q(O) :::: I - 1.5 excludes the broader current profil es required for higher f3n at 
high q(a). High-n ballooning modes are calculated (in a torus but without FLR corrections) to 
be unstable over part of the profil e in some cases. ln general, however, the steepest calculated 
pressure graclients appear in the shots with best confinement, and this indicates that such 
modes would affect transport only in the best discharges. Attempts to exceed the TFTR /3 
limit have been made using lower Ip at high Pinj · No improvement is found and in fact there 
is a dependence on Ip: the attainable f3n falls for I,, < 0. 7MA (qcyl - 7). It is also found that 
there is an optimum P;n; for a given Ip , above which the achie\'able /3 fails to increase or drops. 
This optimum is about 11 MW for 800kA but has not appeared at 19MW for lMA. 

The /3 limit is manifest in one of two ways: i) the plasma disrupts either with loss of plasma 
current , or with loss of typicaUy 503 of the kinetic energy content or ii) the energy content 
reaches a maximum , then falls wit h time at constant Pini· For ii), with Ip 5 ll\-IA , n.(r) broad­
ens and T., T;(O) and the neutron emission (/n) fall , almost always accompanied by coherent 
MHD activity. As Ip is raised, however, a similar collapse of th e energy content is sometimes 
seen, but far from the f3 limit. This is not always associated with MHD activity, and the 
discharge may be reverting to TFTR high IP• n . confinement scaling, and is at present thought 
lo be a different phenomenon. The presence of MHD activity does not depend just on macro­
scopic parameters such as /3p, q(a.) (Fig 1), and the value of q(O) is expected to be important. 
The target plasma generally has sawteeth ( Tinu - 5 - JOcm) which disappear at the start of 
injection. Experiments with Ip ramped down (typically l.2MA to 0.9MA in 0.25s, ending just 
before injection ) have produced some high qcy1 shots with sawteeth and bursting m = 1 modes 
during NB! with no other MHD activity for 2s injection, consistent with a high current density 
being frozen into the core. Changes in the injection angle and Pco/ Pcounter (and hence in the 
beam driven currents) have had no reproducible effect on the MHD activity. Possible changes 
in z.11 and impurities have yet to be investigated . 

1 
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As reported in 12] perhaps the most remarkable feature of the MHD behaviour of these high-9 
plasmas is Lhe occurrence of m = 3, n = 2 modes in the absence of n = 1 activity. Fig 1 show• 
that (3,2) modes are common and that they appear over a wide range of parameter space 
(particularly for behaviour (ii) above) . (2,1) modes cover a sim.ilar range, but m = 1 modes 
and sawleeth are rare at high q (except with current ramp down). /mode < 20kHz ,50k1-lz for the 
(2,1 ), (3,2) mo des respectively. A few good confinement discharges show a centrally localised 
higher m mode (from SXR array), but this is apparently benign. The (3,2) modes are identilled 
using Mirnov coils at the vessel wall (R = 2.65m,a = l.JOm, ~O = 22.5°) and are only observed 
(for high qcy!) with high power auxiliary heating, when pressure and neoclassical effects on l'v11-ID 
theory are expected to be significant. The low value of mat Lhe wall is unambiguous despite the 
high values of q(a),.BP' The absence of (3,2) modes in cu.rrent ramp-down di;charges suggests 
that high q(O) may destabilise this mode (Cl.' calculations indicate q(O) > l. 3 is unstable) and 
that q(O) (or l'q= l before injection) is indeed an import ant parmneler. The soft x-ray (SXR) 
signals are consistent with a (3,2) island: there is one more phase change than expected for 
an ideal-MHD (3,2) distortion. The data indicates a clisplacement of - lOcm at r = 25cm is 
typical , consistent with estimates of the island size from B9(wall). (2,1) modes of similar size 
are observed interchangeably with (3,2) modes, and are also apparently resistive - the internal 
structure is more complex than for the m = 2 second harmonic of m = 1 sawtooth precursors. 

Calculations of In give some inclication of a loss/redistribution of fast particles during lvlliD 
activity. Transport codes (SNAP and TRANSP codes), without bE'am loss processes, are usPd. 
At low Ip(600kA) and TI;, In is over-estimated (typically by a factor 2) for cases with strong 
MHD activity and I,. falling by 30 - 50% during injection: nbeom is too hlgh in the code, 
suggesting loss of beam ions is required. Time dependent calculations are less sensitive to 
systematic errors and show the cliscrepancy appears when In begins to fall . AL higher Ip. 
ln,cotc / ln,mcoau"d does not change as much, but the contribution Lo ln,colc from beam ions rises 
and that from thermal ions falls. Estimates of Lhe influence' of the low-m, n ripple (fir/ R - 3% 
npar the island for observed modes) on the trapped thPrmal and beam ions 14] suggests that 
their transport could indeed be sign.ifi cantl ,v affected , dC'pC'nding on the velocity profile. A 
loss/redistribution mechanism for passing ions may also b<' req11ired to explain the data. 

At lower q , or with current ramp down (s<><> abovP) sawt !'Pth or bursts (,fn - J activity appear 
(Fig 2). TllP bursts and oscillations arP visiblP in 1he charge' exrhangt> ,ignal only near the 
injection energl' and are most pr0nounced for near pcrpcndirnlar viPws (for llt u n = 0.91 m , 
1A7m but not 2.13m) . /mode falls through thP b1Lrst as \\'ith fi shhones and the mode reported 
in :5J and it s \'aluc (5kHz for near balanr<'d injPction) is of the smnC' ordr·r a s the trapprd 
particle precession rate, but some data sugg<'s t /mod• changes wit It t lw nC'l w -iujected pow<'r. 
There is no obvious hjgh frequency burst as reported in j5, and Edw, In do n0t drop, inclirating 
t 11P modes are not harmful al present lP\'els. These modes »ppear as 111 = I on Lh<> SXR 
d.Jodes, but as higher m (- 5, bul not a simple s tructure) on 1he t\ l irnov ~oils. This is the 
<'Xpect.ecl behaviour for an idt>al-MHD mode and mudelling of the SX ll emission for PEST 
11 - J eigenmodes agrees with experiment in the remral region o f the plasma. 

Disruptio n s: Fig 3 shows a disruption at Lhe .B limit . It is seen thaL l sx n, In fall on a JOOµs 

timescale (after a gamma burst). EJ;u fall s on a timescale of a few ms: the measurement is 
limited b.v the ''essel ti me constant (several ms). The lim.iLer temperature rises in - 2U1ts 12]. 

2 
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Note the two-stage drop in ln. T here is a rapidJy growing oscillatory precursor (r9 - lOOµs) 
which has an m = l structure in the plasma core. The mode structure on the Mirnov coils 
is not simple - just as with the m = 1 bursts above. The timescale of the growth suggests 
a pressure driven mode, probably with inadequate time for formation of a large island. The 
PEST code shows that the growth rate of the n = 1 internal kink increases rapidJy from zero 
as q(O} drops below unity for these high (3p discharges and the appearance of a q = l surface 
is an attractive model for these disruptions. In general disruptions do not follow a period of 
degraded confinement with (3,2} or (2,1} modes. It is notable that disruptions can occur far 
from the f3 limit [2). early during injection when the beam pressure dominates. Disruptions of 
the olunic target plasma at these q values do not occur. 

Low-q,p operation : Experiments with co-injection and q,; close to l he rational values 3.0, 
2.5 reveal increases of - 153 in Edia and - 50% in particle density after a clear transition, 
reminiscent of limiter discharges on JFT-2i\! ~ 6] . There is a drop in toroidal rotation velocity 
(and hence a temporary energy source from rotational energy and a consequent improvement 
in heating efficiency [ 7]} and a sharp fall in the measured Ii a emission from the inboard side. 
There is e,·idence from SXR and i\Lrnov signals of a slowly rotating mode (3,1 for q,p = 3, 5,2 
for q,p = 2.5) at the plasma edge during the t ransition, correlated with a rotating sl.mcture in 
the Ha emission, which peaks at. the x-poinl. oft lw locking/ unlocking mode. Th.is structure is 
also apparent on : he elect ron tempera1 ure (ECE) and suggests that a form of helical divertor 
ma,v be present. The central plasma cool inues to ro1 ate, albeit at a reduced S?eed, as shown 
by Doppler shift measurements and the simultaneous presence of n = I modes m the centre of 
the plasma with a higher frequency than the edge mode. 

Conclusious: The (3 limit as s<?en on TFTR is close Lo the limit due lo 11 = 1 ideal-M HD modes 
even in this high q regime. Th.is limit is subslantiall,v below the extrapolated Troyan limit. T he 
modes correlated with the degraded ronfmernent appear to be resistive in origin, and appear 
(experimentally) to be sensitive lo q(U} and q(r) near the axis. There is initial evidence that 
these instabilities play a significant role in the fast ion d~·namics. Although the profiles may 
be close to the high-r1 ideal-!11HD ballooning threshold, no direct evidence of ballooning modes 
has been fow1d. Experiments in limiter discharges with q,, near lo 3, 2.5 show a transition 
to a state of apparently impro\'ed particle ronJinemPnt with inclirations or a stationary helical 
perlu rbat ion. 

Thi' a uthors are grateful for discussions with J Strachan and H .\l\'nirk. This work was sup­
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and the /3 limit on TFTR. Qcyl ;: 5a~B• 
R1 , 0m l,(MA)" 

T he full data set is hatched . 

<O 

dB p /dt (au+' 
o•t---- -.1 

lsxr (centre)'F-----.1 
'i----m~·~lmod::=:•:__~==::=:::::::'.:::=::::'.::: 

1neut (au) 
3

r------11 
' 

F ig ure 3: Waveforms for a clisruption a t 
the /3 limit. l p = 950k A , Pini = 14.6MW, 
Pcntr = 5.6MW, /3p = 2.0, n; = 2.9x 10t9m-3 

Qcyl = 7.2. Note In falls by - 303 in lOOµs . ' 
T he plasma position changes at 4.409s and 
Ip decays 4.42·4 .44s (4 .5 x 107 A / s). 

Time (s) 4.35 

F igure 2: Example of n = I bursting mode 
(with a sawtooth at t = 4.25s). Pea = 
Pcounter. Ip = 0.9MA, 9cyl = 4.1, /3p = 1.2. 
Note absence of effect of the mode on In, Edia · 
In (a) the C-X sampling rate changes at 4.08 
and 4.5s. In (b) (not the same shot) the liin­
ing of t he C-X data is uncertain to a few ms 
and is from 4.33-4.34s only. 
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TEMPERATURE SCALING OF 0H11ICALLY HEATEO OEIJTERIIJM PLASMAS IN TE XTOR 

H. Kever, G. \.la irl•nann 

lnst.itut f iir Pli!Sl'laphysi~ rler Kernfor schun9sa nla9e Jiilich G"1hH, 
Association F.URAT0'1-KFA, 'il70 J 'il ich l, FRG 

lnt r orluct ·ion . 
'1easure•nents of the electron temper at11re anrl the energy content hy two 
·i nrlepen rl ent methorls, i.e. F. C:E - meas11rement of T anrl 1neas11rement of the 
plasma rlianiagnetism t o ohtain r>, 1 , have heeneperformerl · on TEXTllR to 
incl urle la r ger plasma currentsP0 and hiqher tor1ridal ma gnetic f ·ielrl 
strengths . The res11lts of '1oth measurements confirm scalinq laws derived 
from the assuniption of anoma l ous electron heat conrluct ion in an Ohm·ically 
heated plasma 1·1ith SpHzer res"istiv i ty . nependences of the electron 
temperature on t he plaSITla density n ore attrihuted to syst ematic changes ·in 
Zeff which enters through the resistance . The possihility to achieve 
tnermonuclear h11 rn in l arqer rlevices hy increas ·ing t he plas1~a cur r ents is 
rlisc11sserl . 

F.l ectron temperatures fr01n Er:E- l'leas11re•nents . 
The rliaqnostic techn ·iriue has heen rlescrihed elsewhere /l/. lr the plasma 
cor e, the tenipe rature is de t er1nfoerl hy the input of Ohm·ic heatfog power and 
the losses rlue to thernial conduction; rarliat"ion losses for not too high 
rleqr ees of plas"1a contamination are s11all . Therefore, "in the steady state 
(and for the temporal averages if nscillat ory con t r ·ihuti ons enter the 
riuantities in question) the power halance per un i t length for a plasMa with 
cross- sectfon of rarli11s r rearls 

2 .2 (1) nr nJ - 2nrQr = 0 
? ? 

1~here nenr the ax i s n.i · =n .i · = cons t ( i nrlex O denotes the axis), and Qr ·is 
the rarlial energy flux den~i£.v. If for the latter 

0 = - K aT 
r e ar 

·i.e . neglectfog convective contri hutions, then upon integration of eq11 . (1) 
up to a radius · r

1
cc a with Kem const, we ohtain 

r{ n/ = 2 Ke[ T(r=O) - T{r1 ) ] . 

For temperature~ ~istributerl (in the temporal average) acco rding to 

0~ ~h!o~~~~~~a ~n~ at ~h= ~: f::::;ec: hetween the temperatures at the center 

Writing the expression fo r the Spitzer resistivity n=v(Z f ) Z f n /T312 , 
~1here n1 ·is the value of t he plasma res·is t"i vity fo r Zef~=l an'il r0 l,; f keV, 
and y(Z ff) is the correction factor of the resistivity for Z f f * 1 
(compar~i! to the Lorentz gas approx·imat ion) ,then the power ha lance h~comes 
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(2) 

where another form factor occ:uring upon replace111ent of the current density 
by the total plasma current IP has heen ahsorhec1 in the value of >.. 

Since the c1ependence of yon Z ff' with ·in rea l istic ranges of Zeff• is 
rather weak, for constant profi1e shapes the cent ral electron temperature 
is expected to scale as 

l /2 4 /5 
T(o) = const. (Zeff IP) • (3) 

Fo r the ser·ies of d·ischarges from wh ·ich the exper imenta l results presented 
here have heen extracted , Z f f was found to behave as nZ ff = const. 
Therefore, if one neglects th~ difference of the exponent fl in equ . (3) 
from 1, a l inear re l ationshi p between T(~) and I /n hol ds . The 
expe~imental results are shown in fig . l. 011e

12
to a diffe~en t normal ·izat i on, 

the results 3re represented as T(O) vs . 1/qn where q is the safety facto r 
at the limHer . Replacing in equ. (3) the plaslllil current hy the safety 
factor , the temperature scaling in the linear approximation r~ads 

2 
1/2 

T(O) = const ~ BT/qn - (4) 

In effect, representing the I -depenc1ence hy a q-dependence, the sealing 
should show also an almost l'in~ar c1ependence on the toro ·ida l field strength 
RT" Tllis is seen in the upper part of the diagrallllT\e , "lhere the l"leasured 
values of the teriperature are c1isplayed for a tornida l field of flr=?..3 
Tesla, 1•1hereas the other points on

1
/fe 

1
ma'in line ;ire ohtainec1 for RT = 2 

Tesla . For the sa111e values of (qn ) - , the 111easured values of T(O) at 
higher !lT are in the ra tio of the to ro·idal f ·ielc1 strenghts larger than the 
ones on the ~ain line. 

r:oncern'ing the c1epenc1ence 0f Zeff on n, tlie existence of simpl e algeh ra 'ic 
rel11t'ions seeMs to he r,ither the rule than ;in exception; cf. references 
/2,1/ fo r the results from JF.T anrl TFTR , respect ively . In f i q.?., the degree 
of approxiri~t'ion to the experimental results of TEXTOR is shown hy 
displaying nZeff vs. n. As can he seen from the c1iaira111me , nZeff is 
approximately constant . If 111ore generally one ohserves n Z ff= const , and 
Zeff• as is assumec1 here, 111e r ely acts through the resistance nn Te , t he 
rlependence of tj>t electron te111pe ratu re on the plasma rlensity should he 
weaker than n -a · , i.e . for a = 0.5 (as ·is observed unrler other d·ischarge 
r.ondit ions also in TEXTOR), this dependenc~ is very 1~eak and hardly 
ohservable . 'In explanat'ion has heen founrl for the 7.eff(n) - depenrlence whicli 
probably is a consequence of global plas111a -1·1all interactions (i .e. ones 
which not only affect the per i pheral plas11111). 

Oetermination of ~ ol • 
IJnl ike the ECE-me~s11rements wh'ich give local values of Te, the rlilgnetic 
loop 111easurenents of the plasma diamagnetisr:1 pri111arily give volume averagec1 
plasMa riuantities resp . relationsh·ips hetween them. IJnder the 11ssumption 
that the sp11~ial rlistr·ihutions of the quantities in quest'ion 'in the steady 
state persist, the relations 
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T (0) const T , T. (0) = const T. 
hold and allow immeifiate i nfe rencis lo con nect ttle re su l ts of either 
measurement . By definition, Bpol is related to the plasma pressure and the 
current strengt h through 2 

Nele + i i EN; - Spoll p ' (5) 

where the bars denote volume averages and the N's are the particle numbers 
per unit length , and all ion species are assumed to have t~e same ion 
temperature T . • Supposing a scaling law for Te(O) of the form as expressed 
i n equ . (4) , bne expects for Bpol a dependence 

Ti EN; nl/2 
spol - (1 + y - ·rrl 1 - (6) 

Uncertainties derive from the lxprlssioR in the bracket . However , i n 
Ohmica lly heated discharges T; i s less than T , e . g. Ti = 0 . 7 T , and 
als o EN./E ZN. is smaller tha n one , especialTy when Zef f is l arge . 
Therefo~e. t~e sca l ing law of Bpo lin lowest orde r shou ld he, 

nl/2 
spo 1 = const -i;;- (7) 

The results of the measurements are shown in fi g . 3 . There is obviously much 
more scatter 'in these measurements than in t~72ECE results , but the linear 
relat ionshi p between 13001 and the quant'ity n /1

0 
is ev ident and supports 

the scaling law found for Te from the ECE-measurements. 

Con cl us ·i ons 
On the has ·is of t he measu r ements and the scaling laws obtained, achi evement 
of plasma temperatures in the range of hum condHions by OhMic heat'ing 
a lone seems to he pos sible . The favourable dependence of the tempera t ure on 
the plasma density can he ruled out, since this dependence accord'ing to our 
i nterpretat ·ion is a consequence of the change of Zeff with n; IJut Zeff 
cannot he changed hy orders of magni tude . Therefore, only t he current is 
the relevant qua ntHy . With an es t imated "ion temperatu r e of Ti = 1 keV for 
Te= 1,5 keV, the linear dependence of Ton 1

0 
.iould requ"ire currents above 

8 MA to reach Ti = 10 keV . Si nee the power w1t h wh i eh the current strengt h 
really enters the scal'ing law is 0 .8, the plasma current actually requ"ired 
is ahout lS MA . The requi r emen t t o keep the safet y fa ctor in the 
operational range of s tabl e tl'Jkamak plilsmas implies toroida l f ields above 8 
Tesla and/or an increase in the size of the machines . Sca l ing of the heat 
losses may not change , si nce the values of the electric current density and 
other gradients of relevant plasMa parameters remain the same as in the 
present ope rat ional recri•nes . An assessment o f the poss ·i bi lty to achieve 
thermonuclear bu r n by Ohmic hea t'ing alone c l ear ly requires to take 
addH·ional radiation losses into account. 
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CONFINEMENT SCALING OF TEXTOR FROM OHMIC TO I CRH DOMINATED DISCHARGES 

R.R. WEYNANTS~ H. JADOUL, A.M. MESSIAEN,. , P .E. VANDENPLAS,G.VAN WASSENIIOVE , 
T. DELVI GNE , D.I.C. PEARSON , G. VAN OOST 

Laboratoire de Physique des Plasmas - Laboratorium voor Pl asmafysica 
Association "Euratom-E tat belge" - Associatie "Eu ratom-Belgische S taa t" 
Ecole Royale Mili t ai r e - B 1040 Brussels - Koninklijke Militaire School 

Recently , a number of confinement scal i ng laws [ l-3) have been proposed 
covering the transition from pure OH discharges to conditions with str ong 
additional heating. The predicti ons of t hese t h ree laws are compared here 
with t he TEXTOR data set ob t ained from power, density and currenc scans . 

Confinement models . 
The TEXTOR scaling model [ l ] assumes t hat ohmic and auxi l iary heating 

are characterized by di ffere nt confinement times TOH and Taux respectively . 
Tue g lobal ene r gy E is the s um of two contribu tions EoH' = ToH PoH ' and 
Eaux = Taux P?ux• where PoH' = V'Ip is the modified OH power and Paux the 
applied auxiliary power. In this model t he gl obal confinement tiae TE then 
reads 

TOHV ' Ip + Taux(P - V' Ip) 
p 

wi th P = POH 1 + Paux 

(1) 

The JET model (3) ass umes that there is no dis continuity in TE(o r Xe) 
at the transition from the OH to t he auxiliary heated phase and that 
both regimes can be described by E = E(o) +Tine P ; i.o . above a very 
low power threshold the trans por t coefficient Xe i ncreases abruptly . The 
major frac tion of the ohmic power and the totality of the auxil i ary powe r 
thus contribute to the energy content wi t h a common confinement t ime Tine · 
One then obtains E = EoH + Tine Pi nc • where EoH = E(o) + Tine PoH =TOH PoH 
and Pinc= Paux + PoH ' - POH " Final l y , 

TOHV I + T. (P - V I ) 
p me p 

p (2) 

No t ing that in some machines the OH conf inemen t at high density loses 
the density dependence of the Neo- Alcatur scaling and recognizing that 
this density dependence also fails in auxiliary heated discharges , 
Golds ton (3) conjectured in 1983 that the transport regime gove rning the 
high density OH phase is t he same as tha t in the auxiliary he ated phase 
and proposed a scaling 

T • (T - 2 + T - 2)- 1/2 
E, G OH aux , G ( 3) 

where TOH is the well-known Neo- Alcator scaling TOH • a ne al . 04 R2 , 0~ qo · ~ 

T •F I p-0.6 and a and FA are numerical cons t ants. aux ,G A p ' 

.. Senior research associate a t the NFSR , Belgium 
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The OH phase of TEXTOR. 
Recently we reported [4] that the OH phase of TEXTOR can exhibit at 

high density a sa tur ated confinement which wa s shown to be due to detach­
ment of the discharge from the limiter. The detachment can be influenced 
by operational procedures and we found that, by proper machine conditioning 
unsaturated OH confinement and attached operati on are possible up to the 
highest densities ; an example i s shown in Fig. 1 . For the machine condi­
tio~s prevailinf at the time the data was collected, detachment sets in 
at ne = 4 . 2 x 10 3cm-3 at Ip = 4 78 kA and can be recognized by the slowing 
down of the energy increase, and the increase of loop voltage (curves 
l abelled D : detached conditions) . When app l ying ICR heating(?aux=l .15 ~n~) 
to a detached plasma (ne> 4.2) one notes that larger relative energy in­
creases are obtained than at 1~wer densities. Our interpretation [4] is 
that the RF performed a cata1ytic role in restoring the unsaturated OH con­
finement. Note that both the energy increments and vo 1 tage decrements with 
RF are density independent when referred to curves A which are for OH 
ut.der attached conditions . 

Fit tin-: procedure . 
Previous analyses have es tablished the parametric dependences of the 

confinement times TOH• Taux• Tine and Taux,G appearing in Eqs . (1-3) .Hence 
we assume 

(4) (6) 

Taux =Faux Ip (5) Taux,G = FA Ip p-O. 6 (7) 

For each scaling model we then have two fitting parameters (FoH• Faux) , 
(FOH• Fine) and (FOH• FA) respectively. FoH is ob t ained by fitting Eq.(4) 
tJ the unsaturated OH data only . A discuss ion in the preceding paragraph 
nas shown thar this is the appropriate OH regime during RF heating . Fur­
thermore, V i n Eq . (2) will always be the attached loop voltage (see Fig.I). 
We should s tress that we did not include a systematic BT scan in our data 
set (BT= 1.9 - 2T) : our use of q i n Eq . (4) therefore only ascertains 
the Ip dependence implicit in q . The best value of a is 0 . 8 for 350;5 Ip 
< 500 kA and 0 . 5 for 200 < Tp ~ 300 kA. A dif fe rent choi ce of a leads 
to different FOH values . 

Results : 
~ures 2-5 show the compar i son of Eqs (1)-(3) with sets of TEXTOR 
confinement data , gathered, as much as possible , in s uccessive discharge 
sequences . ':'he experimental rE va l ues are found from energies which are 
the average of diamagnetic and kinet ic data . The RF power Paux is the to­
tal power leaving the antennae . From the time ra te of change of the energy 
an effective abso r ption coeffic i en t (see also f 5]) B = 0 . 9 :!- 0.1 could be 
derived . No attempt has been mad e to correct the data for this factor. 

The besc overall fit is obtained with the following fitting parameters : 

12 .7 ± 2 at a= 0 . 8 

54 ± 10 

Fine = 35 t 7 

I' A = 132 + 40 

when the units used are ms( T), MA(I), ~M(P) , 1013cm- 3(ne) and V(V) . It is 
interesting to note that the TEXTOR OH data is thus on average 30 % highe r 
than the pu)lished Neo-Alcator scaling [3]. The errorbars on Faux ,Finc and 
FA can reflect to some extend a devi ation from the linear Ipdependence in 
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the respective pertaining confinement times as well as the usual scatter 
in experimental data. 

The TEXTOR and JET models are practically undistinguishable: obviously, 
the experimental loop voltage decreases are not high enough to clearly se­
parate them . Tne Goldston model suffers from the f act t hat our TEXTOR OH 
data does not show (except for occasional detached plasmas) the strong sa­
turation at high density. The scat ter in the RF data obtained with th is 
model is clearly higher t han with t he t wo others . It i s i nteresting t o note 
that in t he doma in of applicability of t he Kaye-Gol dston scaling [6] 
(Ptot/PoH > 3) the present data set has confinement t i mes 1 t o 1. 25 times 
larger than Kaye-Goldston, t he main di screpancy bei ng due to an experimen­
tal density dependence somewhat stronge r than ne0.26 as precri cted by this 
scaling . Even operation a t PtotlPoH = 5 is not enough t o resolve the funda­
men tal question as to the asympto t ic, h i gh power limit of TE· 
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1. A.M. MESSIA~N et al., Plasma Phys . and Con trolled Fusion 28, 71(1986). 
2 . J .G. CORDEY et al . , Proc.llth Int .Conf.Plasma Physics and-Controll.Nucl . 

Fusion Research,Kyoto 1986 , paper IAEA-CN-47/F-I-4 . 
3. R.J. GOLDSTON , Plasma Phys . and Controlled Fusion 26 , 87 (1984) . 
4 . R.R. WEYNANTS et al. , LPP-ERM/KMS Report 85,BrusselS 1987, submitted 

to PRL . 
5 . F. WAGNER et al ., Pla~ma Phys. and Controlled Fusion 28, 1225 (1986) . 
6. S .M. KAYE and R. J . GOLDSTON, Nncl. Fusion~, 65 (1985:° 

100 

E 

(kJ) 

so 
OH 

Ot--~+-~-+-~-+-~--+~----1~--" 

1.4 v, 
1.2 

(VJ 
1.0 

D 

~ Lv A 

~ 
2 3 4 5 6 

ne (10 13cm-3) 

~ 
!':ncrgy E and loop vol tage v1 
as a function of Re . I n OH the 
plasma is detached above 
"c,d = 4 . 2 x lo 13cm-3 . With RF , 

I . f> < P (MW) < 1. 7 ( I p = 4 7 8 k A , 
BT= 1. 9 T) . 



100 

60 

40 

20 

0 
0 

100 

80 

60 

40 

20 

200 

TE(ms) (3) Trlmsl ( b) 
T, JIOH) 

' 'p= 285 kA I T,JIOHI 

' 'p=215kA I 100 

+• 80 

* 
~ ++ GIOHI 

GIOH) 
60 ---~ J ! -- ! 0.57 MW 

"'~ ;:/-6 0.54HW .,......- J 
// ,,.·.,.. T / .... 

y -~G 40 
, 

I 1.0HW 
/ T 

G 
, 

~b(1.4MW 
~ 

, 
T 20 J 

ii 110°cm-3) n,11013 cm·31 ·' 0 
3 4 0 2 

120 

Trlmsl Trlmsl . Cdl 
CCJ T,JIOHI 

' 'p= 480 kA I ''p= 350 kA I 
+ 

80 GIOH) 

GIOHI ----- ------- ,,,............. ~-""' ..... T _,,..,.. 
/ /~ 

/ 40 /' ·- -------G 
y 
[j~ 

T,J IOHI "' 1.64 MW 
~ 

T -· · 1.4 HW 
J 

n,1101lcm·31 ii,11013cm·3) 

0 
4 0 2 4 

~ 
Comparison of experimental confinement time TE wi th predictions of 
confinement model s : T = Eq . ( l ) , J = Eq.(2), G = Eq . (3) . Br = 2 T 
for (a) - (c ) and 1 .9 T for (d) . In ( a) a = 0.5 was used an3 F

0
H = 18 . 

4 

6 



201 

A MODEL FOR PELLET ABLATION lN JET 

ML Watkins , WA Houlberg• , A D Chee tnam , A Gondhalekar , 
H Granetz, f Hendriks, J O'Rourke , PM Stubberfi eld 

JET Joint Undertaking , Abingdon, Oxon OX14 3EA , UK 
*Oak Riage National Laborator y, Oak Ridge , TN 37831 , USA 

1 . INTRODUCTION 
Sol i d deuterium pellets have been injected into J~T discharges for a 

wide variety of plasma condi tions l including limiter , inner wall and 
X-point discharges) with ohmic heating alone , and in combination with ICRl' 
(up to 6Ml·i) and Nl:ll (up to 8MVJ of 7?kV deucer i um i njec t ion) . The pellets 
are Injected in the mid-plane along a major axis of the pl~sma. The 
penetration of tnese pellets is compared with that determined by t he 
neutral gas Shtelding (NS) model [1] a nd the neutral gois and plasma 
shielding ( NGPS) moae l l2] . A sui table model is proposed f'0!" the 
effective ionis~tlon radius in the NGl'S model wnlch determines the ionised 
snield parameters . l'or presenL JET experiments penetration is found to be 
consistent with electron aolat ion alone . The lack of fast ion effects is 
Interpreted i n terms of expec ted energy and power thresholds . 

2 . EXP ERIMENThL DETERMINATI ON Ol' PENETRATION 
An array of soft X-ray diodes vi ewing norizontally behind the pellet 

yields a qualitative view of the t i me-dependent pellet ablation rate and 
an accurate measurement of the time a t ..ihich the ablation process ends 
(l'igure 1 ) . The structure is similar to that exhibited by the Da l ight 
viewed along the pellet path . Pellet penetration depth is determ i ned f r om 
this data t oge ther wi th data from an array o f soft X-ray diodes vi ewing 
the pellet trajectory vertically (l'igure 2) . These signals also provide 
the pellet speec in the plasma (0 . 75- 1 . 2km/s) wh i ch may be compared with 
the speed deduced from time-of-flight measurements in the pell e t launcher . 
Pellets , nominally 3 . 6mm and ~.6mm cylinders of equal diameter and length , 
penet rate a distance 0 . 5-1 . 2m , the distance between the limiter and the 
magnetic axis being about 1. lm . 

3. NEUTRAL GAS AND PLASMA SHIELDING MODELS 
In the NS model monoener getic e l ectrons a r e shielded f r om the pellet 

by a layer of dense mol ecular hydrogenic gas . A fit to the numerical 
sol ution of the hydrodynamic equat i ons of mass , momentum and energy in t he 
neutral s hi eld , assuming un iform volumetric heating , leads to a 
relationship between the energy flux and the thickness of the neutral 
shield . An energy balance at the pellet surface provides a seco~d 
relation between the energy flux and the ablat i on r ate . The NGPS model 
extends the solut ion of the neutral shield by treating the electrons as 
having a Maxwellian distribution and add ing contributions from fast ions 
wi t h both of these effects i ncreasing ablation . A cold plasma s hi e l d 
extending along the magnetic field is also present , increasing the 
shielding of incident e l ectrons and thus decreasing ablation . The 
effective ionisati on r ad i us i s cons idered as the only free par ameter in 
our applications of the NGPS model . 
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The p.d:;rn" respon:;e tlurini:; µe l l<o:t a l>Litti on i:; r·cpr e:.;enLed by 
dd tdbati c rntxing o r the ablaLant pla:;ma wi th the p l asma eleeLron:.; t n the 
N!; model ( colli ::; ionCtl p l asma) , wt1ere..i!; Lhc 111c iden t clectr·on oi:;tdDuLi on 
function i s depleLeCJ in the NGl'S mude l (co llis i on l css pl a:;ma ) wh ich i s 
mo r e ..ippropr L 1Le r or Jl::T plasma:; . 

q . COMPARISON BETWEEN EXPERI MENT AND THEORY 
Jl::T geometry and plasma par ameters (electr on dens ity prol'i Les from 7 

vertica l chords or ,m FlH intcr r eromet cr and Lemperdture pr'of i le:.; from 2 ntl 
h.irmon i c !::Cl·: data ) dl'C u:.;ed Lo .issess variat i o ns in the ablation mode l. 
The tlc1ta :;et u:.;c<.I ror Lile compar i son between the expcri menLally determined 
pc neLr at t o n disLance c111d t ha t ob tained by mu<.lell i ng w eon::;idef'ab ly 
ex t ended Deyond Lt1C1L o r Iler L3J an<I now co11Lains abouL 100 d i:.;chaf'ge:.; . 
lnLegratiun o r tile l"ll! c l1or dal da t a i nd i c<.1Les that tile s mal l er pellets 
conLain aDout tl':>1> o l' t he ma::;s or a 3 . 6 m1n cyl i nder' while Lhe la r· ger µellets 
cont.ai n abou L '10'/. o f tile mass of a q , 6mm cyl111de r . This mass tll:.;cf'Cpancy 
<1ppcars Lo be :.;ystemattc and l ike ly drisc:.; during pellet fo1· maLio n '1nd 
accelef'ation rather' Lhan during the ablat i o n process . We use 8':>1 of Lhe 
rna:;s tor all o f the j . 6mrn di.1rne t er pellets (spheri ca l rad111s o r 1 . 9':> rnm 
a:.;:.;1Jrncd) J'.ltl 701 of tlte mas:; !'or Lhe q .6rnm rl1 ameter pe llets (sphertcal 
r..id ttJs o f l . J 'hnrn ,1:;:.1u111e<.1) . 

The pd l eL veloc lLtcs <.leLerrntneu !'rom Li111e-01' - rl1 gl1L o111tl ver t ica l 
:Jo f't X- r·ciy daLa aerce Lo wi Ll1in about 10'.t - Lht :; y i e lds no sign ll' icJ n t 
dt i'l'erenc" i11 ca l r:ul ;iLetl pc11etratiun tlcpLh:.;. V<iriation a l' t he pellet :.; tze 
!' r am 60- <J ':>i leads Lo Less Ll1iin 1':>c111 in Ll'le c.1lc 11laLed pcnc tr :it ion dep t t1s 
around L.hc r eporled V<llue:>. Uncert.JtnLic;,; Ln L11e elec tr·o11 dcns 1Ly <Jlld 

t.cmpcralure d:·tl .. a i :.J grCtJLl!:;L in the ouLer e<.Jgc o r the plt1::un.i ; :;cnJ t t tvi Ly 
Lo tl1e dc nsiLy v..ir·1 a Lio11 i:.; weak whil e v:triaL i u 11 u f' Lile c l ec Lro 11 
tcrnper.iLure t n I.he expecl.etl r a 11gc l eild5 LO .rn CrTor of 1':>crn l 11 Lhc 
t.:c.tlc u Latec..1 Vdluc:-; . Mca :;ure tJ pencLru tiQrt duplh::i c.ir· t: accuraL<: tu w i Lhin 
lt<i lf Lne sep..iratton between verti cal :.;ofL X-ray c l1o r ds o r 1Jcrn . 

q.1 Ohmic Heat ing Al one 
The NS rno<1el doe:; no L r·eµroduc" ve1·y we l l Lhe peneLr .1Llorl l 11 ol 1rni c 

cli :.;cl1<11"ee:.; , c:.; peei.1ll.y !' or deeper· per1etr·.iLion (l'tgur e Ja) . Thi :.; 1:; 

l)12eau:Je tl\c neut. r.1J :.;h t e ld :;o l uL ion l'ur 111011oene r uetie incide nt. nlect. r un::. 
dUC!J llOL ddl!quu l ely t't.:pre: .. .H.! llL L tle i H.!ll l!Lr'J ll Oll u r t.! lt'?C.: Ll'Ol\!J l'rum l ilt.! L.:l tl 
o f Lile dis tr 1l>utiu11 when Lile e l ectr on Lcmper .1Lur·c excee<I:.; ,J IJouL l keV L;! J. 
The .1grt!cme11 L l>eLwccn Lheur y dlHI exµl..!1·imc1lt. 1:.; unµr·uvcd bul eort:.H :J Lent.ly 
luw with Lhe Nl W3 rnotl <? l .-1nd an i on iJHLLon radiu!.i l' ixed dL r

1
> j . ? 111111 

111tlependent ol' µ<! 1 lcL ratlt us , r (Figur e Jb) , Lll" mo<le l us•; !! i ll e•irlicr 
predt<:tive t;.tl<!11l.1L1<)11:.; f'of' Jl::TplliJ . Tilt :.; .J(!l'cem<'llL 1:;111 he l'ur·Lhe1· 
11nµr o11ed l>y f lX lflJ! Ltll: t.hi ckne~S o l" \.h fJ LOrl l :;etJ :;h i eld ;-it, llllm , t.hat is , d ll 
11H11:;;1Lion r-.11111 1:1 nf' ru rp • 111110 (l'tgur·c j<· ). 

4. 2 Additional NBI and I CRF Heat i ng 
Wi t. h ;u.Jdi Ltun. il t1 u:1t.1n~ the NS mo d e l i 1 ~. 1 u1 :;l1ow:J d iJerup ... i nc i c~ 

h~LW l..'! l!ll c..! al c:u l.it. t~<l . 111d t:hJh:r 1me 11Ld l dcptn2 eomp.ir .. 1hl11 Lo t.111.) :.h) t'or 0 ll111 i1"! 

tJ i :H:hd rge::; . Th'! N (jl':~ 111t>rle l w i Lll 3 I mm Lh i ck 1011 i :.H.!d 0 11 i P. l tl dlld q~111)r" in~ 

. 111y L.i:.;L l o 11 co11t.r·1but.11J11:.; Lu Lt1e ablat. t <Jn pro~t.::;~; ~t l/e :J an .1<.ll1qu . .1t.e l'tL 

Lo L111' <Jata (Flf~ure }•l ) wil.h " :.;µredd comp.ir'1b l c Lo LhaL 1'01111d t 11 ol11n tc 
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d1sc11arges . From tills we conclude 1.haL fasl. ion elTecl.s are not important 
at tile pre:.;ent power levels . During high power NIH shots , t.hc electron 
temperature 1n Lhe outer plaama rises above q?OeV where the shield 
t.hicknes:> Lo sLop electrons becomes greater than thal. to s top 80kV 
ueul.erium ions LZJ . Furtl1crmorc , even with !lM ~I of Nl31 injection the fast 
ion energy flux in J l::T is an order of magn i tode lower than Lhe electron 
enerey flux <it all 1·adii. 

5 . CONCLUSIONS 
[ t is round th;iL the NGPS model , which includea both a dense neutral 

gaa :;hield and a col d plasma shield cxLendcd <ilong the magnel.ic field 
lines , r eproduces Lhe JET experimental da t a f or pellet peneLr~tion when 
the ct'fective Lhicknesa of the neutral gas layer is seL at. lmm . Good 
aercement is founo on the basis of elecLron ablation alone indic~ting thaL 
l'ast ion effect:.; during NU! and lCHF hea ting are not imporl.ant f or Lhe 
present levels and densil.ies of fast ions . Detailed theoretical models of 
Lhe :.;patia l a1d energy di:;Lribution of fa:.;t lons during !CllF 11eating 11avc 
not yet been developed f or evaluati1~ their e rfecl. on pe lle t ablation . 
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PROFILE EFFECTS ASSOCIATED WITH PELLET FUEl,ING Or JET 

A D Cheetham , DJ Campbell , A Gondhalekar , N Gottardi, 
R Granetz , P D Morgan and J O'Rourke 

JET Joint Undertaking , Abingdon, OX14 3EA , UK 

Pellet fueling experiments have been performed on JET using a 
single-shot pneumatic injector giving 4.6 mm (4 . 5x1021 at011s) or 3.6 mm 
(2 .2x10 21 atorr.s) diameter cylindrical deuterium pellets ~ith velocities 
between 0 .8 and 1. 2 km· s- 1 [1 ] . In this paper the effects of pellet 
fueling on the density and temperature profiles of OH discharges are 
described . In particular the consequences of pellet penetrat ion into the 
q<l r'egion are examined . It is shown that for s igni ficant modification 
of the density pr'ofile in JET , the pellet must penetr'ate the q•1 surface 
and major deposition must occur within the q<l r'egion . Dur'ing pellet 
injection, the peak electron temper'ature dr'ops by a lar'ge factor' . But no 
evidence is found in JET for' a low temper'atur'e fr'ont tr'avelling faster' 
than the pellet , in the plasma outside the sawtooth inversion region . 
However , when the pellet r'eaches this r'egion ver'y r'apid (<50 us) 
equalization of Te occurs thr'oughout the sawtooth inver'sion domain . 

ELECTRON DENSITY PROFILE , ne(r') 
During pellet fueling ther'e ar'e thr'ee timescales to consider' : 

(a) pellet ablation and penetr'ation (<lms) , (b) inwar'd tr'ansport of the 
ablated pellet material and peaking of the density pr'ofile (<500ms) , (c) 
r'elaxation back to pre-pellet conditions (~ls) . Pellet ablation and 
penetr'ation in JET have been modelled successfully using a modified 
neutral gas shielding model [ 1 ,2] . Immediately after' ablation the 
density pr'ofile i s hollow, fig . la, the degr'ee of hollowness depending on 
the penetr'atio~ of the pellet, which in turn depends on the target plasma 
par'ameter's . The density profile recovers to a peaked shape i n -200ms , 
with a centr'al density 1 .5 - 2 times lar'ger' than the pre-pellet value . 
Evolution to a peaked pr'ofile i s discontinuous when sawteeth occur' . 
Analysis of the densi ty pr'ofile and its evolution for' pellet fueled 
discharges has been made using a model of electron flux re= -DVne + Vne . 
The diffusion coefficient D(r) and the convection velocity V(r) thus 
deduced ar'e similar in magnitude to those for gas fueled dischar'ges which 
showed a large scatter but no systematic dependence on ne , I~ , B~ or 
heating mode [3 , 4] . 

Analyses of individual pellet cases show that in the outer limiter 
configuration, V/D changes from -0.2 m-• befor'e pellet injectio~ to -0 . 4 
m-• immediately after' , reverting to -0 . 2 m-• about ls later' , as evidenced 
by the more peaked density profile aft er pellet injection , which 
subsequently returns to its original for'm . In JET , significant peaking 
of the density profile does not take place unless pellet deposition 
with i n the q<l region occur's . The peakedness of the density profile can 
be quantified by an effective minor' r'adius , r'e(t) , of a torus o~ major 
radius R equal to that of the plasma column , and unifor'm density equal to 
the peak density ne(O , t) , and containi ng the same total number' of 
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elccLrons as in the plasma , Ne(t), where 
re(t) = (Ne(t)/ne(O,t) 2TI 2H)•I• . 

fig.2a shows how re(t) (normalizecl to the prc- pelleL value , r 2 (0)) 
evolves after pellet injecLion, for three pellets penetrating to 
different d i s Lances rp fran plasma centcr . We see thaL the pPof ilcs Lake 
-0 .5s to reach maximum peakcrlness, minimum r c(t )/rc(o) , then reLurn to 
the pre-pellet shape after another 0 . 5s . The minimum value of' rc/re(o) 
(corresponding to maximwn peakedness) is pl oLted against pellet 
peneLraLion (deduced from X- ray camera observations) in fig . ?b . The 
gPaph shows clearly that deeper' the peneLration, greater is the 
peakedness of the dens ity pPof ile . Also, significant peaking occuPs only 
if the pellet penetPates beyond the sawtooth inversion ra<lius Pc · for 
the discharges examined hePe_ ~0S rc(crn) ~50 . The most peaked ~Pol"iles 
obLained in JET , with ne(o)/ne-2 and ne(o)-1 . 2x l 0 20 m- ' , have been 
observed in the magnetic separatrix configuration fonned <111ring 
srngle-null X-point oper ation . The target plasma conrlitions wer·e such 
Lhat the pelleL penetrated to Lhc center of the plasma , fig . lb . 

ELECTRON TEMPERATURE PROFILE , Tc (t') 
In lllcator- C [5) and Tl'R [6) , Lhc presence of a low temperature 

front pl'Opagating fasLer than the pellet , cooling the plasma ahead of Lhc 
pel 1 et , is inferred fran higl1 speed measuranents or electron tanperaturc 
al d i fferent plasma radii rluring pellet injection . The velociLy of the 
cool rront is rieduced to be typically about twice that or the pelJet . 
The observations have been interpreted as ev idcnce of enhanced electr on 
tcmal diffusivity , Xe • ancl an increase of a facLor ~100 above the nonnal 
value has been deduced for Ol 1 plasmas . Further speculations abouL 
dependence of Xc on Lhc elecLr o n Lemperature profile have also Ileen rrade 
[6) . MeasuremenLs of LanpemLurc front propagation in JET have been made 
using the 38 chord sort X-ray array that views Lhe plasma rJiameLer f r om 
above al the :;.1rnc Loroidal J ocation as Lhe pellet l'l i ghL path , anrl a 1 ;> 
channel l::CE array loci!ted 13? 0 toroidally away rrom the pellet . Fi g . 3a 
i:; a pl oL of position (X-r::iy chord number) against Lime . Th~ paLh of the 
pelleL and the penetr-ation depth are shown f o r three pulses , and the time 
aL which Lhe chord i ntegr-ate<I X-ray signal sL<:trts Lo decrcas~ , inrlicrtt i ng 
cooling (corresponding t ot , in L6] ) is ploLLeri . We see Lhat at rarlii 
r >rc the :; i gnal :> t arLs to decay 10•50 ps IJcfore Lhe pelleL ::ir t'ive:; , buL 
the re is no evidence of a cold l'ronL Lravcll ing much fas Ler Lhan the 
pellet (V-1 Krn/s) . ~lhen the pel leL rcrtches the sawtooth inversion radius 
r c , as rlete'.'llli ned f'rcm tanograph le reconstrucLion of' the X- r·ay rJ>1La , 
i rnmcd i aLely (<50 1JS) the elccLron tanperaLure over Lile wholr~ cenLr;il 
regi on decreases . Fig . 3b shows a s i milar plot for a series of' pulses 
with a higher value ol' q(a) such Lhat the q<l r·egion is :;rn::ill<~r . The 
same behaviour is seen again . The observations of figs . 311 and 3b , wh i ch 
are baser! on chorrl integrated soft X- rily rnea.<;11rement.:;, aPe C.'Onf'irmcd by 
EGE rneasureTients o[' l ocal Te . The extremely fa:J L tim<~.5cc1le of Lhe 
profile collapse is comparable to Lhat :;een rlur·ing Lile s11wl.00Lh co llrip:;e 
phase in JET , and implies a .<e f'ar in excess of Lhe value <lr,Lenn incd by 
heilL pulse propagation , Xe- 2 . S rn'. s- • rn , f'or Oii JET d i :;ch>irgc:; . Thu:; 
Lhere i::; ev idencc f o r enl1aneed Xe i ns irle Lhe s;JWtooLI 1 i nvec:; ion rr!v. i on , 
buL not in the t'egion r>rc as cla i med elsewhere [6] . 
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'fh e dur'ation or pellet ablat i on (<1 ms) is much shor'ter than the 
sawLooth per'iod i n JET (-100 ms) . The pelle ts al:'e i njected r andanly at 
differ'cnt s tages of the sawtooth cycle, ft"om shot Lo shoL . 1he 
ananalously high value of x., , however', is i ndependent of th e pha3e o f the 
sawtooth wiLh respect to pellet in ject i on . The simi l ari ty bet ween the 
enhanced central Lm nspot"t which is obse l:'ved d1Jring pellet in jection , and 
that seen at a sawtooth collapse sugges t s a common ori gi n for' t he r apid 
the rnial loss in the two pr'ocesses . Fur the rnlOt"e , it underl i nes pr'ev i ous 
obse l:'Vations in JET t hat clur'ing sawtooth col lapses , t h ermal transpo l:'t can 
take place on a t irnescale much f aste r' than t hat pt"ed i cLed if mac roscopi c 
magne t ic r'econnection were t o occur and c;iuse it [BJ . 
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' IEllSUREMEIH l)f PLASMA PARAMETERS IN TliE 1..IJM!NvUS 
Rl':GIONS '.)f? PP.LLETS INJE:C'rf.ll IN'ro 'l'OKAMAK:; 

l).li. M-::llei ll, G. J . Greene, .J.D. Newburger, D.K . Owens, G. L. Schmi.H, 
dnd O.o. Schuresko* 

Plas ma Physics Laboratory, Pr inceto11 Univerai ty , 
Princeton, New Jersey 08544 , U.S.?\. 

The proper t i es of ablating pelle t s injec ted into large tokamaks 'Ire "" 
active S•Jbj 1,ct of resea rch t oday because of the extensive usP. of pellet 
fuelling. 1 •~ea:rnrement of t he li neshapes of atomi c hydrogen lines •'mitted 
by pell1,ts provides in f ormation on the electron rlensity ..thd temper..tture in 
the lurninons region o f the pellf!t c l oud. Knowledge of these par<un1,ters may 
help in determining t he rnech;rnism and r ate o f pell"!t i\hlation. This paper 
supplements previously published data 2 o n the e lee tron density and 
temperature at th·~ •noinent o f peak luminosity in the em itti lhJ region of 
solirl deutecium pellets injecterl in t n t he PL·r tokamak plaq"a with time 
resolved polychromator data which yi.,lrls t he time depe nrlence of the 
e lectr o n density and temperat<1rP. for singlP. pe l l P.ts . In unfr;igmenterl 
pP.llets the elt'!c tcon rlensity rises (from minimum mCd!Wred values of 2 -
3x1015 cm-3 up to 1-5x1017 cm- 3 ) along with the II alpha intensity (which 
rises as h i gh as 15 kW o r more ) througho11t the pellet lifetine, while the 
"lectron temperaturP. falls from about 4 eV to 2 eV o r less. At the end of 
the p"!llet flash the wide Stark-broildened H alpha profile is o ften combined 
with a narrow peak at the line center from intense emission in l ower 
de ns ity regions . The polychromator used for this exP"riment is being 
modified anrl installed on the Tr'TR tokamak for mor"! detaile:l studies of 
pellet behavior . 

The ear:ier PLT data were obtained using a single channe l 
monochromator that was tuned in wavelength from o ne sho t to the next 
t ogether with a fixed broadband H alpha monitor . In tha t experiment the 
sampling rate was 10 kHz and the detector amplifier decay time, ~100 µs; 
he nce, t he measurement was weighted to the most intense portion of the 
pellet flash . The shot-to- shot variability of the da ta precluded t ime 
resolution. Here the earlier data are extended in two ways: numerous 
samples (50 µs apart with an ampli fier fall time of '20 µs ) were t aken 
during each pellet flash with a polychromator which permitted evaluation of 
t he pellet plasma parameters at each sample time . 

Ligh t from the pellets was collected by a 400-µ-diam quartz fiber that 
viewed the pellets a distance of ~so c m from t he pellet path roughly normal 
to their trajectory at its midpoint . The output of the fiber was collected 
by a lens a nd foc ussed onto the entrance s lit of the polychromat o r. The 
polychromator has ten channels with photomultiplie r detectors . In the 
experiments we reco rded data from a monitor (a single 15.5 nm fwhm 
interference : ilter cen tered near t he D alpha line , 656 .1 nm, with a 
photomultiplier detector) and from 7 of the polychromator channels . The 7 
channels had passbands centered at wavelengths from 636 to 657 nm with base 
width<; o f up to 4 . 0 nm. Because t he spectral i n tensity of the line varies 
rapidly over the wide bandwidths of the individual channnels, the observed 
polychromator and moni tor signals must be compared with computed profiles 
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which have been obtained by taking t he convolution of the me asured 
instrumen t f unc tion of. each of t he c hannels with t heor e tica l Sta rk 
hroade ning pro f i les 3 • 4 for various densit i es and tP.rnperatur•!S . Pro files 
we ce calculated usin<J n. con t i nuum bitckqcound co r rc ';pon1iinlJ to varioU!--i 

t e mperatures unrler the assumpt ion that thP em i t ti.n') reyio n f o r the 
con tinuum is t he s aine as that f o r H alphil; t hat i s , th~ tcmp~rit.tu re w;1s 

evaluate rl using the l i ne-to- continuum i n tensity ratio . Figure 1 shows the 
expectcrl s ignals i n t he mo ni tor (p lo t te•i on the o rrlinate ) a nrl eiqht 
polychro rnato r c h a nne ls (The cha nne l l;ihellflrl 9 was no t •l SP.d.) f o r a n 
e lec t r o n <len;ity o f lxl0 17c m- 3 anrl temperatures of 10, 20, a nd 40 k >C The 
tempe r.1 tu r 1? varl ation of t he pro fi le i s evide n t 
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densities as low as 2x1015 cm-3 were 
measurerl in the first 100 us of t he 
flash from ren y of the pellets . At 
earlier times signals could be 
detected in t he f irs t pol ychromator 
channel and monitor, but t hat was not 
sufficient to rle r i ve a densi ty. As 
the signals extenderl in t o the third 
ch annel , i t was clear that t he line 
was broadening, and when the signal 
levels were adequate it was possible 
to obtain a dens ity value. At t he 
earliest tianes for whi ch a density 
could be o btained, the temperature 
was usually 30-40 kK. At later 
times, the density was greater, t he 
signal extended to mo r e channels 
(usually all eight) and the 
temperatur e fell to 20 kK or slightly 
less at t he e nd of t he pulse . Peak 
densities of 1-1ox1017 cm- 3 were 
observed at the end of pellets which 
e n tered the discharge in singl e 
unfragmented form. For t h ese pe l lets 
t he overall duration of the flash as 
seen by t he H alpha monitors was ~ 300 
us . Figure 3 shows the time 
variation in the density (cm- 3 ) 
de r ived from the Sta r k bcoadening 
measu rements f o r nine pellet<; . The 
time scale has been set acbi trarily 
so that a time of 250 us cor r e sponds 
to the peak intensi ty seen hy th e 
polych r oma t 0r. (Because of a limi te<l 
viewing apertuce, the peak i n the 
polych roma tor monitor signal occurs 
earlier than that i.n the exte r nal f! 

alpha moni t ors , which occurs at the 
end of the pellet li. f.e time . l The 
loweqt and second from the top of 
these tri\ces ace from pellets whi ch 
appei\r to have been in f cagraents that 
ente r ed the discharge over an 
e xtended p.'!rioo, so t hat the overall 
•lura tion of the flash from them was 
longer. For 1nost pP.11.,ts the 
e lee tron density in t h" luminous 
region i.s inc reti~in<J con t i nuously 
»ntil the <:ind of t he flash , witli a 
rloublin'J t ir.ie 0:1 the o rrler o f 50 
us. O'le str i king fed t» rP. o f the 
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pell·~ts i s thdt the t o t a l intens i ty of the H alpha e:nisliion fr•:>m them h 
appr o xim<ltely proportion'll to thq '' l<>ctr.on dens ity measured by :>tark 
brodde ning over muc h of their lifetime . '!'hi-; is illu!itr..;tecl i'l Figuro> 4 
which s how' the rr.lative electron density dnd H illpha intensity (SP.<11\ by 
the externdl monitors) for t wo o f t l1e pellP.ts shown in Figure 3 . '!'he 
upper pair o f c urves are for ii single, int..;c t pP.llet . 

These observations re quire fur t'1er "'alysis and comparison with other 
clnta t o be oht,,inerl in future exper.iinents . Fo r example, ion cyc l otron. 
rP.sonance heating power s of ~ 200 kH were, dppli"'rl to some o f the t:ctrget 
plasmas in this experiment, but the power was t oo l ow to produce th•' 
c hanges in ablation behavior observed at :1igh RF powers . Some general 
indication" of the pe llet ablatio n behavior may be obtained from the 
present expe r iment as fol lows: if the P.mitting reg i on is assumed to be in 
local thenno<lynamic equilibrium and the pressure of. the plasma in the 
pel lP.t c l oud exceeds that o f the s11rrounding plasma (Both of. these 
-;tatements appe'tr to ba truP. in thP. l a;t 100-150 µs o f the pP. lle t flash), 
then t he top comparison of Fig u re 4 in:iic;,tes that the volume of the 
emitting regi on was inversely p roporti onal to the electr o n densi ty, 
provided self-absorption over most o f the linewidth can be neglected. For 
a fixed sucface ared o f the emitting regio n, the pa rticle e fflux from the 
pellet is then proportional t 0 the luninous intens ity. The broadband H 
a lpha line monitor in the pol ychromator was calibrated a bsolutely. Thus, 
for example , in one s hot the H a l pha power was 3. 1 kW wr.en the electron 
density was Sx 10 16 cm - 3 and the tempe ra tu re 2 eV . If the radius of. the 
emi t ting region i s taken to be 1 c:n , then the efflux of partic les from the 
e mitting shell i s approximately 4x1o 23 particles/s, a nd the ratio of H 
'tlpha photons to escaping particles is roughly 0.03. Photographic e vidence 
of the e1nission r egion dimensions and other time resolved data are needer! 
t o develop a morP. precise understanding of the pellet behavior, i ncluding 
the ablation rate and the large fluc tuations observeci in the total H alpha 
signal. 

The presen t apparatus is now being installed on the TFTR tokamak . 
Several c hanges arP. being made improve the system: ( 1) a c iffuser will be 
used on the collecting f.iber to avoid angular variati ons in the system ' s 
collecting efficiency; ( 2) higher sampling rates and faster amplifiers ( 500 
kHz) will be used; (3) both H alpha and H beta monito rs will be used (to 
obtain Te by the line ratio method) ; and, (4) the most sensitive channels 
near the line cen t e r will he attenuated to enhance the relative s ignal 
levels in the o ute r channels, 

'!'his work has been supported by the U.S. Department of Energy under 
contract No . DE- AC02-76- CH03073 . 
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HYDROGEN AND DEUTERIUM PELLET INJECTION 
INTO OHl'IICALLY AND ADDITIONALLY ECR-HEATED TFR PLAS~IAS 

ABSTRACT 

TFR Group (presented by H.W. DRAWIN) 
As socia tion EURATOM-CEA 

Departement de Recherches sur la Fusion ControleP 
Centre d'Etudes Nuc leaires, Cadarache 

13108 St PAUL LEZ DURANCE/FRANCE 

The ablation clouds of hydrogen and deuter ium pellets 
injected into ohmically and electron cyclotron resonance heated 
(ECRH) plas mas of the Fontenay-aux- Roses t o kamak TFR have been pho to­
graphed, their emission has been measured photoelectrical ly. Without 
ECRH the pellets penetrate deeply into the plas ma, the c louds a re 
striated. Injection during ECRH leads to ablation in the o uter plasma 
region . The position of the ECR layer has no i nfluence on the pene­
t ration depth which i s only a few centimeters. The ablation clouds 
show no particular structure when ECRH is a pplied. 

EXPERIMENTAL SET- UP 

Single solid hydrogen and deuterium pellets were injected 
into TFR plasmas (major radius R = 0.98 m, plasma radius a •, 0.18 m) 
using a pneumati c pellet inject8r constructed by the ss:;,

9 
cEA Gr eno­

ble. The pellet velocities were v - 700 m/ s . 1.3.10 atoms per 
pellet were on the average depositedpin the plasma . The pellets were 
injected in radial direction, the pellet t rajectory was observed 
under an oblique angle ~(r) with respec t to t he injection p l ane , see 
figu re 1 . The HR(D

8
) emission was measured simultaneously by means of 

a photomultiplier Eonnected to a fast acquisition device . 

The elec tron cyclotron waves of frequency V = 60 GHz were 
l aunched by wave guide antennas placed in t he equatorial plane at 
torus ports opposite to the pellet injec tion port. 

The experiments were carried out under the following condi­
tions : p l asma current I = 110 kA, toroidal magnetic field induct i on 
B<I> = 2. 1 t o 2.4 T correJ'ponding to r = - 1 to +11.6 cm for t he posi­
tion of t he resonance layer relative to the center (r =

19
o) -'3£ the 

torus chamber. The mean electron dens i ty was <n > - 1.2.10 m , the 
ohmi c power - 150 kW without ECRH. AdditionaleECRH was provided by 
t h ree gyratrons, with 150 kW/gyratron absorbed power in t he plasma. 
During ECRH t he ohmic power decreased to a level of appr. 80 to 
90 kW. All measurements were carried out during t h e current plateau 
of the discharge. The plasma column showed ge nerally strong hori­
zontal displacements five to ten milliseconds after injection of a 
first pellet . It was t herefo r e not possible to make reproducible 
multi - pellet injection experiments for these particular plasma para­
meters . 
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HESUl.TS 

I. lnjcclion in lo o ltmi ca J ly h enlecl p lasma s 

The Linw-i 11 Legrated pholograph.ic pi clurPs o f t he ab l a lio n 
c lo ud s s h ow brighl ""d dark zonC's (strialious) wheu a 1w·1 lel i s 
iujecLPd i uto only oh111i ea I l y healed JI I as111as ( r i g 11 rc 2 a and lle r. I 1 j) . 
The variaLion of e mission alon g a µellel Lraj ec lory is also seen 0 11 

Lhe photo111ul tipli<'r llfl s i g nal s (so-called ablalion prof ii<'). Figu re J 
s hows au ab l alio1'. pr'ofilc l(Ufl) placed al Liu• correct radial posi ­
L1011. /\ Jso shown J S Lhe /\hel -irlverLl'd radLc1l c l ec· t1·on dP11s1Ly profde 
n (r) inuncd ialely :iflf'r p e l i f't inj ect ion. lu Lilf' presenl Sf'rips of 
(-'~ P<•ri_1nc 11 ts an a vf'r;1ge p r~11ctra l io11 dcµLh o[ I. - 12 cm was mc rt s u recl. 

Th P pc• l l Pls did 110L reach Liu-' q = I sur f ace s i£11 a l e d al app r. r =4.5cm. 
The posi Lions of Llw sL1· iaLio11s were 110Le reprodu c i l.>i e . 

Th e a hl alion di;rngcs tl r;islically wh e n Lhe pellet is inj ec­
Le<I du ri ng ECllll. /\h l aL i o 11 Lakes pla n• iu the Vf'ry o nler rf'giou of Lhe 
p las ma co l u mn. 'f imf'-inlegral <•d pli olugn~ p hi c:.;; s liow 110 strialio11s, see 
figure 2b . Tht• vi~ible emi ssio 11 t•xlcnd s ir1 Loroida l tlirt"clio11 ove r 
LI"• whole regio11 cove n•d by Lhe opLicaJ dPvice (appr. 25 cm). (l n 
co11lr.:1sl l o Lhis, nrul oµpcf pel IPLS h;1v("' for i11j cclio11 inlo onl y ohmi­
cal ly heaLC'd p l as111:1s a t o roidal c xlt>11sion of on ly a ( e:.1 ce11l i uu•l£" r s 
I 1,2 1) . T hP phoL0111ulLipl i e r s i g11:ils cxhibiL 110 speci al strucl11re 
c•ilht•r . Fj gure:;; 4 and 5 s h ow for lwo diffpn•o l posilions of the ECR 

laye r Lhe II~ ah l;•Lio11 prnfile ;111d the n p.-ofi If'. F ig11 rf' 6 g i ves Lhe 
posilio11 of Llie ~blt.1L ion m.Jxim11111 as a f11~ clion of Liu=- posilio11 of Lh c 
ECH l"yer. The J;,LL<•r has pracLical l y no i11 fluence e n Lhc pcl IPL 
pc11C'L 1·0.1Lion " e p l h wl1ich has on Lht"' :1vt-•ragc a va lue or L ..... 4 Lo 5 nn. 
/\lso Lhc r1111ni>Pr ol appl i .. d gyrolrons does p raclicJI l y ngl ~ffrcl L . 

p 

ThP red11c('d IH'11Plraliv11 o f the• pc• l l f'l i11l o the plas111a 
du r illA ECl<ll i s poss ibl y clue lo Lin· prC'SP ll ("(' or supral herma l c l f'c l run s 
<'llLC'ri11g deepl y i11Lo Lh e· pc I l et l1111s c:a11s i11 g prec.: oc i o u s cvaporal iun. 
A s inli J;11· pff<"cl has l1t·c·11 SC'L'll duri11g lowpr- li yhrid wavf' hc·ali11g IJJ . 

ThP J;_irJ4t' toroidal f•xlc· 11 s ion o f Lllf' .1hlalio11 clouds is 
pruh.ibly due· Lu Lh<' l ong irn1iz<Jliun lime i11 Liu• u ulc•r pl.1sm:i r <'gion 
co111p.:1 rerl l o l IH.' di f f1 1s i 0 11 l i lllf' o I Llif' 11f' 11 l ra I gaz. 

011 LllC' h ;1:-; i !'-i of l lif'S(' t'Xp C'ri lllC'llL8 011(' ("~lfl/IOL l-'Xf' l lJt l <· di r-
1 icu l Lit.•:-; in p c• l lc•L ( 11 e l i11g du 1~ i11g I.II c11rn• 11l drivP assisLc tl hy ECH 
waves .:111<1 during p owC'rfnl t·:CH lw.1li11g. 
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Wp L11a11k Lhe ECllll LC'illll o f Ll1<• l'OM- l11sl ilu11L voo1· l'lasina­
l ysica 11 Ri j nli11 izt·11 11

, Tiie· NP Ll1t· 1·la 11ds , for li avi11g r• 11 s 11rC'd Liu· ECH­
lu·:iLi 11 ~ d11ri11g, 0 11 r p t.•l l f"l inj1·etio11 c·x1Jt•1·im<•11ls. 
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CHARACTERISTICS OF THE H-MODE IN DIVERTOR CONFIGURATION ON JFT-
2M TOKAMAK 

N. Suzuki. Y .Miura . ~I. Hasegawa*. K. Hos hi no. S. Kasai. T. l\awakam1. 
H. Kawashima . T.Matoba. T.Matsuda. H. Matsumoto , ~Ulan. K. Odajima, 
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Japan Atomic Energy Research Institute 
Tokai-mura. Naka-gun . Ibaraki -ken. 319-~I. Japan 
* On leave from Mitsubi shi Electric Co . 

ABSTRACT Parameter dependences of the H-mode i n a single-null 
divertor confi guration were surveyed on JFT-2:A. Threshold po~er f or 
the H-trans i lion increases with surface sa fely factor and depends on 
gas spec ies. Gross energy confinement time i ncreases with pi asma 
curr ent and does not depend on gas species . 

I . INTRODUCTION and EXPERIMENTAL CONDIT I ONS 
Several tokamaks with a divertor have shown a possibility of the 

high confinement mode l H-mode l. JFT-2M[IJ has capabili ty of 
elonga ted limiter d ischarges and open divertor d i scharges. and in 
both configurations the H-mode has been observed[2.3l. In this paper 
we concentrate on the H-mode in the s ingle-nu! l divertor 
configuration. where d i stance between the nu! l point and divertor 
plates is around 7 cm and c learance between plasma surface and 
poloi dal limiters is l arger than 8 cm ( Fig . I l . Poloidal limiters and 
divertor plates are made of graphite. stand apart from inner wal I 
surface by 65 mm and 80 mm respectively. Co- and counter injection of 
hydrogen neutral beam with each maximum pmier of 0.8 MW were used 
net input power is estimated as 90 % of torus input for co-injecti on 
and 70 % for counter-i njection . In this experiment. Ti-gettering was 
used to obtain a clean pl asma . dominant metal impurities are ;ron and 
titanium . Good monitors for the H-transition are Ha/Da signals from 
3 directions . edge temperature Tedge by ECE, edge density Nedge by FIR 
interferometer and pl asma stored energy Ws by magnetics l di amagneti cs 
and magnetic f itting method l . 

2. THRESHOLD POWER and DENSITY for the H-TRANSITION 
As we l I known, there exist the threshold input power Pth and 

electron density Nth for the H-transition and they depend on various 
parameters such as magnetic conf iguration. safety factor, gas species . 
cleanliness . direction of grad B drift and so on. On JFT-2~.I. Nth has 
no clear dependence on safety f actor and is nearly the same for H, D 
and He divertor discharges . Its r ange is 1.5 - 2.0 x LO E13 I cc and 
which lies on the low densi t y region expressed by the neo-Alcator 
scaling. where ohmi c confinement time depends on safety f actor. But 
observed Nth has no such dependences . so it seerns to i nd i ea te a 
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significant effect of absolute density i tself for the H-transition. 
The threshold input pawer Pth was investigated with l p-scan and 

Bt-scan. Pth increases with Bt and decreases with Jp. So its parameter 
dependence can be summarized as dependence on the safety factor. The 
safety factor q is defined usually i n two manners , that is a 
cylindri cal one q-cyl and a surface one q-s def i ned on a little inside 
magnetic sur face . \iii thin the same sing l e-nul l conf i gurat ion , it is 
difficult to say which i s a better choice. But we can observe the H­
transi tion al so i n double-null divertor and D-shaped limiter 
dischar ges [ 4J, so t o compare various configur ati ons, q-s seems to be 
r easonable cho i ce rather than q-cyl as the safety factor determining 
t he H-trans i tion. In the H-mode two t ypes of Ha/Da signal < burst 
and burst-free l are recognized. For the burst case, increases of 
el ectron dens i ty and radi ati on power ar e pulled down at every burst. 
On the · ot her hand, for the bur st-free case density and r adiation po~1er 
i ncr ease up to some lim i t where H to L-trans it i on occurs . then during 
the L-phase r eduction of radia tion power see1ns to prepare again 
necessary condi tions for the H- transi tion. These f eatur es of H-mode 
depend especially on i nput power level. For H pl asma. power range of 
the burs t type i s comparatively wide up to about double of Pth . For D 
plasma. the bur st-free type is domi nant and the burst type i s 1 i mi ted 
around Pch. The Pth dependences on the safety factor and gas species 
are shown in Fig.2. The Pth increases nearly with q-s in high q region 
c >3 l and roughly constant in low q region c < 3 l. In the l ow q 
region. reason for the scattering of Pth is not clear, but it may 
comes from severe conditions for ~lHD act iv i ties. It llR.IS t be noted 
that Pth is well expressed only with q-s f or differ ent plasma current . 

Gas species also affect Pth. At same q-s of 3. Pth for H pl asma 
is about 0.5 MW and larger than Pth of 0.2 t11W for D plasma. Pth for He 
plasma was checked at one case and just below that for H plasma. This 
effect i s also not c lear to be attributed t.o i nlxinsic effect of gas 
speci es or to other accompanying ef f ects such as prof i Les. Other 
factor s observed experimentally are Ti-gettering and rlirection of i on 
grad B dri ft . they affect. Pth by a factor of 2. Fi nall y, outer 
clear ance between plasma surface and 1 im i ters I s a severe factor. as 
we can suppress the H- transi tion by insert.ion of a outer movabl e 
l imiter nearl y to plasma surface . Necessary outer clearance for the H­
mode is 3 - 4 cm at power level of O.B :.JW. Bott om clearance is no t. so 
sever e as outer one , and inner one can be guess from the H-transi t i on 
i n inside-touched l imiter discharges . Thesf' i:learance condi ti ons 
suggest a key importance of scr ape-of f layer for the H-morle. 

3. CONF 1 NEMENT CHARACTER I ST ! CS 
Conf inement improvement in the H-mor.le is c l ear l y seen as 

additional increase of stored energy Ws by magneti cs . Thi s increase of 
\Jls seems to come from f or mation of the so- called 'pe<lestal · in 
electron temperature and density profiles at the beqining of the H­
mode. then dens i ty incr ease contributes \Jls rise r ather than increase 
of temper atures . Throughout t he H-phase i s ther e some process t o 
maintain the pedestal at plasma edge. The edge el ectron temperat11re 
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Tedge by ECE jumps up at the H-transi li on and keeps almost constant 
during the H-phase for H plasma. bu t decreases graduall y down t o the 
L-phase value for D Plasma. And for high q case without sawtooth 
oscillations. Tedge rises slowly . So it is difficult to find out one 
thresho l d value for Tedge. Different time behav iour of Tedge be tween H 
and D plasma seems to come from impurity accumulation l evel measur ed 
as radiati on loss power. On the other hand. electron density keeps to 
r ise up ti l I the H to L-transi tion occurs. Though precise pr essure 
profiles have not been obtained. formation of pressure pedes tal may be 
a key feature and grad P at the edge may be 1 i mi t ed bY some pressure­
dr i ven instabilities and/or MHD ins t abi l itie:; . 

Improved conf inement can be expressed with the gro!ls energy 
confinement time Tg and the incremental conf i nement time determined 
from power-scan experiments. But the latter invo l ves large ambiguity 
wi t hin limi ted power-scan range . because of power dependent featurP.s 
of H-mode types especi ally in H plasma. So t he r g of H-mode at same 
power l evel i s compared for H. D and He pl as ma togethe1" ~ii th that of 
ohmic phase Toh . The T9 for the H-mode is defined around peak \Us , 
because there is no steady state for the bw·st-free case. The Toh is 
a peak value in the dens ity-scan data . So the density region f or each 
con finement times is spread widely. Dependence of confinement ti mes on 
Ip is shown in Fig. 3 . The Toh i s nearly cons tant agains t Ip and 
depends on gas species. however . the Tg is l inearly proportional t o 
Ip up to the l owest q limi t of 2 and no dependence on gas species can 
be seen. This featur e of H-mode con finement i s very s i mple and 
interesting . Especially for H plasma. the Tg exceeds the Toh enough 
at the lowes t q. Figur e -I shows dependence of confinement times on 
Bt. The Toh is 1 i nearly proporti onal to Bt and there exists al so 
dependence on gas species . But the r g has no dependence on Bt and gas 
species . The reason for these features of the H- mode r emai ns as an 
open question . but it is clearly shown that the gross energy 
confinement time of the H-mode can exceed the ohmic one in H plasma. 
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MOUIFICATION OF SAWTOOTH BEHAVIOR USING RHF ON HT-68 TOKAMAK 
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Qin Pinj i an, Fan He ngyu, Deng Chuanbao 
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1 . I NTRODUCTION 
t<hi le tokamak parame t ers a pproach t he i gni tion cond ition , s awtooth be­

comes more and more i mportan t . Sawtee t h set t he limit o f the cent ral plasma 
t emperature on a tokamak no ma t t er how hi gh the i npu t powe r is . [l ] [2] 

As sawteeth has been widel y obser ved and i nvestigated on many t okamaks , 
some important phenome na can no t be prope r ly expla ined by kadomtsev mode l . 
New alternative theoretical model were pr esented . (3][4)[5) Bu t bmcause of 
the rest r iction of diagnostics and expe r iment the r e s till exist a gap be­
l ween theory and experiment. 

On HT- 6B t okamak exper i ment of suppr essi ng HHD per turbations haa been ca­
r ried out . The result shows that a weak r esonant helical field (RllF) with a 
hel ical mode can suppress the resonant mode of MHD perturbation as well as 
other modes with different m numbe r s[6) . Further investigation found accom­
panying the ou t e r mode suppression s awt ooth behav i or was modified obviously 
in its magni t udes , repetition periods and precursor oscillations and some­
t imes i t migh t t urn into a total different pertur bation mode which did not 
a ppear du ring normal operat i on condi t ions . The experiment result ~s r e por­
t ed and the mechanism of the s awtooth mod i f i cation is discussed in t his pa­
per . 

2 . MODI FICATION OF SAWTOOTH BEHAVIOR UNDER INFLUENCE OF Rl!F 

On HT- 613 t okamak t here are two hel i cal wi ndings (1=2 , n= l a nd 1=3 , n=l ) 
which can be used in DC or pulsed r egime . Sawt eeth and Mirnov oscillations 
a nd mea s u red by an ar ray of Au- Si surface bar r iar diodes , magnetic probes 
and cos m9 magnetic loops . 

Three types of discha r ges a r e ident i f i ed wi th respec t to the def f eren t i n­
ternal mode features , (A) sawtooth f ree (B) typical sawtooth a nd (C) 20- 30 
KHz oscillation on plasma cen tre . By applying a pr oper RHF, A type or C t y­
pe might transfer to B type [ Fi~l ) and i n B type discharges the repetit i on 
period of sawtee t h enlarged ( from a bou t 200 µs up to larger than 300 µs) 
and sawtooth magnet ude inc reased by a fac t or of 3- 5 [ Fig . 2) .These phenomena 
are discussed detailly in t he follows . 

3 . RELATIONSHIP BETWEEN SAWTEETH AND m=l PRECURSOR 

As di scussed in (6 ), for pl as ma RHF i s a loca l dist urbance near q=l 



221 A 

surfaces bu: it can not only suppress the r esonant outer MHD mode, but also 
coi ncidently e ffec ts all the modes conc en tra ted near different q surface . 
In Fig . I, the S .X. ray signals through the central chords, wnich are idnti­
fied t o be 1/1 mode , decreases whereas the sawteeth are triggered on wi th 
large magnitude . I n Fig . 3, a ft er turning off RHF, s awteeth cease bu t about 
20 KHz oscillat i ons enhance again on S. X. signals inside q•l su rface 
( rs~4cm). This indica t es that the internal disrupt i ons characterized by saw­
tee th are not solely caused by gr owth of m•l tea ring mod e . 

4 . MODIFICATION OF SAWTOOTH BEllAVIOR ACCOMPANI ED WITH CHANGE OF ENERGY 
CONFINEMENT AND PARAMETER PROFILES 

A car efu l compar ison shows that in a B type discha r ge the ramp up slope 
of the sawteeth increases with RHF. That means the increase o( the sawteeth 
magnitude is not simpl y because of the extension of repe tit i on per iod which 
can be explained as the supp ression of m•l mode , mo reover the centra l tem­
perature iccreases more r apidly . This mus t r esult from the i mprovement of 
energy confi nement at the plasma centre region . 

The time delay between RHF turning on/off and response on sawteeth does 
not match the MHD charac t eristic time but varies according to the effec tive ­
ness of RHF . ln Fig . 3] the sawteeth cont i nue about two cycles , that is to 
say in the orde r of mi llisecond which i s compar able to the energy confine­
ment time (~700 µs) . 

When sawtooth magnitude becomes rather la rge with RHF , the inverse radius 
rs increases a nd intensit y of ECE incr eases which indicates the temperature 
rise nea r the plasma center -

All properties mentione~ above verifies that the modification of sawtooth 
behavior is always accompanied with the change of energy confinemen t and 
profiles of plasma parameters . 

How can a weak external RHF obviousl y influence the inte rnal plasma 
ene r gy pr ocesses? 

5 . GLOBAL CORRELATION OF INTERNAL AND EXTERNAL MODES 

RHF exper i men ts showed a strong correlation between the ~ID modes wi th 
different m numbers . A weak RHF could on l y super pose less than 1% distur­
bance on the poloidal fie ld of the discharge. It might r escnan tly influence 
Lhe corresponding 3/ 1 o r 2/ l mode and subsequentially affect a ll modes 
ex i sted. Whenever the modes dec reased , sawtee th a ppeared o r increased in 
magnitude and period. 

l n a extreme case (normally with higher ne) a C type discharge dominated 
hy 20 KHz oscillations were t aken place by giant sawLoo t h discharge which 
is cha rac ter ized by inversed sawtooth on 8 cm and 10 cm (near to the edge 
of plasma) S . X. signal and even gi ant sawt ooth-like oscilla tion on magne t ic 
probes i n£icating s ignifican t change of plasma inner inductance resulting 
( r om rapid loss of plasma energy content . Such a d i stinct change was tr i g­
~c red by a weak RHF . [Fig . 4] 
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In a nother extreme case (with l ower ne) RHF tr iggered different di s charge 
mode with no typica l sawtooth bu t a series of minor dis ruptions with the 
same repetiLion pe riod like s awLeeth symbolized as periodic spikes on both 
magnet i c l oop and S . X. signal s . This kind of i nstability has been mentioned 
on our repor t on l as t Eu ropean Con f e r ence but the dif fe r e nce is at this 
time only one RHF was appl ied with a mediat value . [Fig.5) 

6 . SUMMARY 

The MHD instability i n HT- 6B pla sma shows a globa l mode. A weak RHF may 
resonant ly affect a local component, and resul t in a overa ll transition of 
the mode structure . Subsequently the pro perty of pl a sma con finemen t e nd 
prof i le a r e modified a nd sawtoo th behavior changed . Inves tigat ion of m•l 
precursor shows tha t g r owth of magnetic i sland might not be t he sole reason 
of the sawtooth collapse . 

The experiment resu l t gives a n opper t unity t ha t one can use Riff o r o ther 
s imilar me thodes t o i mprove internal s t ability property a nd ge t rid o f the 
occurre nce of inte rna l disrupt ions by a local modera te disturbance on a 
tokamak plasma . 
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ABSTRACT Conf inement studies of runaway electrons have been performed in 
order to elucidate the nature of electromagnetic turbulence and its role in 
ohmically and beam heated L- and H-plasmas. Under ohmic conditions , the 
confinement time TR of runaway electrons depends strongly on the choice of 
qa; in the L-moje, TR degrades with beam power; in the H-phase, runaway 
electrons are again well confined . With plausible assumptions , a cor­
relation length of the underlying microturbulence of O. 1 cm is found which 
requires a magnetic perturbation Br/Bo -10-4 to be consistent with L-mode 
confinement . 

The confinement of runaway electrons (R . E. ) has been studied in AS DEX in 
ohmical l y and beam heated L- and H- mode plasmas . R. E. are produced within 
t he f irst hundred ms when the l oop vo l tage reaches val ues up to 10V . 
The r eaf ter{ t he R. E. production r ate decreases sharply; at 0.3s ne1dnR/dt 
-4xio-4 s- and is still decreasing . In the birth phase of R.E ., t he pl asma 
Te- and ne-rr ofiles are st i ll very broad probably resulting in a lar gely 
homogeneous R.E. density . Dur ing the current ramp-up phase (typically 600-
800 ms), R. E. are continuously accelerated . After about 1 s (with the 
plasma current being in the plateau phase) the R. E. distribution reaches 
steady stat e at a mean energy of about 1 MeV and with maximal energy around 
10 MeV . 

R. E. are measured via the thick target hard X-ray bremsstrahlung 
emitted when their orbit intersects a molybdenum target placed at the 
plasma mid-plane a few cm outside the separatrix on the low field side. 
During the current ramp- up phase the hard X-ray radiation increases because 
the electrons become increasingly energetic though their number does not 
further increase . The t ransition of rat i onal q-surfaces across the plasma 
surface destabilizes t he ma~netic field topolo~y resulting in transiently 
I University of Stuttgart ; Joffe Insti tute; University of Heidelberg; 
4 University of Washington , Seattle , USA; 5 N. R.C. N. S . "Democritos", 
Athens, Greece ; 6 I nst. for Nuclear Resear ch , Swierk, Pol and ; 
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enhanced R.E . losses . Fig. 1a shows the initial discharge phase when cur­
rent and density are ramped up and Fig. lb displays the hard X-ray radia­
tion indicating the sequence of rational q-surfaces moving from the 
interior across the separatrix. It is interesting to note that despite the 
anomaly of the magnetic field topology at the plasma surface of the 
magnetic limiter configuration (with q equal to infinity at the separatrix 
and a narrowly spaced sequence of rational q-surfaces at the plasma edge), 
the transit of a rational qa-surface (qa corresponding to the cyclindrical 
one ignoring the anomaly) still affects the quality of the magnetic field 
topology. During the subsequent plateau phase , R. E. are continuously lost ; 
from the exponential decrease of the hard X-ray radiation a characteristic 
time is inferred which is interpreted as the confinement time of R.E. since 
the population and energy distribution of the R.E. is invariant during this 
period. Figure 2 plots the R.E . confinement time TR versus qa in an ohmic 
Bo- scan. TR is generally a few 100 ms ; for comparison, the global energy 
conf~nement time is between 80 and 90 ms. TR is clearly correlated with Ga 
and has a sharp minimum at qa= 3 (the actual MHD q-value is only slightly 
larger because of the low Sp-values of the ohmic plasma) . The confinement 
of R. E. is sensitively correl ated with the quality of the magnet i c field 
configuration . Away from qa =3 , TR has improved by at least a factor of 2. 
At the unfavourable case o f Ga= 3 , the hard X-ray radiation is strongly 
modulated by the sawteeth occurring in the plasma center /1/ . Away from 
qa =3, no distinct modulat ion is observed both at lower and higher qa­
values. This observation indicates the possibility that the resonant con­
dition qa = 3 at the edge destabilizes the plasma fur ther in (probably at 
rational q-surfaces with smaller q-values) leading to enhanced transport of 
R.E . from the center through the edge. 

The t~aces of Fig . 2 clearly demonstrate that the magnetic field 
configuration is disturbed throughout the plasma by a rational edge qa­
value. Altnough the R. E. respond to this degradation sensitively , the bulk 
plasma properties are not affected at all as shown in Figure 2 for the 
global energy confinement time TE · There is no other known global quantity 
of the main or the divertor plasma (which are known to sensitively respond 
to confine~ent changes of the main plasma , such as shown in Fig. 5) which 
is affected by the degraded field topology . 
Figure 3 shows the variation of the hard X-ray radiation during a neutral 
injection pulse into the ohmic plateau phase. TR i s sharply reduced and 
R. E. are quickly lost . (A second beam pulse later in the discharge does 
hardly show any increased radiation confirming the expectation that no R. E. 
are produced in the plateau phase) . With NI , there is a simultaneous de­
gradation of the confinement of R.E. along with the one for energy and 
particles (see Fig. 4). The sensitivity of the R. E. confinement on the 
quality of the magnetic field topology clearly indicates a substantial de­
gradation already at low beam power causing a sharp drop in TR · Further­
more , sawteeth strongly modulate the hard X-ray radiation in the beam phase 
for all qa-values (see Fig . 3) in a way it was only observed for rational 
Ga- surfaces at the edge in the OH-phase . 

It is interesting to note that tR in the degraded L-regime of a NI­
heated plasma does not depend on qa like in the OH-phase . With NI, TR is 
sharply reduced but increases monotonously with Bo without a notch at qa=3 . 
Evidently , NI degrades the quality of the magnetic field structure to such 
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an extent t hat the additional geometrical disturbance ls negligible . 
The uncorrelated Ga-dependence of 'R and TE in the OH-phase raises doubts 
whether the OH confinement of the bulk plasma is indeed caused by the mag­
netic turbulence which is evidently responsible for the conf i nement or R.E . 
The question r emains whether under beam heating conditions magnetic turbu­
lence primarily determines transport or whether it accompanies dominant 
drift-like fluctuations simply because of rising Bp · In this context it is 
i mportant to note that the confinement of R. E. sharply improves a t t he H­
transi t ion though Bp further increases due to improved global conf i nement. 
Both in the L- and H-phases we observe a clear correlation in the con­
finement properties of the bulk plasma and R. E. 
Fi g. 5 plots t he time dependence of the hard X-ray fl ux together wi th the 
Ha-radiation in the divertor chamber (a measur e of the ener gy flux into 
the diver tor) and the flux ~D of particles backscattered fro~ the target 
plates (a measure of the particle flux) . The simultaneous OH+L and L~H ­
t ransi t ion is shown in the three signals all governed by dif ferent con­
f i nement properties . The sharp onset of the L-phase a few ms after beam 
initiation also indicates that the magnetic turbulence is obviously not due 
t o rising Bp · 

With the hypothes i s that unlike t he ohmic confinement , the degradation 
in the L-phase i s predominantly due to magnetic turbulence, we can 
characteri ze the structure of the underlying mode from the r atio TE/'R· It 
is known that the ratio of TEITR is not gi ven by the i nverse ratio of t he 
electron velocities since the coupling of the R.E . to the mode is reduced 
by the shift of the 'k·B resonance due to magnetic drift effects /2/ . These 
effect s can be considered by a radial structure function S such that 

TEITRs vR;vth . s (VR , 'Rth are the R. E. and t hermal velocities, respective­
ly). S depe~ds on LsV0/oxvR (Ls• shear length, V~ = R. E. drift velocity , 6X 
= radial co~relation length) and can be approximated by exp- (LsV§!oX vR) 2 
/3/ . Wi t h tne ratio of TE and TR at high beam power (see Fig. ~ ), 
6X = 0 . 1 cm is calculated . This value is used to estimate the rel at i ve 
amplitude of the fluctuation 

Br lBo = ( xthke6X/n vthLs)l/2 < x~h = thermal heat di ffusi vi ty , ke = 

average poloidal wave number) necessary to fully explain the level of ther­
mal heat transport . Assuming poloidal mode number m~8 (Ref. /4/) , t he re­
sult Br /B0 - 10-4 is i n agreement wi t h the level of magnet i c fie l d fluct u­
ations at the plasma edge deduced from measurements outside t he separ atri x 
~Ref . /4/). Scaling studies indicate that 6X a n0 . 2B01. 3p0 . 1 and 
Br/B0 a n-0 . 1B00 . l p0 . 6 . Thus c/wpe- turbulence /5/ is an unl ikely candidate 
while a model along t he l i ne of res i s t ive pr essur e dr i ven modes of fers more 
promise . 
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STABILITY ANALYSIS OF ASDEX-H-MODE DISCHARGES 

K. Grassie, 0. Gruber, 0. Kluber, M. Kornherr, H.P. Zehrfeld 

Max-Planck-Institut fur Plasmaphysik 
Association Euratom-IPP, D-8046 Garching 

I. Intro d uction : Due to the accessability of the H-regime, /3p values close to the 
Troyon limit can be achieved in ASDEX discharges with neutral particle injection at a 
moderate power level. In the last couple of years detailed /3p-optimization studies have 
been performed in a large range of values for the toroidal field (1.2 < Bt < 2.7 T) and 
plasma current (0.2 < l p < 0.48 MA) with beam powers up to 4.5 MW. 
In many cases a 'hard-/3 saturation ' is observed, when f3 approaches f3c, i.e. after 
reaching its maximum value /3 decreases to a lower stationary level with /3 / f3c - 0.7. 
This stationary phase lasts of the order of 100 ms and is a peculiar property of ASDEX­
high-/3 discharges - in contrast to Doublet-III, where generally a disruption occurs a 
couple of ms after /3 has reached its maximum. 
Clearly it is of considerable interest to investigate the MHD activity of these discharges 
and compare them with theoretical calculations in order to get more insight in the 
physical mechanisms that govern the high-/3p phase. Our tool for this investigation 
is the GA-3D-CART code, which is based on the large aspect ratio expanded MHD 
equations at finite /3. This set of equations is solved for realistic ASDEX equilibria, 
which have been determined by the Garching free boundary flow equilibrium code NIVA. 
The necessary profile information has been obtained from a detailed analysis of measured 
profiles by means of the PPPL code TRANSP [l,2j . 
For a detailed invest igation of the MHD-characteristics of ASDEX-H-mode discharges 
we refer to 0. Kluber et al. [3]; a description of the CART-code is given in Ref.[4]. 

2. Linear results : Typical results for the perturbed, linearized n = 1 magnetic flux 
1/i(x,y) for discharges with medium /3p (/3p - 1) and large /3p (/3p - 2) are presented 
in Ref.[5] for constant vacuum resistivity T/V = 10-2 (in rationalized emu). 
We generally find that the global MHD-activity is mainly caused by tearing or pressure 
driven modes . External kink contributions are weak for our cases (ti.-1 < 10%), as can 
be shown by moving the conduct ing wall to the plasma surface. A change in the driving 
mechanism for the instability with increasing pressure is indicated by the T]-scaling of 
the growth rates. It turns out that low-/3p -discharges scale like T/ 3/ 5 , as expected for 
tearing modes, whereas an interchange mode scaling -1 - T/ 1/ 3 is found fo r high-/3p -
d ischarges. Contour-plots of the magnetic flux show that the predicted mode activity 
is concentrated at the outer side of the torus and that the poloidal wavelength there 
is in general smaller than that at the inner side [5,6j. This behaviour is not only in 
contradiction with experiment, but also with the expectation based on the assumption 
that the main part of the perturbed current flows parallel to the equilibrium magnet ic 
field. Then, since the fie ld line slope is smaller at the inner side of the torus, one expects 
a shorter poloidal wavelength there. This discrepancy is considered a consequence of 
the particular treatoent of toroidal effects by the reduced equations. 
Another problem ccnsists of the observation of large poloidal mode numbers, which 
clearly exceed the qa value of the discharge under consideration [3]. An example is 
the high-/3p discharge #18041 (/3p-::! 1.92) with qa = 3.4 and a measured value of m '::! 
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4, n = 1. It turns out that a simulation of these results with constant vacuum resistivi ty 
is impossible. This problem can be resolved by not ing that small vacuum resistivities 
increase the effect of the perturbed current density on the evolution of the corresponding 
magnetic flux, if we assume the ratio of convection and resistivity term to depend only 
weakly on T/Y. Since 

(1) 
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o. 

T1Hc . o 6999<•" c1oow•Luc . a .6010c.001 we expect a stronger attenuation of the 
high-m contributions at the plasma sur­
face compared to the case with large T/Y. 
On the other hand, experimental data 
suggest a strong insulation between the 
conducting wall and \he plasma surface, 
since high m-numbers persist close to the 
vacuum vessel. We therefore increase 
T/V exponentially from its value at the 
plasma boundary to a large resistivity 
near the wall. Furthermore this t reat­
ment naturally leads to stronger effects 
at the inner side of the torus, where the 
equilibrium magnetic flux is smaller than 
at the outer side. As can be seen in 
Fig.1 for the discharge # 17005 ((Jp<== 2.1) , 
this procedure leads to the required large 

. 1 .2 ·' . • .s .• .1 .o ·• 1.a m-values as well as to the correct mode 

Fig.1 
asymmetry. 

3 . Non-linear results : For a detailed comparison with experiment we have to perform 
non-linear calculations, which require the superposition of all Fourier components of the 
expansion in toroidal direction. In practice it turns out that three Fourier components 
are sufficient. The non- linear evolution is started with the corresponding linear n = 1 
eigenfunction. Higher n 's will pick up their values by convolution with the n = 1 
contribution. The amplitudes for the initial eigenfunctions have to be chosen such t hat 
the evolution remains in the linear phase for a couple of Alfven times. Usually, since the 
Strauss equations in high-(3 ordering do not lead to a true saturation in the non- linear 
phase, the evolution is stopped as soon as the calculated perturbed magnetic field at 
the outboard side of the torus reaches the measured amplitude. 
This procedure, however, suffers from the serious drawback that in most of the cases 
the experimental level is reached when the discharge is still in the linear phase. If, on 
the other hand, non-linear effects turn out to be strong, they are most likely due to 
numerical errors caused by a continously steepened gradient of the perturbed pressure 
at the outer side of the torus. Thus, for a reasonable comparison with experiment, these 
calculations are of limited use only. 
Since instability, as well as saturation in the non-linear phase are lntimately related to 
the pressure evolution, we introduce a diffusive damping term for the perturbed pressure 
with a factor linearly dependent on Pma.: = max(p(x, y)), which we consider to be a 
re-introduction of a numerically not properly treated effective pressure diffusion : 

(2) op - -at = -t1.L · 'i1 .L p + Cpmax 'ilip. 
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The constant C is chosen such that the corresponding saturated value for B matches 
the experimental level. Typically we find B - c-1 . 

We note in passing that we have tried alternatively to reduce the pressure steepening 
by the inclusion of some specific terms of order E3 , which ensure the correct treatment 
of the sound wave, i.e. with finite velocity, and lead to an equilibration of the pertu·rbed 
pressure along lines of constant flux. lfowever, these effects are significant only if the 
ratio of growth race "I= 1vA and sound velocity v, satisfies 

(3) "I - VA - B 
- ="(- ="( << 1, 
v, v, Jµo"fHP 

where 1 is the normalized growth rate as calculated by the code and V A the Alfven 
veloc ity. For the parameter values of the d ischarges under consideration this inequality 
is not satisfi'!d. The corresponding results predict equilibria to be more unstable by 
-30% if the additional terms are taken into account. Therefore these terms do not 
achieve the non-linear saturation fo r the presently discussed discharges. 

4. Comparison with experiment : Comparisons of numerical results (solid lines) 
with measurements (circles) are shown in Fig.2a,b for a medium and a large {Jpdischarge , 
respectively. 
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Fig.2a,b 
Plotted is the quantity Bo versus poloidal angle at a fixed toroidal position after satura­
tion in the non-linear phase. Due to the large outside- inside amplitude ratio, nonlinear 
effects turn out to be stronger at the inner side of the torus. 
Note that the vertical dashed lines indicate the limited poloidal range covered by Mirnov 
probes. This experimental restriction clearly makes a unique determination of the 
poloidal mode number difficult. However, as can be seen in Fig.2 the comparison with 
data in the experimentally testable poloidal region shows a reasonable agreement with 
respect to phases as well as to amplitudes. 



229 

The deviation of the observed soft X-ray wave forms from pure - sin(n<f>) can be re­
garded as a measure of non-linear effects. This offers the possibility to compare our 
saturation mechanism and thus the corresponding n > 1 contributions with data. 
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In Fig.3 we confront measured soft X­
ray traces (dashed lines) versus time 
for the discharge #18041 with calcu­
lations of the line integrated squared 
perturbed pressure (solid lines) [7) . 
The missing doubled frequency in the 
central channel indicates, in agree­
ment with experiment, the weak m == 
1 contribution. Our results show that 
the phase d ifferences of the various 
traces are reproduced to good accu­
racy. For this special case it turns out 
that the ratio of n == 2 to n == 1 con­
tributions is less then 10% . 

Fig.9 

In summary, global MHD-stability calculations have been carried out for H-mode, high­
/Jp -ASDEX discharges. It has been shown that at high /Jp the discharges are subject 
to a pressure driven tearing instability, whereas at low /Jp the instability is principally 
of tearing type. When the vacuum resistivity is exponentially increased from its value 
l'Jp at the plasma surface to a large value (we have used l'Jv(max) == 10-1 ) near t he 
conducting wall, we find large poloidal mode numbers for the analyzed high-,Bpdischarges 
- in agreement with experimental observations. 
Non-linear calculations with forced saturation by an effective pressure d iffusion term 
predict amplitudes of non-linear contr ibut ions to the n == 1 eigenfunctions of the order 
of 10%. These effects t urn out to be stronger at the inner side of the torus, mainly 
because of the large outside-inside amplitude ratio. Calculations fo r Es versus poloidal 
angle as well as the line integrated perturbed pressure, which we compare with SXR­
data, are in reasonable agreement with experiment. 
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RESONANT MAGNETIC PERTURBATION STUDIES IN CLEO 

T N Todd , S Iyengar* and P S Haynes 

Cul ham Laboratory, Ab i ngdon , Ox on , OX 14 3013 
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Tokamak di sc har9es frequent l y exhibit disrupt i ve behaviour attrib uted to 
tearing and/or ki nk mode s of low m,n, causing internal rel axations or sudden 
gl obal energy losses. Such low m modes should be sensitive to variations in 
the current density profile, leading to the possibility o f modifying their 
behaviour by perturbing the loc al flux surfaces with resonant magneti c 
perturbation s (rmp) as prev i ous l y invest i9atcd on Pu l sator, TOR IUT 4, HT6B 
TOSCA etc . CLEO is a large aspect ratio (90cm/13cm) device, with nnp winding s 
c on si sting of four flat r ec tangular coils mounted above and liel ow : he torus , 
at to roid ally opposite locations. Wi th appropriate interconnections the coils 
can be made to create a variety of mag net ic perturba tion s , with principal mode 
ntJTibers of 1,1; 2,1; 1,0(3 , 2) or 2,0(2,2). The coils were driven by a 
current- feedback transistor amplifier, producing DC pulses of preprogrammed 
rise and fall time and amplitude. Each of the plasma equil i bri lJTI control 
circuits was modified to null t he pick-up from the saddle coi l field and its 
time der ivative. The i sl and structures gener ated by each possible coil 
config uration have been calculated using field lin e tracing (with the vac uum 
pert urbation s uperimposed on a model equi l ibri um, ie neglect i ng the plasma 
response) and by Fourier analysis over representative toroidal sur faces . 
Si gnific antly di fferent res ults are produced , due to t he deta i l ed tr aj ectorie s 
followed by the field lines with respect to the perturbing fields not being 
expl ored by the transform analysi s. For the pri ncipal r eso nances both 
tec hnique s yield the same radial field anpl itudes, of .. 10 Gauss maxi mum , or .. 
6'.t of the typical pol oidal field strength. 

The exper imen':al i nvesti gati ons carried out incl ude t he effect o f the 
m=l, n=l and 2,2 modes on sawteeth during 2wce ECRH at 28 GHz, and of the 2,1 
and 3,2 modes on the OH disruptive density l 1mit. Of interest to construction 
engineers, t he effect of each of the four modes on pl asma star t - up and soft 
X-ray profile evol ution (incl uding OH sawteeth in i t iat ion) has been ev aluated , 
with t he possib ility of inhibiting the rise of central current dens i ty at 
ra tional central q values. 

Preliminary analysis suggests that at thi s level of perturbation there is 
remarkably little e f fect on any of t he gross plasma parameters (eg v

100 
, gas 

demand, SXR fl ux profil e) . Penetration of the pseudo- helical fiel d ':hroBgh the 
thick metallic st rccture of CLEO was verified using internal coil probes, and 
by operating at s urface q ~ 2.8, where di sruptions could be initi a ted at any 
density with a 2, l perturbati on at q=2 of B,JB0 .. 4 '.t. At q .. 3.2 the density 
1 imit was unusually low (J x 101 2/cc at g kA ) but improved to .. 5 x 1012/cc as 
the 1, 0 (ie 3,2) perturb ation was raised to the maximum level available . This 
density range should be compared to t hat found for 9 kA at hi gher toroidal 
field value s in these Ti -getter ed discharges , .. 9-.11 x 1012/cc independent of 
perturbation type or amplitude. 

Analyses will be pr esented of the ef fects of the varous rmp 
con fig urations and ampl itudes on sawtooth behaviour, density l imits, pla sma 
initiation and global confinemen t, with emphasis on t he fast- digiti sed Mi rnov 
coil an<l SXR flux data . 
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MHD STABILITY IN JET WITH PEAKED PRESSURE 
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*Culham Laboratory, Abingdon, Oxen, OX14 3DB, UK. 
(UKAEA/Euratom Fusion Association) 

Introduct ion 
A poss i ble scenari o t o opt imise t he fusion product, for D-T operation 

in JET , i s to have very peaked t emperature (T0 -16keV) and density (n0 -

2 x 1Q20m-3) profiles , within a central (q-1 ) l ow shear region [1]. This 
scenario is compatible with degraded confinement associated with powerful 
hP.ating. To optimise t he L-mode confinement time for this case a high 
current I = 7MA (at BT = 3.ST) is proposed. At this current it i s 
necessary to reduce the structural stresses by operating at an elongation 
b/a - 1.7, to closely align the flux surfaces with respect to the T F 
coils. The envisaged parameters for this case have a high central II to 
maximise the fusion product flo - 20't. The corresponding <f!> - 3't is well 
below the Troyon limit of 4.Si [ 2]. The Troyon limit however is based on 
optimising with respect to relat i vely broad pressure profiles. In this 
paper we investigate the effect on ideal and resistive MHD stability of 
constraining the pressure profile to be peaked. 

Intermediate and low n i nternal modes 
In low shear regions 

a cl ass of i ntermediate- n 
pressure gradient driven 
i ns t abi l ities can exist 
(3] ; these are sometimes 
cal l ed infernal modes. 
These modes , unlike the 
ballooning modes, have 
only one resonance within 
the radial extent of the 
mode and a~e thus 
sensitive to the radial 
location of the 

-2 
4•10 

n =3 

resonance. Figure 
shows the growth rate (in 
poloidal Alfven units) as 

o.__ _ _ _ _ _._ ___ _ __._ _ _ __ __. 
1·3 14 

function of centra l q0 
for th e n=3, 4 and ~ 
infernal modes when q = 
q

0 
(1 + ( r /0 . 71 )1 2 )116, 

f!o = 12i a n d P "' q,4 

1.1 1 2 

Fig 1 Gr owth r a te of infe rnal modes 
(y ) v qo 
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(q, being the equ ili brium poloidal flux) . These parameters give a very fla t 
central q and a peaked pressure profile. The equilibria have J ET aspect 
r atio but a ci r cular boundary has been used (because of compu:er memory 
limitations). Preliminary studies show that the results do not change 
s i gnificantly with ellipticity for b/a < 1.4 . As expected the infernal 
mode stability is sensitive to the radial l ocation of t he resonance (ie q

0
) 

and for exampl e the n=4 (predominan t ly m=5) mode growth rate peaks near q
0 

= l. 25 . The results shown in Fig 1 are from a fixed boundary code but 
since these are radiall y localised i nternal modes t he ir stability i s 
insensitive to the wall locat i on . For the n=4 mode we find a critical ~o = 
8'.t . For the case shown in Fig 1 the entire region between q

0 
= 1.15 and 

1. 35 is uns t abl e to the n=3, 4 or 5 mode. By consider ing hi gher n (> 6) 
thi s domain of instabili ty can be extended c l oser to q

0 
= 1. Also near q 

= 1 the n=l l ow shea r internal kink modes (which have been proposed as ag 
expla na t ion for JET sawteeth [ 4]) are unstable. For the parameters 
envisaged in t he D-T operation scenario (1] the requirement for stability 
to t hese modes is q

0
,:: 1.1. Thus t he re is no reasonable va l ue of q

0 
for 

which stabil ity to the n=l and infernal modes occur when a low shear cor e 
and peaked pres su ~e profile (~0 ,:: 10%) are considered . 

Bal looninq , Merc ier and External Kink Modes 
The condit ions whi ch are most detrimental for t he infernal rnodes (i e 

l ow shear in the core and high pressure qradient) are optimal for the 
ballooninq modes [5] ; under these condi t i ons relatively easy access to the 
second ballooning mode s t ab l e regime occurs . If however we increase the 
shear in the core (to improve the infernal mode stability) then access to 
the second s table reqion becomes m11 ch more difficult . 

Figure 2 shows the 
effect on JET ~ - limits of 
cons tra ining the pressure 
profile t o be relatively <13> 
peaked (P ~ q, L ) . The 
parameter s for this study 
are I = 7MA , BT = 3. 5T and 
b/a = 1.68 and the 
equilibri a are specified by 
P ' = aq, 3 and FF' = q, - aq,3 + 
b q, 4 ( wh e re F = RBT). 
Compari ng with a study by 
Sau remann [ 2) for identica l 
parameters but broader 
press ure prof i 1 es (Pa q,2 .,. 
aq,3 ) shows the peaki ng has 
caused < ~> to decrease from 
4. 7 to 2. 7'.t . We have tried 
sev era l ot h e r FF ' 

M 

11 1' 

Fig 2 Merc ier (M), Balloonin g (B J 
and Kink mode (I ) s tability 
boundaries for Pa q,4 
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parameteri sations in an attempt to improve the 13 - l imits of the peaked 
pressure profi l e cases; for prof i les which have moderate shear in the core 
region we have not been able to sign i ficant ly improve the 13 -limit . 

To make a sys t ematic study of the effect of peaki ng the pressure prof i le 
on the 13 -limit, we have used a code which optimi ses the ballooning mode 
stabi l ity on each flu x surface. Normally t he opti misation criterion is to 
make the ballooni ng modes marginally unstab l e on every flux surface. 
Howeve r, by making the bal l oon i ng modes increasi ngl y stable on the outer 
f1 ux surfac es the pressure profi 1 e is corr espondi ngly peaked. Figure 3 
shows how <f!> and 13 0 vary as 
the peak i ng of t he pressure 
profile (P

0
/<P>) i s varied 

using t his techn ique for a 
moderately sheared q-profile 
wi th 1. 2 ~ q s 3 . 6. The 
fully optimised case, ie 
ba 11 oon i ng modes margi na 11 y 
stable on every f lux 
surface , corresponds to a 
peaking P

0
/ <P> = 3. 2. Thus 

i n this case by increasing 
t he peaking beyond 3. 2 the 
cri tical <f!> must decrease; 
but what is not so obvious 
is t hat 13 0 shou ld al so 
decrease. This is a rather 
di sappoi nting result since 
we are attempting to 
optimise the fusion product 
by maximising P0• 

<P> 

-- ................ 
.......... --

15 

--- 10 --

Fig 3 Decrease in cri t i cal <f!> and <f!
0

> 
as pre ssure peaking is raised 

Thus with I = 7 MA and BT = 3.5 T it does not appea r possi ble to achieve 
the required 13

0 
(-20'.t ) in the first ballooning mode stability regi me . We 

have , however, been abl e to increase the 13 0 limit by reduc ing BT. For 
BT = 2.ST the first stability ballooni ng 13 -limit improves (a l /BT) and for 
q

0 
! 1.6 direct access to second stab il ity appears possible (even for 

peaked pressure profi l es) . However s ince P - 132B4 we have not been able 
to ach ieve a su f f icient i~crease in 13 , by riducing BT, to raise the alpha 
power . We have had mo re success in improving the ballooning 13 -limits , for 
moderately sheared cases, by going to rather broad pressure profiles . For 
example for I = 7MA , BT = 3. ST and b/a = 1. 6B we have been able to 
achieve seco nd s t abil ity with 13 0 ! 30'.t by using the broad profi l es 
pa ~l . 4 +a ~2 . 5 . 
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Resistive Stability 

Here we are mainly interested in the n = l and 2 resistive tearing 
modes wh ich are assoc iated with the major disruption. These are generally 
stabilised by average curvature effects in JET ( 6] but for the peaked 
pressure profi Jes this effect is weaker since the local pressure gradient 
at q = 2 (and 3/ 2 ) is smaller. However for the rel atively rounded 
q-profile, peaked pressure cases (Pa ci-4) of Fig.2 we stil l find complete 
t eari ng s ta bili ty for S > 107. (Here S is the magnetic Reynolds number 
- 108 for JET) . However -as the q-prof i le is flattened (and the current 
profile is broadened} so the tearing modes are increasingly destabilised. 

Conclusions and Discussions 

For I = 7MA and b/a = 1.7 we find that the main ideal i nstabilities 
(ballooning, n = l kink and infernal modes) impose a limiting central 
tl ~ 10% when t he pressure is relativel y peaked (P - ci-4 ) ; this l eads to a 
fac tor of 4 reduction in the a power compared with that envisaged in ref 
[ l). However if we broaden the pressure profile then access to second 
stability regime is relatively easy and tlo > 3()<1', is possible . Such 
profiles have Q > 1 and require ' E ~ ls . 
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The HL - 1 d evice i s a med i um- s i zed t okamak with copper 
shell uf Lhickness d=5cm [ l J. The Pxpe r imental r es ult s 
obtain ed in the firsl phasi:- of operation, 1985 - 1986 , a r e 
summarized in ~cfs. (2 4]. The parameters of o pe r a Lion are: 
Br =0.3 - 2.8T, Ip =50 - 150kA. I11 this paper the p l as ma 
behavi our rev ea l ed by the exper imenta l r es ults is 
dis cussed. 

HL - 1 discharge sus t ains over hundred s milli-seconds. The 
f l at - top time is about 150- 200ms, but the cu rrent decays 
very slowly and lasts more than 300ms, sometimes , up tu 
80 0ms. Fig . l shows oscillograms of loop voltage and 
current f or typical discharges with different filling 
pressure. As mentioned in Refs . (2-4 ], by the e nd of flat ­
t op , the iron-co r e of transforme r starts becomin g 
sa turated. In the case of the l ow fil li ng p r essu r e, it 
exhausts i t s Volt - seconds ve ry quick l y and begins working 
as an a i r-core with l ow efficiency. In fact, t he dis charge 
is almos t discoupled wit h the primary winding aft e r 
satura t ion of the iron-core(U"' 0 ). The intensive hard X-ray 
and enhanced emissi on at frequency w ~ w,~has been observed 
for such type of dischar ge at the current dec ay phase. Th is 
enhanced emis s ion seems to be assoc i ated wit h runaway 
instab ilit i es (i . e . gene r at i on of oscillations by the 
anomalous Dopp l er r esonance , w = w,.,-l«V~ ) and t he disch arge 
~t the decay phase supposes to be dominated by a strong 
component of runaway electrons[5]. 

In t he- case of the h i gh filling pressu r e , t he l oop 
vo l tage at th e decay phas e is apparently differentiated 
from zero( Up l V) . The hard X-ray l e vel i s l ow and the 
enhanced em i ss ion at frequency near w~ has not b een 
observed. Therefore, there is a l ow density plasma not 
exc l ud i ng a possible weak component of runaway e l ectrons. 

Runaway electrons are more eas i l y forme d in t he low 
density plasma. Thei r interac t ion wi th the l im i ter and 
vessel increases t he imp uri ty content , resulting in the 
increas e of l oop voltage. Consequen t l y, the iron-core 
becomes sa tu rated qu i c kly. It can be exp l ained tha t the 
iron-core satu r ation i s connec t e d with the property of 
discha rge at decay phase. Moreover, the higher filling 
pressure makes the c old boundary layer thicker . The cold 
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boundary layer weakens the plasma interaction with limiter 
and vess e l , resulting in t he reduction of impurity conte nt 
and also in the decreas e of loop voltage . Therefore, th e 
iron-core saturation is connec t ed with the filling 
pressure. 

On HL-1 tokamak, weak instabilities usually develop 
c l ose to the end of or after the pl asma current f la t- top 
and are observed to ~e as sociated with m=2,3 modes. Both 
modes have the s ame frequency, 4- 7kHz and the same order 
of va lue 'Bp/B., but s;') B. >ll'';'~B., . Besides m=2, 3 modes, 
there i s also m=4 mode wi t h s mall amplit ude. The m=2 
oscillation is 180° out of phase compared with the m=3,4 
osc illations. They seem to be c oupled . 

In the co nditi on of present operation parame t ers , the 
major disrup t i on with curren t brok en -do wn seldom occur s. I t 
was caused by the new movable limiter at the beginning. The 
thick copper sh e ll plays probably an important r o le in 
stabil izing the major dis ruption. 

The stable-operation regime has been given in Ref. [3]. 
The further analysis has distinguished two MHD activity 
areas(Fig. 2) . The di s rup tion occurs, when the disc har ge 
trajectory on Hug ill plot c rosses the area I at the curr en t 
decay phase(t r ajectory a). The a r ea II is lo cated on the 
right fr om the area I at the top. When th e discharge 
c urr en t reaches the ar e a II, the disruption takes place and 
t he current starts decay(trajectioy b ) . Between these two 
areas there seems a narrow window ( It. 8 <n.R / BT <6. 6x lO''cm-•T-1) 

which allows the discharge to break through qL=3 
a c t i vity . The si milar feature of the stable - opera t i on 
reg ime has been found on FT t okamak (6]. At the pres e nt 
time, the HL- 1 plasma densi ty is determined by the filling 
pr e ssure and t he t ime evolution of density i s no t 
sufficiently control l ed . This situation and the others (as 
discuss e d be low ) c an not a ll ow us to analyz e lhe stab l e ­
ope r ation regime experimentally in detail. 

On HL- 1 t okamak the powPr supply for ohmi c hea tin g 
consists of a c a pa c itor system and a DC fly whee l gen e r ator. 
The c apac ito r syst e m produc e s the initial pl as ma current 
wit h a r e st r icte d c urrent r ise time less t han 24 ms. Under 
the present c ondit i on of the de nsity time behaviour , th e 
c urr e nt ris e rate is too high to ov e rc ome the MHD a c ti v ity 
al qL =3. Th e higher DC generator voltage has bee n us e d lo 
ob ta in the slow curr~nt ramp up after f a s t rise o f pla s ma 
curr e n t prov i ded by c apac itor bank t o o ve r come th e MHO 
instability at q, =3 . In t h is case the i ron - core of 
tra ns former exhausts i ls Volt-sec onds ve r y quickl y a nd t he 
kind of dis c harge oscillogram showe d in Fig. 3 ha s bee n 
nblained. This l ype of d isc harg es us ua l ly rrnsses qL =3 
through the ~·indow between areas 1 and II ( s ee trajectory c 
in Fig . 2) . Somet imes , lhcy c an al so c ros s th e' a r ea I 
without disruption at the ri se phase. Aft e r me eting the 
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area II, they go down along the window at the de cay phase 
(see trajectory d ). 

From a series of experimental facts, it is indicated 
that the HL- 1 plasma current channel is nar rower than the 
area determined by the limiter. For examp l e, discharges 
with qi."" 3 for limiter radius of 16 c m are stab l e, while 
discharges with q < 3 .8 for limiter radius of 20 cm are 
un stable when the Lother parameters are kept. The value Sn~dt 
from the microwave interference measurement appears almost 
the same for discharges using the limiter radius of 20 cm 
and 16 c m. These fac ts propose the cold plasma layer of 3 
cm in the dis charge with limiter radius of 20 cm. It is 
consistent with the numerical calcula tion results (Fig. 4). 
The ca l culation is based on the ohmic law for discharge and 
equationi for displacement and density measurements . The 
narrow c urr ent channel seems to be connected with the 
boundary cooling caused by impurity emission and leads to 
some specifi c properties for HL - 1 discharge including the 
property of MHD a ctivities mentioned above . The impurity 
content remains to be decreased. 
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Figure Caplions 
Fig.I Oscillograms o f lonp ,·nll"t~" and c urre nt for l.ypi c: >t l 
discharges CBr =2T, Ir=lOO kA ; 1. No. 1282, PH, =!ixJO- 't t orr , 
2 . No.1287, 1',i.= lxl0- 3 l.or·r ) . 
Fig . 2 H L- l s tab 1 e - op" r· at i "n P' i: i m P. 

Fig •. 3 Osei llugram of loop vnl 1 ag•.• and c urr•' lll for dis c harge 
using rising DC genrn•lnr· vollaf!f' \ No. 1883, ll- =2 .lT, Ptt, 
=9xl 0-'t torr). 
Fig .4 Numeri cal cn l• ·ulnlion r t•s ulls for· p[(lsmn n rrliu,,; a cind 
equ ilibrium displarement 6. \ No. 2847, IJT =2 . 1 T, Ptt,=l.2,10·3 

tr1 r· r· , 1 p = 1 0 0 k A ) . 
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RUNAWAY FLUCTUATIONS IN THE TJ - I TOKAMAK 

INTRODUCTION 

L. Rodriguez R. a nd A. P.Navarro 

Asociacion EURATOM/CIEMAT 
28040 Madrid , SPAIN . 

Ha rd-X- ray flux has been studied unde r di fferent operationa l 
conditions (ii e = • l - l . x to19 m·3 , BT = • 7 - l . 5 T ) i n the TJ-I tokamak 
(R0 =. 3 m, a =.l m, b = . 12 m, BT( 1. 9 T, I p( 70 kA) i n orde r t o co r rela t e 
t he prese nce of ha rd-X-ray flux f luctuations a nd t he r unaway e l ect r on 
confinement t ime L r· 

Ha rd- K-ray spectra we r e ob t ained using a typical pul s e heigh t 
a mpl itude analysi s system based on a collimated 3" NaI(Tl) detec t or . 
Electronics was modified in such a way that pulses could be t emporally 
resolved and up to fou r diffe r e nt spectra were accumula t ed during built - up , 
pla t eau (two s pectra) a nd r un-down of the pl asma cur r e n t . The sy stem was 
ca librated wi th a Cs 137 source . Runaway confinemen t times were deduced from 
these spectra using ou r 1-D model (1) . Simultaneously , a second co l limated 
NaI (Tl) de tector , working in t he curre nt mode, was used t o monitor 
fluctua t ions i n the total HXR flux . A camac controlled digi t izing system , 
with sampl ing frequency up to SOO kHz was used to store HXR signal, 
toge t her wit h 011 , VL a nd IP signa ls . Frequency spec t ra fo r t hose signals 
are dedu ced using Fas t Fourie r anal ysis. 

EXPERIMENTAL RESULTS 

1. - Fluctua tions . 

Discharges with HXR f l uctuations have been only obtained in TJ-I for 
low toroidal magnetic fields (BT = . 8 T) i n H2 plasmas . Fluctua t i on 
amp l itude decreases when electron density increases (iie =. l - l . X LO" m· ' ). 
Plasma current in those discharges was around 35 kA . 

For all these discharges , f l uctuat i ons a ppear at t he center of the 
discharge accompani ed by spikes i n the l oop voltage a nd preceded by MHD 
activity that grows a nd vanishes during the time t he f l uctuations a r e 
present. These fl uctuations do not seem to affect the plasma current 
in t ensi t y . These magnitude t races for a typical discha r ge wi th fluc tua t ions 
are s hown at Fig . I. 

To correlate the fluctuation effect on the differen t magnitudes , a 
frequency a nalysis was made using FFT . Frequency spectra ob t ained for HXR 
fluctuatio~s present a dominant frequency around 5 kHz ~ith a relative 
amplitude of two orders of magnitude over the background (fig 2 . ) . 
Correlation :>f these fluctuations with MllD activi t y could not be clearly 
determi nated although in some cases 'B11 frequency spectra presen ted some 
structure at the same frequency t ha t HXR signals . The loop vol t age spect rum 
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docs not give any clear dominant frequency but VL signal shows a negative 
spike in coincidence with the rising part of the HXR signal (fig. 3) . The 
amplitude of those spikes decreases along the discharge . Ip Fourier 
analysis doesn't present any correlation with others magnitudes . 

I n an attempt to ob t ain other opera t ional regimes with HXR 
fluctuations , a By scan (a t 1 . T, 1 . 3 T, 1. 5 T) was made a nd fo r each 
By value a ne scan was also achieved. No fluctuations have been ob t ained 
for those cond i tions. 

2.-Eff ect on runaway confinement . 

Pulse height amplitude s pectra have been measured with fluctuations 
(B =0 . 8 T, ii = 10 19 m· 3 and without fl uc tuations ( By = l. T, n~ 
=16·19 m· 3 

) , {fig . 4) . Moreover spectra were taken during the built-up, 
plateau and rundown of the the discharge, in order t o evaluate HXR 
confinement time along t he discharge, before, during and afte r 
f luc tuations . Quali t atively, the following differences appear 

a) For discharges with HXR fluctuations, there are HXR all a l ong 
t he d i scharge . In the case of non fluctuations, HXR only appear after the 
buil t -up. 

b) Discharges with fluctuation present, around the plateau , clearly 
rounded spectra fo r the lower energy part . 

From the HXR spectrum ana l ysis , confinement time of the runaway 
electrons has been obtained us ing the a bove mentioned model (l). Results 
are sumarized in the t ab l e I . 

DISCUSSION 

The observed regime for HXR fluctuations in TJ-1 : Non-d isruptive 
discharges with low toroidal magnetic field, q-value around 3 and E / E0 in 
order of . l, a clear relationship between llXR fluctuations with VL spikes 
and re la tively l arge MHD oscillat ions is more similar to the cor r es ponding 
to "dis ruptive :.nstabilities" described by Mirnov and Semenov (2 ) than t o 
t he Parail and Pogutse (3) model , that would requiered higher By . Besides , 
i n our measurement s a n~ electrons density increase seems to affect only 
fluctuation amp:i tude that only disappear when increasing By . Taking into 
account that our mode l (1) gives a s lide-away electron distribution 
f unction for the TJ- I t okamak, the obtained MXR spectra show a loss of l ow 
ene rgy runaway e l ectrons i n the rounde d part of spectra , i f we consider 
that high energy electrons are contribu t i ng at t he l ow par t of t he s pectrum 
in the same way t hat low energy ones . 

A first interpretation of this phenomenon could be a deceleration of 
the electrons with energy 30 kev ( EeJ 500 kev . The longitud i na l energy of 
t hese electrons would be transfered t o the t hermal part of t~e electron 
distr i bu tion . A decrease of the r unaway confinement time in t~e cen t ral 
part of t he discha rge in coincidence with the f luctuations show a fas t e r 
loss of energy tha t cou l d be due to the transformation of longitudinal 
energy t o transverse during this per t ubation . The growing f l ux at the end 
of the discha r ge , without a ny fluctuations in the signal gives a longe r 
con f inement, t hat seems t o indicate t hat t here i s no ene rgy :ransfer i n 
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this part of t he discharge, so t hat the primary elec t ron dis t r i bu tion has 
been res t ored . 

SUMMARY AND PLANS 

An operational HXR f luctuation r egime for l ow Br no clear 
dependence on ne has been found in the TJ-I t okomak . During these 
fluctuations, conf inement time of r unaway electrons decreases and HXR 
spectra present a loss of low energy photons, probab ly due to a loss of 
longitudinal ene rgy fo r runaway electrons in t he range 30 kev ( Ee,, ( 500 
kev . 

These measurements have been made with a value of z ~rr around 
Fu ture exper iments are planed when l ower values of Zeff are present 
orde r t o dec rease E/E0 Electrostat ic probes will be us ed trying 
detect plasma waves in the presence of HXR fluctuations in an at tempt 
correlate them. 
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HELICAL COILS FOR INSTABILITY AND DISRUPTION STUDIES ON "TOKOLOSHE" 
TOKAMAK 

D P Coster , J A M de Vil~ers, J D Fletcher, G Nothnagel, J R O'Mahony, 
D E Roberts and D Sherwell 

Fus i on Studies Divis ion 
Atomic Energy Corporation of Sou t h Africa 

P 0 Box 4587, Pretor i a, 0001 

Introduction Resonant, ,/ =1 , 2 and 3 helical windings are be i ng fit t ed 
to the fokoloshe tokamak. They are almost complete, and helical , as 
opposed , for example, to the partial .f =l winding of Pulsa torl or the 
saddle coils of Tosca2. With such windings we expect cle an island 
structure (large primary, small satellites) for sma l l coil currents . 
The low aspect ratio of Tokoloshe (R/ a=2, 17, a=24 cm) however 
exaggerates the satellite isl ands and a design to minimize these is 
discussed. So far , the .f. =1 winding has been installed, and preliminary 
field measurements for the true coil path compared wit h t heory . 

Design of Helical Coils The primary aim has been to obtain, 
individually, pure m/n - 1 /1 , 2/1, 3/1 modes. A field line in a high 
aspect ratio tokamak has the winding law </>=-q(@-€5ii,,8) and a resonant 
helical winding would be chosen to obey this law. Such a winding 
creates a large primary island with small satellites due to discreteness 
and toroidicity. On Tokoloshe the field line approximately follows the 
a bove law (as shown by field line tracing on model Tokoloshe equilibria , 
BT•0 ,6T, Ip=lOOkA), but such a winding now gives en hanced satellites 
owing to strong toroida l effects. A winding law of the 
form ~ ~ ... ;,, ( e - &..,,., <.;,·"1. 61) was chosen and & ... ,., varied to lnves tiga t e t he 
nature of t he primary is l and r esonance peak and satellite i s l and size. 

The results are shown for the ,,/ =1 and ,,/ =2 windings i n Figs la&b, 
where full i sland size, normalized to minor radius, Llrnn , is plotted 
against li~..._ at constant coil current , I,e = 680A . The 1/1, 2/1, 3/1 
modes are found to be dominant (see Fig 4b) . The primary i s land is 
fo und to be approxima tely constant over a wide range of o...,.., • An 
interesting additional feature however is the vanishing of some 
sa t ellites for certain &..,.... , an d we use these effects to choose the 
winding law. These phe nomena are not sensitive t o the q ? rofile but are 
found to change with Shafranov shift d0 of t he eqilibrium flux 
surfaces . Figs la&b thus show two sets of data for the cases d0 = 0 an d 
q 0 • 4 ems (the maximum observed on Tokoloshe) . We have chosen to 

minimize the 3/1 i s land for both .,( =1 and ..f. ~2 windings to facilitate 
d i sruption s tudies (as has been found advan tageous on Tosca2) and 
hence have chosen &,,=40°, Oi.1=48° to give the smalles t 3/1 island for 
the range of d0 studi ed . The remaining island in each case , and any 
residua l 3/1 island, can be cancelled by means of their respect ive 
resonan t windings. 
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An explanation for the vanishing of higher order satellites is as 
follows. We have found on Tokoloshe t hat a pure helical 
field B"; S.i"(.,,8- "cl>) induces a primary m/n island, and higher order 
sat el lites . Fourier anal ysis of the designed .1.•I field shows . that 
the Sir\ (.i8-4') component changes sign as !>,, i s increased (Cosine 
terms are always zero because of symmetry). Regarded as a pure 2/1 
field, it i nduces 2/1 and 3/1 i slands out of phase with these satellites 
of the pure 1/1 field, and of sufficient amplitude to cancel them. A 
physi cal explanation is clear from Fig 2 where for increasing bu , 
the ./.•/ winding is seen to lie i ncreasingly along the .fw2 path, cp:l 8, 
of o pposite sense. A strong, out of phase, 2/1 field compone nt i s then 
expected. Similar arguments apply to the f :.2. results of Fig lb. 

A l aw of the form </>; B-{,, )ihf has been tried , a simple form of tha t 
explor ed for Tore- Supra3, and we have found that it gives only mild 
satellite suppression. 

Fi eld Mea s urements In Fig 3 we show a plan of the vacuum chamber with 
imposed windings. It will be seen that, for .J =1 and ..R =2, they avoid 
the large ports but do have to c r oss vertical observation ports and the 
main vacuum flar.ges . We have i nstalled the ,f =1 winding and in Fig 4a 
show t he measured 2-D Fourier spectrum of its field, and in Fig 4b the 
results of a Biot-Savart calculation for t he theoretical law. The 
a na lysis was done at 3 toroidal and 50 pol o i dal points for 6 radial 
positions. The agreement is satisfactor y considering the small number 
of toroidal posit i ons (further measurements are being performed to 
determine high-ri modes). 

Discuss i on In Fig 5 we show pure 1/1 i sland structure with no observable 
satellites, for values of o..,.., as chosen above, 11 = 680A and I2 m 

- 125A . This , a nd the field measurements , indicates the possibility of 
obtl!lining uniquely pure islands in the experiment. In addit i on 
combinations of 1 /1 , 2/1 , and , we expect, 3/1 isl ands can be created by 
appropriate choi ce of I; These capabilities s houl d allow accurate 
study of mode stabilization effects and disruption mechanisms such as 
island overlap and connect i on of islands to the wall. 
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A new type of turbulence, associated 1~it h sawtooth relaxations, is 
detected by scatteri ng experiments. 

The experi ment i s performed on TFR, during ohmic regime of auxiliary 
heating phases, all conditions where sawteeth are detected. The turbulence 
observations are made with a CO laser scatteri ng experiment. The scat tering 
volume corresponds to a vertical Ehord which can be radially scanned. The detec­
ted light, corresponding ot two simultaneous K wave numbers, is frequency ana­
lyzed and is recorded on digitizers. On the other hand, soft X- ray emissions, 
associated to several vertical chords , are addressed to the same digitizers. 

Attention i s focused during the crash period of the sawtooth. Whereas· 
the integrated over al l frequency signal shows continuity, filtered signals, at 
fairly high frequencies , exhibit a large spike. The duration of this enhanced 
turbul ence i s about 30 µs and coinci des with the ma j or period of crash [l] . 

Detail analysis of this specific new turbulence, including frequency, 
wave number and spatial localisation, will be given. 

(1) TFR Group and A. True 
C.R. Acad. Sci. Pari s , Note 600 (1986) 

Permanent address : Laboratoire de Physique des Milieux Ionises, Ecole 
Polytechnique, 91128 Palaiseau (France) 
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MICROTURBULENT FLUCTUATIONS IN THE TORTUR TOKAMAK 

A.J . H. Donn~ . C. J . Barth, B. de Groot , H.A. van der Laan , 
H.J. van der Meiden , G.J.J . Remkes , W. van Toledo , 
W.A . de Zeeuw and H. de Kluiver . 

Association Euratom- FOM , FOM-Insti tuut voor Plasmafysica , Rijnhu izen , 
P .O. Box 1207 , 3430 BE Ni e uwegein, The Netherlands 

In the TORTUR tokamak (R = 0 . 46 m; a= 0 . 085 m; Bmax = 3 . 0 T) hydrogen 
plasmas are produced by plasma currents up to 60 kA during about 40 ms. By 
the application of elevated loop voltages, a s tationary weak ly turbulent 
s tate is brought about with an enhanced d iss ipat ion , poss l bly du e t o 
low-freque ncy elec tromagnetic turbulence [ 1] . The r eduction in apparent 
conductivity as compared to Sp itzer va lues lies between 2- 4 . As a result , 
relatively high values of the elec t ron t emper ature (< I keV) a re obtained 
at high plasma densities (- 1020 m-'). In the higher current range (> 35 kA) , 
the plasma beta follows the Troyon scaling (S = 7•10-' at Ip = 50 kA). 
Despite the weak:y turbulent medium, the energy confinement times(< 2 . 5 ms) 
follo w closely the currently used scaling-law values . Above 55 kA, interna l 
(q<1) disruptions are starting with occas i ona l ly major disruptions prevent ­
ing any significant increase in temperatures a nd beta values . Turbulent 
heating e ffec ts due to fast (10 µs) toro i dal current pulses from a high­
vo l tage bank superimposed on the plateau curren t have been described 
earlier [2] . A typical TORTUR sho t is shown in Fig. 1. 

Microturbulent plasma fluctuations ha ve been studied by means of col­
lective scatter i r.g of 4- mm waves at 90° [3] i n the frequency range frOm 
500 Hz up to 100 MHz . Regions of plasma fluctuations near 1 MHz and between 
5 and 55 MHz have been observed during the plateau phase , apart from the 
commonly observed spectral region (20-700 kHz) which ls attributed to low­
frequency e l ectrostat l e a nd magneti c drift waves of various types [ 4 , 5] . 
The in t ensities registered as a function of freque ncy a nd t lme ar e shown 
in Figs . 2a-c and 3a- c , respectively, fo r the th ree spectral regions . The 
slow- time per iodl~lties which modulate the signals are familiar for tokamak 
discharges at relatively high q-values . Synchronous modu lation of Te and 
I p are shown in Fi gs . 3d a nd e . 
Region A: 20- 700 kHz . With a high time resolut ion the low- frequency region 
exhibits a def inite structure of a fundamental regime and higher harmonics 
instead of the usua lly presented massive broadened region . This sequence 
of peaks is the fourier analys is of rapid ly relaxating bursts with typica l 
growth t imes ~ - 1/ffundamental · In view of the reduced collisicJnality factQr 
v:rr::: "el/"'f = 2 near the position of the scattering volume (r = 65 mm) , 
the l ow- frequenc y dr i ft waves ca n be interpreted in terms of growth and 
quench ing of unstable un iversal-type drift waves t ogether wi th dls9ipative 
trapped electron lnstabll ities from a 5~ group of mirror- tl'apped Hlectrons 
[5] . However , the presence of a spectral contl'ih1i tion due to osc i llat ions 
of magnetic orig in should also be cons lder e d [ 6 ] . Fr om the measur~d growth 
rate of the spec trum and the mixing-length relation we made an estimate 
for the fluctuatlcn leve l at r • 65 mm, yielding ~/n • 8•10-' . 
Region B: 0 . 7-3 MHz . This reg i o n is no t yet extensively reported i r 1 itera­
ture . It is much weaker than the A-region . However, again M • f i r.dica ting 
the turbulent character of the fluctuations . 

T'1omson scattering spectra (90° , A • 694 . 3 nm at r = 5 and 60 mm) in vari­
antly reveal at l el'ls t two symmetrical satellites on the smoot h, ql mos~ 
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C:-i 1J.;:.J i ;.1n , se.ttLP.t' ing spE:?<"!t r·um (se~ Fi g . 11) . Thi~ sat.P.1 1 il.1!:; t!OrT1!:;prn1d wit.tt 
.- ~ I PcLr·on gr •Jups with thB l ocrt l AlfvCn spee,J. The ir· i nt.•!n:, i'-.l!?:J ;;nrn!:;pond 
wit.h .1 P•ll't.i., l µop11 J.1tio n or about SJ ( ~ 3-5•1 0 17 m-' 1 at:· • 5 mm . P<H' Li·•l 
d t:! ll'·titiP.:3 ..-tt. Lhc cdgt! ar·e 1-Jxl0 17 m- 3

• 

Trt v .e w t)f Lt1 1! ahove observ~tion::; arttJ •> f I.he llil!h l!pol-v;1lu'-1:J , t >,1 1 iJ­

r 1~c,ion i a i nt. l! r 'µr·1~L~d a!:> r·ew~a J i ng the 1H' c•:;4.!llC'C 1)f l.11mper·rtt.ur,~-gr' .'\d ient 
cJr· iV•!ll tur hu 1 ·~n<"P. or hi gt1-morJe microt E?.-:.lf·in(.! in:;t..1h il i t.i(~:; . The magnel. ic'! fi•~ffi 

r!o•! l.iJ.i t i un l c v<> I r.;i n be '";t.i m;ited with the 1· 1~ l< t. i u n L'I): ih1B - Y,Bfl · I i'il_:1I . 
Jrose1·1.ic>n •> I' Li1l! ""' ":?ptalil•' V'1l11P. fV n = 3• 1lr' yi<'l tl :; r •JI' I p = 30 Kl\ , l~IB 
• 1 . ? •I o- ' a L ,. " 60 mm . 

Tilt? i t1entif i r..:i t i ,) n o f' t ht"? :J : 1t1~L I i l.u~• in t.111"? Tl1u rn:-iOn !.ipP.ctr·a witil 
µe1·pendi c ul i:1. l' l y deflected e l Pc t1 ·011 ::i t r·c•ln1:'3 ~ i vine lrH!i ll mr.tt!rl1-? l:f)::>on i r. $hocks 
i:; ~Ll'\Jngtt1ened by ch8ck i ng the <1 ppr·ox irnal. 0 1)qu.l l i Ly o>r t il e l<in8 tlc energy 
1)1' th i_ ~, e l nc tr ·on g1·oup t n the pt'!rtu r'IJt!d mae rh "? l". ic'! ri f! l f\ (1111~/ ' gy , yi•~ lijing 

r o r· t.h i? nuinh1.: r· dens i ty o f !:ltr'•"? :-iining ·~ l P.c Lr·u 1 l:i in llln scA t.t8r · ing volumr. 
11110 1 7 m- 3 . 

[t rn:;1y lJe t' t:?ma r•k e<1 t hat the f!\l~c! ll 'Oll- t. t-:: lllpt!t". t t• IF 't~ Ut'.JcJ i •~ nt-dr· iv e n mi cro­
Le.u • ing mudns h:Jve .;;1 real os1"!ill .1. t rn·y p .. w t. :met d gr·ow i ng im;iginary par·t . 
Tht-"? r•! la t i f)n he t.weerl t.ht-' di : 1magn1~t i r. e l n':t1·on <1r· i ft fr· equPncy , w•e, and 
the 1·,,;11 par· t or the t e,.r• ing rno d"'' l:3 apµr·oximat.cd by I. BJ : 
'"p/t"*c ~ I 1 (0 . 6)[ I + 1!.n(veil'"•ellric · For· thP. T0 11TIJH p;i1·<1rnete r s we find 
<~e ~ 11-5, ve i lw. e ~ 3) that '"plw. e = 6- ·1 , being s:itisfactur ily c l ose to 
t he experimental r·;itio of' rrequenr.ies at the m;ixi rnum or SK in the regions 
O and A: ••olwA • 7~3 . 
Reg i o n C : '.>-'J'.J Mflz . For· the TOR'l\JH d i,;r.harge p:w .'lmet•ir·s , the runaway 
cur·rcnt, in Lil e plateau :;tage is cst im;it.ed t o be IR/\ S. 70 A, wh i •)h is abou t 
0 .1 8'.t or the t n t " l cur r·ent . It is suµposed to be s tr·ongly concentr,.t ed 
near t ile ,,xis . For thi:i poµulation , the th r·esho l d r•unaway energy , ER/\• 
amounts to some 6 keV . ThP. inter,.r.t ion of the runaway e lec trons v la t h e 
.,norna l o11s Doppler· errer. t with var i ous bulk pl'1 sma modes " nd with the 
g r ar1 i ent-dr i ven modes results in J imi t<tt .i on o r the r·unaway energie s via 
p i tc h-a ngl1~ 3c,.tt.e r· ing nf the eleetr•on di s trib11ti o n . Th i s happens for 
ene r 3 i P.S Eb > 3< ••celwpe >2 ERA • 80 KeV f'or TORTU11 , which i s not i n cont ra­
<1 i r. tlo n w ith exper iment"!] data r r om so r t X-ray and "CE spectroscopy [9] . 

n 1e :1l ow periodic modu la t ion o r th e spectr·a l intensity i n r·eg i on C 
( sec Fig . Jc ) with t y p i ca l r1?lax;it i o n ri sP. tlme s o r 0. 5 ms gives another· 
suµpor·t r or· th r. presence o r the tai l popu l<1 tinn . Free acr.e l e r at i on of 
elcetrons dur ing 0 . 5 ms followed by quenching ( sr.attering) in a f l uctuating 
t or·n idn l eleetr· i c rield o r 2 Vim inr1eed g ives e t ec tr·on energie s near 100 keV . 

Vlue t uations after the application o r a turbulent hea t i ng pu lse 

Finally, t he s trong t ime - dependen t vari,.tio ns in the three spectral 
r·eg I o ns afte1· appl i <!a t ion of " h i gh-volt'lge t u r·bulen t hea ting pulse (see 
Fig. I) orrer·s s upport ror the proposed identirt cat ion o f the physica l n a tur·e 
of t he var·ious 1·eg ionn . This r.an be infe rred r1•0tn Flgs . Sa-c . Arter t he pulse, 
a r a ther flat t emper;iture pr·orile r esu l ts , where<ts the dens ity g 1·ad ient is 
incre;Jsed [ 10 ] . Ind eed , a remarkab l e inc1·ease on a fnst timescale (- 100 µs) 
r.a n be obse1·v ed r o r· the low-frequency elect1·ostatic dr i rt waves o r r eg i o n A 
(Fig . Sal . In r.on t r ast , the regions B and C ha ve comp letely <1i sappeared . 
~~ vid en tly, ~e ::: a l!.n Tela in ne is decreased by the rl'lttening of Te(r) a nd 
the peaking o r n (r),together wit.11 a t P.mpor ary increase or ve i(r) , such that 
u ns table mic r oteari ng modes are suppressed [10] . 
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MEASUREMENT OF DENSITY TURBULENCE AND BROADBAND MAGNETIC FLUCTUATIONS 
ON ASDEX 

G. Dodel , E. Holzhauer , a nd J . Mass i g 
Institut filr Plasmafor schung , Universit~t Stuttgart , Fed . Rep . o f Germany 

J . Gernhardt , ASDEX-, ICRH-, LH- , NI-, and Pellet -Teams , 
Max- Pl anck-Inst i tut f ilr Plasmaphysik , EURATOM- Assoc i ation , Garch i ng , FRG 

Br oadband fluctuations of the electr on dens i ty and t he magnetic f ield were 
observed under various oper ational conditi ons of AS DEX using a l aser scat ­
ter ing exper iment and Mi r nov coils , respecti vely. The aim of such meas ur e ­
ments is to reveal the physical nature of the fluctuations and their pos ­
sible correlation to anomalous particle and energy transport properties. 

1. De nsi t y fluctua t ions . 

The scattering system using a 119 µm CH30H l aser and homodyne detection is 
described in more detai l elsewher e [1]. It is abl e to detect density fluc ­
tuati ons pr opagati ng i n nearl y ver ti cal direction. Mova ble optics allow a 
stepwise k.1.-scan within one tokamak discharge and a shot to shot spatial 
scan of a l arge part of the poloidal plane. The spatial reso l ution is± 1 
cm i n the vertical direction and depends on k.1. in the horizontal direction. 
For k.1. li 10 cm-' , whe r e t he do minant part of t he fluctuation spectr um i ~1 found , t he measur e ments are chord- averaged. The k.L r esolution is ± 3. 2 cm . 

The temporal development of the fluctuation spectra could be monitored 
with fixed freque~cy channels . Plateau phases of the tokamak discharge al­
lowed frequency spectra to be scanned continuously wi t h a spectr um analy­
zer. 

a) Ohmic heating 
In the range 5 cm-' li k~ S 20 cm- 1 the frequency integrated scattered power 
Ps(k.1. ) decreases as k.;. -a• where a ~ 4. The f requency powe1' spectra Ps(f) 
fo r f ixed k.l are broadband. A frequency roll - off o n the order of 6 dB /1 00 
kHz is observed above 100 kHz. The root of the frequency Integrated power 
Ps' / 2 sc:ales linearly wi th ~he mean electron dens i ty n e in t he range 5 x 
10 1 2 cm ' S ne li 5 x 10 1 3 c m ' (Fig . 1) . This corresponds to a nearly con ­
stant rel ative fluct ua tion l evel n e/ne . 

b) Neutral beam injection ( NI) heating . 
L- discharges : With neutral injection the frequen cy spectra Ps(f) become 
broader with incr easing heating power . In t he majority of L-discharges the 
frequency i ntegrated scattered power increased above the ohmic level du­
ring neutral injection as illust rated in Fig.2. A maximum enhancemen t by a 
factor of -9 was observed with co-injection. In a ser i es of counter-injec­
tion sho t s at constant ne the inc r ease of Ps with PNI was a p proximately 
linear fo r PNI up to 3,5 MW. 

H-discharges : The temporal development of the fluctuation spectra at the 
trans i tion from t he L-phase into a bur stfree H- phase is shown i n Fig. 3. A 
compar i son of t he low- and high frequency c hannels shows a broadening of 
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the spectrum and a decrease in the frequency integrated s cattered power 
although the line dens ity ne increases. A similar observati on was reported 
in [3] . There i s evidence for a sh ift in the k~ spectrum towards l o nger 
fluctuation wavelengths. In contrast to the sharp L-H transition indicated 
by the 0

0
-monitor in the divertor chamber the frequen cy .ntegrated scat­

tered power changes on a muc h longer time seal~, which corresponds to the 
global change i n the density and temperature profiles . 

I n normal H-discharges with edge-localized modes the behaviour of the scat­
t ering signals i s irregular . 

c) Ion cyclotron resonance heating . 
The sca tt ering signals increase above the ohmic level for k.._:0 5 cm - • as 
reported also by [4]. Density fluctuations with k~ S 7.5 err - • are observed 
at the heating frequency (33.5 and 67 MHz) . 

d) Lower hybrid heating and current drive . 
No sign if icant changes in the low-frequency density fluctu3tions with re­
spect to the ohmic phase are found. 

e ) Sawtooth activity . 
Precursors to the sawtooth crash in the soft X-ray signals are observed in 
the frequency range > 500 kHz. There is experimental evidence that they are 
localized only inside the q-1 surface. Increased fluctuations below 500 kHz 
are also found outside the q=l sur face , but only after the sawtooth crash 
[ 1 ] • 

f) Pellet injection. 
An increase of the scattered signal is observed which start~ with the abla­
tion of the pellet. for single pellets the scattered signal decreases with 
the relaxation of the radial density profile [1 ]. 

I n order to obtain a conclusive picture of the nature of the density turbu­
lence and possible correlations to anomalous transport properties the mea­
surements will be extended to wavenumber s below 5 c m-•. 

2 . Magnetic fluctuations . 

Mirnov coils in the limiter shadow of ASDEX were used to demonstrate the 
existence of broadband magnetic fluctuations with radial and poloidal com­
ponents . Above about 70 kHz the temporal evolution of these spectra is dis­
tinctly different from the coher ent Mirnov osc i llat i ons and their harmonics 
at lower frequencies. 

I f we assume that the field due to current disturbances decays like a va­
cuum field outside the plasma boundary in a cylindrical geometry, we can 
estimate the dominant poloidal mode number . for L- mode discharges with NI 
the plasma position , and thus the distance to the Mirnov coil , were varied. 
from the observed radial decay length a value of m ~ 10 is deduced . Typical 
fl uctuation levels at the probe position were Br/Bt = 10-•. from 70 kHz to 
200 kHz the spectral power densi ty dr ops by a factor of 10. No qualitative 
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differe nce was 5een in the tempor al development of the radi al a nd polotd?.l 
field components . 

a) Ohmic heati ng . 
The power spectra of the magnet ic f l uctuat i ons are not correlated with those 
of the density fl uctuations . Dur ing a linear density ramp the signal power 
of t he magnetic f l uctuations decr eased slightly in contras t to the de nsity 
fluct uations (Pig . 1) . 

b ) Additional heat ing (L - phase ). 
The signal po wer increases f or all t y pes of heati ng used and t he frequenc y 
spect rum broadens . An e xampl e recor ded dur ing an L-discharge w:t h NC is 
gi ven i n Fig. 2 . 

c) Add i t i onal heat i ng ( H-phase) . 
After the transition i nt o a bu r st f r ee H-phase the signal puwcr begins to 
i ncrease again as shown i n Fig. 4. When edge local i zed mode$ , indicated by 
spikes in the Oa signal , appear , t he magneti c f luctuation signal ls st r o ng­
ly mod ulated. 

d) Sawtoot h actUlty . 
In the presence o f sawteeth (during additional heat ing) the fluctuations 
suddenly increase at the time of the sawtooth crash, si milar ly to the Oa­
signal obser ved in the d i vertor chamber [2] . 

e) I nf l uence of boundary layer . 
The magnetic probe signal s seem t o depend on conditions in the p:asma boun­
dary layer , as can be seen i n the c ase of gas puffing or the modulat ion by 
e dge localized modes . 

3. Summa ry. 
Si gnifi can t but jisti nct changes in t he f l uctuation spectra have been ob­
served in t he va r ious opera t i ng reg i mes o f ASDEX. Whe n comparing t he beha­
viour of the de nsity and magnetic f ield fl uct uations it s ho uld be kept in 
min d t hat t he t wo diagnostics ha ve di ffe r ent spat i al weighti ng functions , 
de fined by t he scatteri ng vol ume i n the former case and by the distan ce 
f r om t he probe and t he mod e n umber m i n the lat t er case. Further· exper i ­
ments wil l be needed before a compar ison with proposed theor e tic.al models 
f or the f l uctuations and the i r pr opagat i on mechanism inside the pl asma can 
be made . 
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fig . 1 Density- and magnet ic 
fluctuation signals in a shot 
with density ramping . 
from top to bottom : 
rms-scattering signal Ps'/ 2 ; 

f • 100 ± ·5 kHz; k~ = 7 . 5 cm- ' 
Magnetic s'.gnal power; 
f = 100 ± ·5 kHz . 
Line electron density ne . 
(full time interval of abscissa : 
1. 5 s) 

fig .3 Density fluctuation signals 
in different frequency channels at 
the transition from an L- phase into 
a burstfree H-phase . kL = 5 cm- 1 • 

Lower traces : line electron density 
ne and Da-monitor . (full time inter­
val of abscissa : 300 ms) . 

fig .2 Density- and magnetic 
fluctuation signals in a L-d i s­
charge with NI. 
from top to bottom : 
Scattering signal Ps ; f • 60 kHz -
1600 kHz; kL• 7 . 5 cm- '. 
Magnetic signal power ; 
f • 100 ± 15 kHz . 
Line electron density ne . 
NI beam monitor; PNI - 2 . 64 M\-1 . 
(full time interval of abscissa : l . 8 s) 

fig . 4 Magnetic fluc ~uation signal 
power at the transition from an 
L- phase into a burstfree H-phase 
followed by edge localized modes; 
f = 100 ± 15 kHz. Lower trace : Da­
monitor . (full time interval of 
abscissa: 200 ms) . 
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MAGNETIC FIELD PERTURBATIONS AS A TOOL TO IN FL UENCE GLOBAL 
DISCHARGE CONDITIONS 

Introduction 

G. Fuchs, K.H. Dippel, A. Nicolai, G.H. Wolf and the TEXTOR Team 
lnstitut for Plasmaphysik der Kernforscl111ngsanlage Jiilic/1 GmbH 

ASS. EURATOM · KFA 

Ergodization of magnetic field lines has been proposed as a possible mechanism to explain the 
anomalous transport observed in plasma confinement devices [I). A magnetic perturbation con­
sisting of several helical modes will create magnetic islands at the resonant surfaces. Above a certain 
amplitude, overlapping of the different islands will occur, which leads to a structure invo lving 
multiply connected regions, w here field lines get mixed. lb.is deteriorates the containment of the 
plasma. 
In the boundary region of fusion machines, the loss of confmemcnl might, however, be beneficial 
because due to the enhancement of particle recycling the plasma temperature and thus wall erosion 
could be reduced ( 2), albeit on the expense of the ho t confinement volume. 
In this paper we report measurements which have been made on TEXTOR to investigate the in­
fluence of small external perturbations of the confining field on both, the core confinement ru1d the 
p lasma parameters in the boundary. 

Experimental Arrangement 
The coil system to perturb the confming field consists o f 4 coils ( 16 tums each) which are switched 
as a magnetic octupole (cf. fig. I). The Fourier components of the perturbatio n field are of the order 
o f 0.1 % of the main field. Although the perturbation runptitude decreases with the distance from 
the coils, it is not negligible in the plasma core. The perturbation coil current can be progrrunmcd 
in a wide range, only limited by an inductive time constant of about 20 ms, and the p ulse width 
of 4 sat the maximum current of 8 kA per tum. The TEXT OR machine parrunctcrs may be found 
in (3). Experiments have been performed for plasma densities n = l.. .4x 10 13 cm·3 (line averaged), 
plasma currents IP= 200 .. .480 kA and with a main field of 2 T. · 

Plasma Boundary 
Instantaneously with the rise of the perturbation field we observe structures appearing in the 
boundary region . These structures exhibit the shape o f magnetic islands (sec [ 4;5]), which persist· 
even in those cases where, according to calculatio ns of the Liapunov coefficients, the pcnurbation 
was large enough to cause stochasticity. A possible explanat io11 fo r th.is d iscrepancy may be given 
by the fact that the mixing of field tines leads to fine graining only after many ( 10' ... 10') revo­
lutions around the to rus, whereby a particular field line, except for jumps between different islands, 
takes similar path ways to surround an island. This effect is enhanced because two ovcrbpping is­
lands usually contain cores, which arc d isconnected from the rim. The particles diffusing from the 
ho t p lasma core into this structure stream predominantly in the region o f the isl~nd rims to the 
limiters where they rc:ombine. T he interaction of this fl ow with the rceyding particles produces 
the observed pattern. We can reproduce the experimentally obsen·ed structures in Po incarc !>lo ts, 
if a set of magnetic field tines is being started just inside the •stochastic rq.~on· and traceJ about 8 
turns around the torus. 
Structures in the boundary arc also indicated by the localized 11~ luminc>ccuec mca>ureJ at different 
toroidal positions, by the radial density profile in the boundary, measured with a lith ium probing 
beam [6), and by the dependence of the pressure in the pump limiter chamber ( 135 ° awa~ fro m 
the perturbation coils in toroidal directio n) on the plasma current (cf. lig. '.!). Although tlw geometry 
of the perturbation field was not optimiJ.cd to create such islands which gi\·e a 111axiutum en­
hancement of pumping on the TEXT OR /\LT I pump limiter [ 4], pressure incrca><·; in the pump 
limiter chamber by u p to a factor 2 could be obtained. The electron temperature measured with 
l .angmuir probes, located in the limiter shadow 2 cm off the tangent surface, is almost u11allcctcd 
by the perturbation field. l lowcvcr, deeper inside the boundary the desired cooling of the :lcetmns 
seems indeed to exist , since the C II luminisccnce has been obscn·cd to increase "·ith the appliratinn 
of the perturbing field, whereas the C IV luminescence decreases at the same location. 
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Ciubal l:ffec/s 
:-.:o effects of the perturbation fields on the q · and density · lirnit have been found. The average 
panicle lifetime r ' = r /( 1-R) (R is the recycling coellicicnt), however, has been alkcted. /\It hough 
no systematic tcn~cncylfias been obtained, this phenomenon is attributed to lmalizcd mod ilications 
of the plasma wall contact. 
The Mimov coil signals from Ml ID-modes (m = 2;n = I} which were occasionally present , di,ap· 
pear already at low amplitudes of the penurbation field, most probably as a result of the b locking 
of the ro tation of these modes. 

Tramiliun of Confl11eme111 
Whereas the above phenomena occured about synchronously with the applic:ition of the relevant 
amplitude of the pcnurbation field, influences on the confinement arc delayed by about JOO ms 
with respec: to the rise of the penurbation lield. Above a well (± I%) defined tl ircshold value of the 
perturbation ficl<l, and after the above delay, a full disruption or a tran:-.itio11 to ;i 11ew dist:hargc ~talc 
occurs. The threshold value needed for the response depends 011 q (sec :ibo [7]) and is i;ivcn in ·fi g.3. 
In case of the transition (fig. 4), the density profile nattens, whereby the total number of plasma 
paniclcs is reduced by a factor of about 2, although the density in the boundary even rises. 
The average <.:ore electron temperature is, aftcr a short dcercasc followcJ by a n.:t·ovcry, um:hangc<l 
within a few percent. This is consistent with the experimental fact that - fur given p lasma current 
· the loop voltage remains unchanged. I lowever, the frequency a11d the amplitude of the sawtccth 
is reduced (cf. fig.4). It is worthwilc to note, that this tra11sitiun to a tk:tcrioratcU cqnfincml'.111 re­
gime cannot be reversed by switching off the pcnurbation field, instead M 11 D-modcs appear which 
eventually lead to a disruption. Both, the density profile and the ,\llimov coil signals i11dic;itc, that 
together with the transition the axi-symmetry of the plasma is lost. 

.I/ode/ Cunsidera1ions 
Possible reasons for disruptions at a dclinitc level of the perturbation licld have been previously 
discussed (e.g. [7]). l lere it is assumed, that the transition is caused by a significant enhancement 
of the "radial" transpon processes specifically in those regimes where islands have been created o r 
are already overlapping: the enhanced losses thus :isc assumed to stem from parallel heat 
conductivity xii contributing via the radial components B o[ the pcnurbation field. The enhanced 
transpon is comp:ised to the one without penurbation field using an enhancement facto r 
k = xllM I :o.L. 
T o obtain an estimate of the enhancement factor, X.l is taken from [8] and the island witlth /\rand 
the length L to bridge L\.r along a field line arc calculated in cyLindrical geometry, in which case the 
formulae [9] 

l = 2nRN _ J B\O ilL 
N - --­

B, R a r Kts in 2 m 0 12 > 

can be used, where K is the complete elliptic integral. f'or the current density needed to derive 1 

we make the ansatz 

_!_cp <(0 ) [ 1 - .0 Jp 
A a2 

which i;ives values close to those measured with polarimetry, for p = q(a). The temperature prolilc 
needed for xii. is assumed to be proponional to j213. The radial dependence of the transpon en­
hancement factor k, calculated under these assumptions is, for a special casc 1 shown in fig. 5. 
With increa;ing penurbation field, the island widths grow, the number of toroidal turns N , needed 
to bridge a i;iven radial distance within the island structure decreases; and more islands with in­
creasing rn numbers give significant contributions to the enhancement, all of these leading to an 
increase of the transpon enhancement. When islands located around different rational surfaces 
overlap above a cenain field pcnurbation, the island rims, where N is large, a.r~ eliminated, which 
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again accelerates the increase of k . i\t about the experimental value of the perturbation lield , where 
the <letcrior;ition o f the confinement is observed, the enhancement factor e xceeds I for pi"' " "' radii 
oubide the q = I surface. 

Co11c l11.rit11tr 
T iu; experiments ="'how, that helical perturbation fields c reate i ~l:mJ ~trm.: turcs in t l 1c houmlary, 
wh ich can he u:.c<l tu enhance pumping and appear to cool the bo undary. T he ob:.crvation of is­
lamb in the boundary layer even fur ca•es of field stoehasticity is at tributed to ho undary rnmlitions 
O il the plasma pressure which lead lo a SlruCIUrcd 0ow pallcm . 
T he m ost prono urn.:cJ cfTccl o n the plasm~1 confi nement i11 the core is a lra11~i tio11 tu n.:duccU cu n­
lineonen t, t riggered by the perturbation, but dclayc<l by about a cl1aracteri,1ic ' kin time. l\lodel 
con::.idcrations o n the enhancement o f parallel heal tr~ui sport aro umJ islands , although g,iving the 
correct o rder of magnitude, cannot yet explain the sharp o nset u f the tramitio n which , h:iwcwr, is 
also believed tu be due tu i•l:ntd efTecls. 

[ 11 1\ .ll. Rechestcr and M.N. Rosenbluth; Phys. Rev. I.et. 40 JR ( 1978) 
[2] W . Fenehcrg and G .11. Wolf; Nucl. Fusion 21. 669 (1981) 
[ Jj 11. Soltwiseh et al.; Plasma Phys. and Contr. Nucl. Fus. 26A 23 ( 1984) 
[4J K.11 . Dippel et al. ; J . Nucl. Mat. 145- 147 3 ( 1987) 
( 5) N. Ohyabu et al.; Nucl. Fusio n 25 1684 ( 1985) 
(6) i\. Pospieszczyk and G.G. Ross; submi11cd to Rev. Sci. lo st. 
[7] F . Karger et al. Plasma Phys. and Contr. Nuc. Fus. Res., I , 207 ( li\Ei\ Vienna 1975) 
[8] Y. Cao and G. Waidmann; lhis issue 
[9] G. F uchs,/\. Nico lai, B. S1cfTen and G.ll. Wolf; JUI. Report 1820 ( 1982) 
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EVALUATION OF ELECTRON HEAT CONDUCTIVITY FROM SAWTOOTH 
PROPAGATION STUDIES IN TEXTOR 

Y. Cao and G. Waidmann 

Institut fUr Pl asmaphysik , KFA JU lich, Association EURATOM-KFA 
5170 JUl ich, Federal Republic Gennany 

Abstract : The propagation of inverted sawteeth was studied in quasi­
stationary plasmas in TEXTOR. The electron heat conductivity ?, was 
deduced from time of fl ight measurements of heat pulses emi tted infn the 
outer plasma region. 

1. Introduction 

Sawtooth phenomena were studied in TEXTOR by means of ECE-diagnostics in 
the current plateau phase of quasistationary OH-discharges. The propagation 
times and ampl i tudes of heat pulses emitted from the central plasma were 
systematically measured in the radia l regime between the q = l - surface 
and the boundary plasma. Highly reproducible discharges were produced after 
fresh conditioning of the inner surface of t he plasma vessel. Scanning 
radiometric measurements were performed on t he high and low field side of 
the plasma cross section. A numerical model first suggested by Callen and 
Jahns /1/ was mod i fied and used to simulate transient heat propagation from 
a pul sed heat source into the boundary plasma . The good agreement between 
numerical model and experimental data allows the evaluation of the average 
electron heat conductivity i. ( r) in the outer confinement region of the 
tokamak plasma. e 

2. Heat Pulse Propagation Studies 

Local measurements of e lectron temperature perturbation were carried out by 
ECE diagnostic techn ique /2/. A fixed frequency radiometer was used to 
observe the central part of the plasma inside the q = 1 - surface. It 
delivers time reference marks by registration of normal sawteeth. Two 
variable frequency radiometers were installed to observe heat pulses out­
side of q = 1 on the high and l ow fie ld side of the plasma col umn. Time of 
flight measurements were performed by simultaneous registration of normal 
and inverted sawteeth . A frequency scan on a shot to shot basis provided 
the radial profile information. The sawtooth inversion radius r was found 
by inspect ion of sawtooth deta il s in a transition regime. s It agrees 
reasonably with the q = l - surface as found by polarimetric mea;urements 
/3/ . Sufficiently far outside of the inversion radius clear inverted saw­
t eeth are recorded whi ch represent trans ient heat pulses . Fig . l shows 
time of f l ight data for heat pul ses observed during the stationary phase of 
OH-discharges. The propagation time t increases non li nearly with radial 
distance. The q = l - surface is ma r kecPby 2 straight bars. Fi g. 2 pr~ents 
for the l ow field side of TEXTOR the time t versus (r - r2) and 
demonstrates a quadratic dependence with radius fcfi. distances r > 1.4 rs. 
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A deviation is observed in the vicinity of the plasma boundary. This result 
suggests a diffusive type of electronic heat transport from the q = l 
region towards the plasma edge . 
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3. Numerical Model and Experimental Results 
For the interpretation of the propagation pattern of local temperature 
perturbations (s. Fig. 2) a cylindrical model Ill was modified and used to 
simulate transient heat pul ses on their way along the density gradient into 
the boundary plasma. In Ohmic discharges the temperature pert urbations 
outside of the inversion radius were small, less than 10 % of the station­
ary electron temperature . The density perturbation was even sma lle r. The 
energy balance equation for the electrons was reduced by neglecting the 
source and sink terms ~1,1, radiation and equilibration. The linearized 
cylindrical heat conduction equation was numerically solved with the ansatz 
for the heat conductivity coefficient: 

iL(r) = )'jn (r) 
and dens i ty profiles as f°6iJnd exp~hnrental ly i n TEXTOR. Initia l conditions 
for the mixi ng regime, where the emitting heat source is located in our 
numerical model, were specia lly chosen. A genera l discussion of simple 
models and errors introduced by assumptions made is given in 141. Good 
agreement between measured heat pulses and simua lted temperature perturba­
tions was found for the different radial positions studied. Fig. 3 shows in 
a comparison t he decay of the measured amplitude of the temperature pertur­
bation (X) versus radi us. Inc l uded in Fig. 3 are the values obtained by 
mode l calculation (•) . The simulated values are fitted at the point 
FP. The amplitude decays as (r- r )ol , the exponent being ol = -1 ,56. This 
decay exponent can approximately2be deduced by an analytic treatment of the 
heat conduction problem. From the calculated time of the maximum of the 
heat pulses and the measured time of flight an average value of J is 
evaluated. Fig. 4 shows these 'i - values for two very different di sch~rge 
types versus the rad ial coordl!Jlte !J For a peaked electron densit)' profi l e 
(X I = 372 kA; n = 2,8 xlO cm ) a strong increase of e 11jit~3 radius was Pound. A broadedensity profi le (.A I =480 kA; n = 4.6 x 10 cm ) how­
ever gave a lower Z - va lue and exhiBited a slo~er :f. - increase with 
radius. The values fobnd in this way are in qualitative agreement with data 
obtained form energy balance transport code cal culations for Ohmic heating 
in TEXTOR 151 or in ASDEX 161. They show however lower values t han the 
experimental Xe - data published from TFTR /7 I. 
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MODE LLING OF TEMPERATURE PROFI LE RESPONSES TO HEATING PROFILES IN JET 
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JET Joint Undertaking , Abingdon, Oxon . OX14 3EA , UK 
*University of Wisconsin , Madison, WI 53706, USA 

1. Introduction 

Temper ature prof il es in tokamak plasmas have been characteri sed as 
exhibiti ng a high degree of " profile consistency" ( 1] . However, some 
variation in t :1e temperature profiles have been observed with changes in 
the heating profile (2] . In this work [3] we seek to expl ai n the 
temperature profile variations and global transport scaling due to changes 
in the heating profile using local heat transport models that are 
consistent with other , local measurements of heat transport in JET. 

Global i ndications of changes in the temperature and current profiles 
in JET are shown in Figs. 1,2 . Figure 1 shows that the equilibrium ratio of 
the average teoperatur e t o the peak temper a tur e increases as the heating 
profile broadens with decreasing safety factor q. Figure 2 shows that 
neutral beam broadens the electron temperature profile after injection . 
The current profile broadens on a longer time scale which is of t he order 
of the magnetic diffusion time scale , as expected . Ref . [3] provi des ful l 
details of the work presented here . 

2. Loe al Heat Transport Mode l s 

Two recent developments (4 , 5] have helped to clarify the form of local 
models a ppropr i ate for describing heat transport in JET. First [ 4] , the 
heat diffusion coefficient derived from heat puls e propagation measurements 
<xHP) has been shown to be independent of auxi l iary heating power and to be 
approximately equal to tha t deduced from the incremental energy confinement 
time 'inc (6] . Second , the total (electron pl us ion) heat flux through the 
confinement zor.e of the plasma has been shown to be fit best (5] by 

9. ~ - nx'?_T • 9.now ~ - nx'?_T - 9.pi nch · ( 1 l 
The nondiffusive fl ow term qflow is found [3-6] to be ne gative , which 
indic~tes a heat pi nch (7] or critical temperature gradient onset 
phenome non (8] . Possible interpretations of it ar e discussed in [3] . 

Two specific local heat transport models (7] based upon Eq . (1) are used 
below to predict the temperature prof lles for given heating profiles: 
1) Constant heat pinch model : x(r) and q inch(r) are assumed to have g i ven 
spatial profiles, but to be independent oP parameters like T , i r:put power . 

2) Nonlinear x model: qflow • 0 and x - ('?_T)B . 

3 . Temperature Profiles Induced by Various Auxiliary Heating Profiles 

Temperature profiles for given heating prof Ues Q( x) are calculated 
from the flux-surface-average equilibrium heat balance-equation <'?_·.9.> ~ 
<Q> . Using Eq . ( 1) , the heat balance equation can be integrated once to 
yield an equation for the radial temperature gradient. To solve for the 
temperature profile we must choose a particular local heat transport model. 
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In what follows we use for simplicity n(r) 
geometry approximation . 

constant and a cylindric~l 

Constant heat pinch model. The predicted temperature profiles are t;iven by 
a double radial int egral of the heating profile Q(r) and hence relatively 
insensitive to small changes in Q. Such profiles induced by a variety of 
heating profiles Q(r) ranging from peaked on axis (dotted line) through 
flat (solid dark line) to peaked at the plasma edge (dashed line) are 
indicated in Fig . 3. The temperature profiles are pl otted on a logarithmic 
scale norma~ised at the half radius ( 9] . Fig. 3 shows that only very modes t 
temperature profile variations are expected for phy3iC'3lly relevant changes 
in the heat:ng profile . The ratio <T>/T(O) for these profiles are in 
agreement with the ranges indicated in Fig . l . 

Nonlinear x model. The predicted temperature profil es depend on a double 
radial integral of the l/(p+l) fractional power of the heat i ng profile 
Q(r); they are even less sens i tive to variations in Q than t1ose shown in 
Fig . 3. 

JET data for centrally peaked heating . The experimental temperature 
prof iles that result from a variety of JET auxiliary heating profiles are 
shown in Fig . 4 . Comparing Fig . 4 with Fig . 3 we see that the weak 
temperature profile variations caused by changes in the heating profile are 
i n reasonable agreement with the theoretical predictions . T:1e best 
agreement occurs for B<<l and for x increasing radially . 

Localised off-axis heating . In JET experiments the ICRH heating prof i le is 
highly peaked (Or$a/5) near the radial location of the cyclotron resonance 
rh . Both the heat pinch and nonl inear x models predict the ~T(r) due to 
ICRH to be constant ins i de the heating radius . However, the magnitude of 
oT(O) - oT(rh) and the radial fall off of oT with r outside of rh depends 
on the model chosen . Comparisons of the oT obtained experi mentally with 
t he theoretical predictions in hydrogen minority 'He majority plasmas are 
shown in Fig . 5. Again , we find that there is best agreement between the 
experimental data and the local transport model pred i ct i ons ~or 8<<1 with 
increasing radially . 

3. Global Transport Scaling 

The stored energy W-(3/2)fd ' x n( Te+Ti) derived from the constant heat 
pinch model is expressed as 

where 

'inc 

W - • x< 1 +f;) l[Pinlerr+ Ppinch l - 'inc Pin(a) + W(O) • ( 2 ) 

nTx( l +0/2 , 'x - 3ab/4x . F;-<niTi>J<neTe>. [Pinleff - nPin(a) . (3) 

The hea t ing effectiveness parameter n defined in (3) is unity for delta 
function heating on axis and zero for edge localised heating. 

The global transport scal i ng law given in Eq . (2) has the offset- linear 
form that has been found (6) to characterise JET data quite well . The 
energy confinement time 'E•W/Pin exceeds Tine for low power levels (e .g . 
ohmic heating) , but approaches it for high input power levels . The 
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incremental confinement tlme T inc approaches. the ideal incr emental energy 
confinement time lX when n->1 (central he ating) and ~-- 1 . 

4. Di scussi on and Conclusion 

The temperature pr ofil es predi cted by local heat transpor t models have 
been shown to be in good accord with JET experimental results . The weak 
temperature prof lle responses to changes in the heati ng profiles explain 
" profile cons i stency", at least . to the extent it ls observed in JST. The 
local transport nodel which best char act erises JET dat a is based on a heat 
pinch (or excess ~T) model with a heat diffusion coefficient x(r) that 
increases with radius. The global transport scaling law derived fr om thls 
model exhi bits a linear-off set f orm and provides definitions for the 
incremental energy confinement time line and the heating effectiveness n · 
These latter definitions provide a basis for taking account of heating 
profile effects in determi nations of the energy confinement scaling in 
aux il ilary heated tokamaks . 
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ABSTRACT Poloidal structures of ma:Jnetic turbulence are stu'lied and 
their persistence alOfB the magne t ic lines is analysed. 'Ihis can give an 
estimate of the minor radii of the observed turbulence. 

ImroDUCTION '!he stlrly of broadband ma:Jnetic turbulence features is im­
PJrtan t to determine its nature and its PJSsible effects on the trans­
PJrt. '!his paper presents measurements of the ma:Jnetic turbulence on the 
TCA tokcmak !Br=1.5 T, R=61.5 an , a=18 an) , newly eguiwed with 96 mag­
netic coils placed in the scrape-off layer. '!he spatial properties of the 
turbulence and its relation to confinement have been presented earlier1 

and this w:>rk concentrates on the stu'ly of the PJloidal structure of the 
turbulence and its transformation alon;i field lines. Figure 1 gives the 
layout of this system where the subsystems of coils A,B,E and T will be 
referred to as arrays. T is a vertical radial array rafBin;J fran 
r=20 . 7 an to 27 .7 an and E is identical but in the equatorial plane. A 
and B are identical arrays placed sxmmetrically with respect to the 
equatorial plane and ccrnposed of 18 Be coils at z=:!:22 an and 14 Br 
coils at z=:!: 21 . 3 an . '!he coils are therefore not at constant radius . 
(20.5 an(r(24 . 5 cm) but each coil is oriented to measure only either the 
Br or the Be field ccrnPJnent. All the ~ coils have dimensions 
1Ox10x5 mn3 and all the Br coils 1 OxSxS mn ; 'Ihe 91\all size of the 
coils and their close spacing allow very large PJloidal llKJde mrnbers up 
tom =80 to be detected . In this study , the broadband ma:Jnetic turbulence 
is measured between 40 kHz and 800 kHz , well above the 10 kHz Mirnov fre­
quency. Al thot.gh the coherence is bounded between O and 1, due to the 
finite nunber of scmples used, the coherence between tv.o CClTlpletely 
uncorrelated signals is O . 17. 

I . RADIAL COHERENCE AND POLOIDAL MJDE NUMBER '!he coherence between 
the coils of array T ana E shows that the Pe and Br fluctuating 
fields are highly coherent in the radial direction between the pla91\a and 
the vacuun vessel as illustrated in Fig. 2. 'Ihus the vacuun field llKJdel 
is appropriate to estimate the p:>loidal llKJde nunber m( Pel from the 
radial decrease of the 8e field ccrnponent. Figure 3 shows the ccrnpari­
son of the experimental p:>ints with this llKJdel, which yields m(Pe)=6 at 
200 kHz and m( Pel =8 at 800 kHz . '!his method cannot be applied to the 
Br canp:>nent because of the influence o f the wall. ~ should stress 
that this result is obtained for a s i ngle shot i n the sane radial direc­
tion . M:>reove r , we have successfully applied this method to determine the 
Mirnov oscillatio n mode nunbers m=2 and m=3, already identified inde­
pendently by the s tandard method . 

II. CX>HERENCE IN THE POLOIDAL PLANE '!he coherence between the coils in 
arrays A and B has been stll31ed in detail for Ip=l 30 kA, qa=3. 1. N::> 
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up-down asymmetry was fourrl and we shall not distinguish between A and 
B. Figures 4 and 5 s how the coherence and the phase between the central 
E?e o r Bi: coil (R=61 . 5 an) and the neighbouring E?e and Bi: coils. 
Fbr frequencies above 400 kHz, phase junps of n are seen. In the 
Br-Br case o f Fig. 4, they corresp:md to a min imun in the coherence 
follONed by a secondary max imun as t:. R is increased . 'lh is is char acteris­
t ic of a stationary wave with the statistical wavelength J..0 ( Brl 
defined as twice the distance between t..o phase junps. Fbr frequenc i es 
belC1.1 400 kHz the phase plot i s typical of a travelling wave and around 
400 kHz the phase is representat ive of both features . 

'lhese r-esul ts are also seen , although less clearly , in the %-Be 
case of Fig. 5. 'lhe secondary maxima are lost, probabl y because t he p:>­
l oidal coher-ence length i s shor ter than J..0 (f?e). ~ see, however , that 
J..0 (8e)~ 1 .5J..0 (8r ) . 'lhe p::>loidal nunber m can be estimated for t he 
tv.o cases and we find 7<m(8e) <9 for 400 kHz( f (800 kHz , in good a:iree­
ment with the results of Fig. 3 , and 9<m(8r) <12 fo r 400 kHz( f (800 kHz . 

We also calculated the coherence between one Bi: reference ooil and 
the % coils (Fig . 6). '!he coherence between Bi: and Be i s very 1C1.1 
at the sane i:osition , but i ncr eases to a maximun as t he separation fran 
the reference ooil is i ncreased. 'lhe phase plot indicates that the p::>loi­
dal ..avelength of this strncture i s J..0 ( Brl. 'Ihis f igure reveals that , 
statist i cally, the turbulence in one i:ol oidal plane is S'yl'lll1letrical with 
respect to the radial direction. 'Ihe as:rmnetry o f the curves is probably 
d ue to a snall misalignment between the array and the plasna. 

II I. I.ONG DISTANCE COHERENCE The ooherence in t he t oroidal direction 
has been stl.thea between arrays T and A. Taking one Bi: or % coil of 
array T as the reference coil , the coherence with the coil s of array A is 
measured. 'lhe resulting ooherence curves are comparable with the oorres­
p::>nding ones given i n Figs. 4 , 5 and 6 . 'Ihe central i:oint of the struc­
tures is displ aced away fran the p::>s it ion R=61.5 an in such a way that 
the coherent structur es \oOuld appear to persist along ma:inetic field 
lines. Figure 7a , for 113=3.6, shows a good example of the results ob­
tained for a 113- scan . 'Ihe i:osition of the maxima depends on the fre­
quency and t he curves becane broader at higher frequencies , which is 
opp::>site to the trends withi n one A or B array, as seen in Fig. 5. This 
reveals a p::>loidal diffusion of t he coherent structures, as they propa­
gate in the toroidal direction, stronger at higher frequencies. f>breover , 
as 113 is varied , the peak value of the coherence plots diminishes 
whereas its width increases. 

Fran these results, we attempted to determine the radius of the mag­
netic surfaces on which the turbulence "propagates" . Fbr this purp::>se, we 
assune, firstly, that the p::>loidal structure of the turbulence i s trans­
mitted fran its origin towards the arrays in the radial direction, and 
secondl y , t hat t he maxima o f coherence in array A are the ima:ies of t he 
reference T coil through the magnetic r o t atio nal transform. '!his metlx>d 
is shown in Fig. 7b which shows, in the p::>loidal plane of array A, t he 
transformat ion of the radial line supp::>rting the array T by the rotatio­
nal transform of the field l ines , incltrling toroidal effects . If t he 
coherence of the turbulence, for a given frequency , foll~1ed one f ield 
line , the p::>sition of the maximun v.ould define the p:>loidal rotation of 
this line on its way toroidally fran the p:>sition of array T to that o f A 
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(t.4> = 111>). We can , therefore, find the magnetic lines supp:>rting the 
turbulence for each frequency, as indicated by the arrows in Fig. 7b. 'Ille 
higher frequencies are located at the plasna surface whereas lower fre­
quencies are in the scrape-off layer. '1his method gives similar results 
when applied to other values of ~ between 3. 1 and 8. 9 . Significant 
toroidal coherence is not restricted to that found between arrays T and 
A, and other measurenents , not described here, show correlation over 
large toroidal distances (up to at least 211R) . 

IV. DISOJSSION VE have shown, with tl'.O different methods , that modes 
of low p:>loidal mrnbers are involved in the magnetic turqulence and that 
the poloidal dispersion relation cannot be the linear extrap:>lation of 
w/k=const. , valid at low frequency (Mirnov oscillations). '1his 1<.0uld have 
implied m~30 at 200 kHz and also that m increased by a factor of 4 bet­
ween 200 kHz and 800 kHz. '!he correlation between Br and Be shown in 
Fig . 6 implies that the Br and Be fields have a carunon source. It is 
then difficult to understand how the p:>loidal wavelengths ;,0 ( Br) and 
;,0(~) are different by a factor of 1.5. At the present time, it is 
not possible to attribute this factor to experimental errors in the 
estimated >-0( Brl and >-e! Bel , or to the physics of the turbu­
lence. '!he results of paragraphs 2, 3 and 4 point to a change in the 
nature of the turbulence above 400 kHz. In fact , travelling waves seen to 
daninate the low frequency part, whereas the higher frequency part shows 
characteristics of stationary waves. 
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1 . Introduction. 
We compare the predi ct i ons of various models of electron thermal trans­

port with the experimental data se t of TEXTOR. The electron heat :ransport 
equation i s solved using the anomal ous transpor t coefficients derived on 
the one hand from the saturation of t he diss ipa t ive trapped electron mode 
instabili ty [ l] and on t he other hand from a shor t wavelength col l isionless 
ins tabi lity dri ven by electron temperature gradient (ne modes)[2] . For com­
parison a simple neo-Alcator heat transport coeffi cient [3] is also used 
for the ohmic heated (OH) cases . 

The TEXTOR data set provides the energy conten t E(f r om diamag~etism), 
the central e l ectron a nd ion tempe rature T (from ECE) and T. (from neutron 
yield), elec t r on density (n) and cur rent a~ns ity (j) pro file 1 0 parameter s 
(from HCN interferometer and polarimeter) as a function of ICRH power [4]. 
RF pulses of 0 . 5 s or more are cons idered, s uch that s tationary curren t 
profiles are achieved : the experimental tempe r ature profile can thus be 
de r ived from j (r) assuming neoclassical conductivity oNC [5]. The va l ue 
of Zeff is computed from Teo and the loop voltage Vt assuming a central q 
value of 0.8. 

2 . Mode 1. 
We use the g lobal heat conduction eq uati on where radiation and convec­

tion l osses are negle cted (as jus ti fie d from a predic tive transport ana­
lysis of TEXTOR [6 ] ) as well as t he ion hea t flux and the cha r ge exchange 
contribution : 

In V1 , 
_.:_...!:_ + ~ f x .' dx} 

x RF 
(1) - { 

where we have : x = r/a (a : small r·adius) ,I: plasma current, q = q ( r =a) , 
R : large radius , Te : electron temperature .PThe first term on athe RHS of 
Eq . (l) gives the ohmic power contribution whereas the second term co r res­
pond~ t o the rf power delivered t o the pl asma. lfo ~hoose an rf powe r densi­
t y 'J RF a xP(l - x>.) normalized by the condition)J Rfd v = PRF (PRF : total 
RF power) . p and >. pa r ametrize the rf powe r depos i tion profiles . For the 
di ffusivity Xe we use t he three following expressions (computed for 
a = 0 . 46m, R = 1. 75m, Bt = 2T, ~~SA units are used except Te in keV and 
n in l0 13cm- 3 , D2) (i) XeR = 0 . 325 Tel. 5 s cp(v")( l + 0 .6 dp(v"))(v ~q ) - 1 

g(E)(Cfi t c - 2)~-GJ where we have v* : collisionality , dT 

s=; %;. c = 0 . 11 ~ bn(v" )L;:;1 LT1
, and Lf.i 1 i ~~ , LT1 {---fr , 

:,v e 
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E = (qR 5 LN 1)- 1 . The functions bn, bp, dp, g are defined in [ l ]. Cfi t is 
ITeTJe (1 + Tle)S 

a fitting parama ter. (ii) Xe ,G = 3.747 Cfit n q R with 

TJe = L;1/LN 1 [ 2]. (iii) Xe ,A = 2 Cfit(n Te q)- 1 [3]. 

3. Integration procedure . 
The fi rst order different ia l Eq . (1) for Te is solved t aking Ip, Vt, 

n (x) and Zeff (assumed independent of x) as input from experiment . The 
integration is started near the plasma edge, at x = Xi, with the initial 
va lues of Te, dTe/dx, q, dq / dx derived f rom the expe rimental data using 
the neoclassical aNc . l~e choose Xi such that Te(xi) "' 100 eV to ensure 
the validity of the Xe R model. At each step x = xn of the integra tion 
the current density j ~ aNC Vt /(2nR) and q = qax2Ip/lx (Ix = Ip - 2rr 

~rjrdr)are computed.The elect ron energy content Ee=fn TedV and the plasma 

current I =!0 2rrrjdr that would be obtained/consumed if t he temoeratu re re-c a 
mained cons t an t in the region xn>x~ a re also computed.The inteerati on i s 
stopped at x = Xe for which either the total current is consumed (I =I ) 
or q = O. 7 is reached whichever occurs first . c P 

4. Results and discussion. 
In order to compare the computed and experimental post-sawtooth crash 

Te profiles, a number of quality criteria (to ~ome ext end arbitrary) can 
be formulated : (i) q(xe) ~ 1, (ii) xe = xq=l = 0.25(2n/qa) J/z , i . e . the 
experime~tal posi tion of the q = 1 radi us in TEXTOR [8 ] , (iii) 6Ip = 
Ip - Ic • O, (iv) TeCxe) ~ Teo• (v) an estimation of the plasma energy 
con t en t E = Ec( l + Ti0 /Te0 ) c l ose to the experimental value.Cfit is adjus­
ted once for all for each Xe mode l for a reference discharge condition 
(Ip = 0.35 ~. n = 3 x 1013cm-3, PRF s 0). It is remarkable that we could 
succeed in >atisfying app r oximately al l t hese r ather demanding conditi ons . 
This is shown on Fig. 1 where t he Te profiles obtained for the three 
transport models are compared wi t h t he expe r imental profile (computed from 
Teo and j(r) using aNc) . The positions of Xi and of the expe rimen tal as 
we ll as the computed Xq=l are indicated together wi th the l ocat ions where 
Ip= le on each Te profile. The different evo l ut ion of Xe(x) for t he three 
mode l s i n spite o f simi l ar Te(x) profiles is striking. 

The values of Cfit are not changed for the other computed cases . Fig . 2 
shows t he Te curves for a typical ICRF heated case . As expec:ed , the Xe A 
model is unable to descr i be t he heated case and is very sensitive to th~ 
deposition profile. The Te(x) curve obtained f rom Xe R is practically 
insensi t ive to the latt ,!H" whereas a Te incr ease of "' ' 20 % (goi ng from 
centered to excentered '!-RF profile) is observed for t he Xe G model. 
Henceforth we choose p = l,A = 3 which fi t best the excentered profiles 
predic t ed for TEXTOR by ray-traci ng [7]. It is shown also that fo r these 
two mo de l s the criteria of quality ar e not as well fulfilled as for t he 
reference case . On Fig . 3a, b and c the soli d lines give the experimental 
energy versus the centra l chord density ~ for three values of Ip with and 
without ICRH (only non detached plasmas are considered [9 ]) .The correspon­
ding va lues, calculated for the 3 models in OH(R,G , A) and for the 2 rele­
vant models Nith !CRH (R , G) are gi ven . The global agreement is quite 
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satisfactory particularly at low Ip · At high Ip the three models give a 
value of E ~ 15 % higher than the experimental one but the general beha­
viour is good. It should be cautioned that the good energy fit is partly 
due t o the i mposed integral conditi on on the t emperature profi l e, e. g . 
le= Ip. Fig. 3 however does no t reflect to what extends the criteria of 
quali t y are ful fille d . One can find in table I the mean quadratic values 
Ei, for the OH and !CRH cases, of t he relative errors £1=(! -I c)/I ,£2• 
(q(xe) -1 ), £3=(xe- xq=1)/xq=l• £4=(Te- Te0 )/Teo · It appears tKat in bH, the 
resul t s of the Xe , R model are as satisfactory as the neo-Alcator model 
<xe A) and better than the Xe,G one .Tiie Xe R model does not degrade for 
!CRH discharges and exhi bi ts much l ower r . ~.s . error s on q (xe) and Xq=l• 
and the refore on the Te profiles, t han the Xe,G model . 
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HEAT FLUX ANALYSIS OF AUXILIARY H~ATING DATA FROM JET 

J P Cnristiansen , J G Cordey , J D Callen• and D G Muir 

JET Joint Undertaking , Abingdon , Oxon, OXl~ 3EA , UK 
*University of Wisconsin, Madison , WI53706 , USA 

A new method for analysing local heat transport has been applied to 
data from neutral beam neated discharges i n JET. Estimates of neat 
diffusivity obtained by this method are found to agree with results from 
neat pulse propagation studies and results deduced f rom empirical scaling 
laws for gl obal ~onfinement . 

1 . INTRODUCTION 
A new method has been proposed [1] for interpreting measurements of the 

spatially resolved electron temperature profile by examination of the para­
metr i c dependence of the heat flux through a given flux surface . In this 
paper we describe the results obta ined by applying this method t o data from 
neutral beam heating power scan experiments on JET . The power scans have 
been per formed over a range of plasma currents (1 to 5MA) and the beam power 
has been increased in steps of approximately lMW up to 9MW. In the analysis 
the total heat flux q is compared with local plasma parameters , eg, density, 
temperature , current and their gradients. The analysis suggests the 
following relationship : 

- x en9T + (1) 

where x is a heat diffusion coefficient and qpinch represents a heat pinch . 
SI units are used with temperatures i n eV and currents in units of MA . 

2. CALCULATION OF HEAT FLOW 
In a steady state plasma configuration the power balance equation for 

electrons and ions is : 

<Q> (2) 

where < > denotes a flux surface average . Q is the total heating rate and 
includes ohmic heating and power deposition from the neutral beam to 
electrons and ions . The radiat i on loss r ate is not included i n (2) . A 
preliminar y analysis of selected JET pulses shows QRAD t o be highly peaked 
in the outer region 0 .9 < x < 1. The f l ux surface label x used i ~ the 
anal ysis varies from O to 1 and we i ntegrate equation (2) from x = o up to 
3 representative radii x a '/2, 2/,, '/, . This integration yields for the 
heat flux: 

q (x) ~ I' Q(x') ~- dx' 
Ox 0 

(3) 
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wher~ d is minor radius and ¥ is the volume enclosed by a surface x . The 
ohmic contribution to Q is E ln11 , E • V0 /2nH where V0 is the loop voltage 
calculated from magnetic mea~urements . The neoclassical resisti vity is 
determined from the electron temperature profile . The neutral beam power 
deposition is computed from Fokker-Planck equations using electron density 
and temperature data; the computation assumes the slowing down of injected 
ions to be complete . The q(x) heat flux data thus obtained is now analysed 
together with density and temperature data from approximately 350 obser­
vations . Each observation involves a time average over 0 . 4 sec of the data 
and typi cally 2-4 observations per plasma pulse are used . figure 1 shows 
radial profi~es of the heat flow q(x) before (full curves) and during 
neutral beam heating (dashed curves) for 3 pulses with 1 , 3 and 5MA . It can 
be seen that a substantial change (by a factor 20) occurs for the 1MA pulse . 

3. DEPENDENCE Or HEAT FLOW ON LOCAL PARAMETERS 
Standard linear regression analysis has been applied to the heat flux 

data by fitting it to an empir i cal expression like: 

( 4) 

The heat pinch term labelled qpinch may depend on n , Vn etc in a way 
different from the first term of l4) . The data at lMA eliminates any Vn 
dependence and the data as a whole eliminates any current density J 
dependence . Since T and VT are strongly related either but not both , may be 
used . In the 1MA data alone the VT depende nce is stronger than the T 
dependence . The best fit to all the data is thus : 

- c e na VTS IY + q pinch · (5) 

In (4) and (5) I de not es the current flow i nside a s urface x . The values of 
the exponents ± their standard deviat i ons are : 

a 0 .75±0. 11 , 8 0 . 7 4 ± 0 . 12 . y = -o. 78 ± 0 . 11. 

Also c • 11 . 34 ± 2 . 31' qpinch 9 . 1 ± 3 .5 . 

The large uncertainty in qpinch is due to the scatter in the data as shown 
in figure 2 . By constrainlng two of the 3 exponents to be equal to 1 in 3 
separate regression analyses the standard deviations drop and 

a 1.01 ± 0 .02 , 8 1. 02 ± 0 . 04 , y -0 . 99 ± 0 . 02 

This result strongly suggests that 

q • -C0 /I en VTe ~ qpinch ' C0 = 8 .0 ± 0 .2 , qpinch • 4 .3 ± 0 .6 , (6) 

represents the best fi t to the data on q . figure 3 shows a plot of values 
of q aga i nst qfit all evaluated at x • ~ . The different symbols refer to 
the plasma current (as in figure 1 ) : open circles (lMA) , full circles (2MA) , 
triangles (3MA) , squares (4MA) , asterisks (5MA) . Additional attempts to 
allow for density and temperature dependence of qflow ei ther fa il or 
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increase the standard deviations of the fitting parameters beyond the 
confidence level . 

4. HEAT DIFFUSIVITY 
The heat diffusion coefficient inferred from (6) is : 

x 8 .0/I(x)m 2 /sec (7) 

This estimate shows that x would decrease as x and r9(x) increase . \~hen the 
analysis of 3 is carried out at x = •/, and x • •; , we f ind that the best 
estimate of C0 decr eases to about 4.0 at x = •/,. The value of x obtained 
from (7) for r 9 (x=~) • 2 .75MA i s 2 . 9m 2 /sec and this agrees well with the 
result x8p = 2 .4 ± 0. 7m 2 /sec obtained from heat pulse propagation measure­
ments [2 J . Figure 4 shows values of q (full tr i angles) and qe (open 
triangles) against nVT for a range of 3MA pulses; qe is that part of q 
delivered directly to the electr ons . The shaded area i n Figure 4 represents 
the relationship between q and nVT which follows from the heat pulse propa~ 
gation measurements . 

From (7) we can derive an incremental confinement time (1) Jsing an 
averaRe X· 

1 inc 11 'x 11~ (1 + F;) 
Bx 

(8) 

wher e a and b are the semi-axes of the elliptic plasma cross-section ; 11 is 
the heating eff i ciency (1) of neutral beam heating and varies fo~ JET from 
0 . 3 to 0 .6 ; F; i s the ratio ion to electron energy content and is typically 
0 . 4-0 .5 . From (8) we find 'inc = (0 .04 - 0 .08) l(sec) , which compares 
favourably wi th the scaling law tine • 0 .047 I(sec) obtained from JET data 
on global confinement [3] . 

5. SUMMARY 
Several approximations have been made in th i s study of heat flux in 

JET: omiss i on of radiation loss , ion-electron energy exchange, ~adial 

variation of safety factor , departures f r om equi librium e t c . Such 
approximat ions mitigate against a further analysis of the detailed 
dependence of x upon local parameters , but do leave scope for future work . 
The difference between the fitted expressions (5) and (6) is such that it is 
difficult to extract more than the dependence (7) of x from the data . This 
dependence of x upon I (x) , or the average poloidal field , is very 
pronounced i n the JET 8ata . It indicates the highest incremental confine­
ment to occur at high plasma currents . 

6 . REFERENCES 
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[3 ) GORDEY J Get al , Paper IAEA-CN- 47/A-II-3 , Plasma Physics and 

Controlled Fusion , Kyoto , Japan , 1986. 



5 
q 

4 

3 

2 

~~~~~~------.--. x 
0.5 0.1 /.0 

Fig 1: Rad i al profiles of heat flow 
for 3 pulses of 1MA(o) , 3MA(6) , 
5MA (*) . Units o f q are l04 Wm- 2 in 
all Figures . 

5.0r-------- - - --, 
q 

' .·. '," . ••\ 

• • • • ..:,o ... 

2.5 

'· ,,.. ·'· ·,'( " '',' 

2.5 5.0 

Fig 3 : Values o f q plotted against 
qfit given by (6) . 

276 

s.o~-----------~ 

q 

. ' • 

2.5 

, I 

'• ·.· . 
,\ .. ... 

: ,• 
/, J ' 

o.oJL..-~~-~-.-~~--~ 

0.0 2.5 5.0 

Fig 2 : Values o f q pl otted against 
values of qfit given by (5) . The 
symbols are explained in the text . 

5.o-----------. 

2.5 

0.01---~---.---~--i 

0 enllT 2 

Fig ~ : q( .t. ) and qe(6) vs enllT. The 
shaded area ls the range given by 
heat pulse propagation measurements . 
Units of enllT are 104 Jm -•• . 



277 
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BOUNDARY PROBLEM 
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Traditionally, two types of methods are used to determine the eletron heat conducti­
vity, x: initial value and Fourier. Initial value analyses compare the observed temporal 
evolution during the rise phase of the heat pulse with Kadomtsev's model for sawtooth 
reconnection. The crucial disadvantage is that one must make assumptions about the 
plasma inside the mixing radius, namely one assumes that x is known and unchanged 
inside the q = 1 surface and therefore the natural thermal equilibrium is the tempe­
rature before the crash. Fourier methods average over the sawtooth period and thus 
the results are heavily weighted in favor of the slow decay phase of the heat pulse. 
During this latter phase the initially sharp spatial gradients of the pulse have relaxed 
and Ohmic heating and electron ion energy transfer as well as boundary conditions 
become important. 

To analyze the ASDEX heat pulse, we solve the heat equation numerically as a forced 
boundary value problem. The measured time evolution of the first electron cyclotron 
emission channel outside the mixing radius is used as input for the the time dependent 
boundary condition. The electron heat conductivity is then given a functionally para­
metrized form such as c/ n(r), where the parameter is determined by a best fit to the 
channels located outside the input channel. 

This approach has several important advantages over the standard method of fitting 
the arrival time of the peak of the pulse to a theoretically initialized perturbation. The 
region inside the mixing surface, where the conductivity may be anomalously large, is 
excluded from consideration. No assumptions on the position of the q = 1 surface or 
the radial redistribution of energy are necessary. The conversion of magnetic energy 
into heat is automatically taken into account. Finally, the ECE measurements give a 
time history of the heat pulse at a few spatial locations and the method makes effective 
use of this information. 

We use a standard Crank-Nicholson scheme with T(r = r0 , t) evolving in time. Con­
vective, dissipative and reheat terms may be included. The time interval may be the 
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rise phase, the entire sawtooth period, or the entire sequence of sawteeth to simulate 
the effect of pulse pile up. 

To model the boundary layer outside the separatrix we assume that the temperature 
decays exponentially with a decay length >.. We integrate the heat equation over the 
last half grid point and define ax(l) = >.xb1 where Xbl is the effective conductivity 
outside the separatrix. Thus the last half mesh volume evolves as 

6.r BT BT 
--=x[-aT--] 
2 at ar 

where the minus denotes the inside derivative. Since the boundary layer is believed to 
be a highly nonlinear function we treat a as a free parameter. Results which depend 
sensitively on a are of little value. 

The method is tested on a standard Ohmic discharge with the following parameters, 
q(a) = 3.3, T(O) = 1075ev, n = 2.4 * 10 * *13, Zeff = 1.3. The input channel is at 
18.lcm and the lit channel at 25.6 cm. Ten sawteeth are averaged over the sawtooth 
period.The period is 13ms,the crash time is lms,the amplitude is 90ev ,and the peak of 
the pulse arives at r= 18.lcm in l.65ms and at 25.6cm in 2.65ms. Figure 1 compares 
the smoothed experimental data with numerical calculations for x = c * n(.47)/n(r) 
during the first 5ms of the pulse. The top curve is c = 8.8m2 /sec, the middle curve is 
7.7m/sec and the bottom curve is 6.5. The best fit to least squares integral is 7.35, to 
the relative least squares, (time averaged temperature at 25.6cm normallized to 1.0) 
is 6.8 and the best fit to time integral of Tmeaaured -Tnum is 7.7. The boundary heat 
flux parameter a is 2.0. Thus the choice of norms varies the result by 5%. The power 
balance x is between 1.2 and 2.0m2 /sec. In practice, the pulse has four characteristic 
parameters,the amplitude of the peak, slope of the temperature rise ,the time of arrival 
of the peak and the slope of the decay. We are able to fit the first two parameters with a 
chi of approximately 7m2 /sec. When the radial dependence is varied from constant to 
inversely proportional to density the value of chi at the input channel varies only a few 
percent during the rise and early decay phase. The discrepency between the observed 
and computed time of arrival of the peak is larger. Since in fitting the peak we are 
essentially specifying the second derivative of T(t), the poorer fit is to be expected. It 
may also be partially related to the presence of convection. 

The temporal decay depends on both the assumed radial profile of x and on the heat 
transfer parameter a . As a decreases, the rate of increase of x with radius must 
increase. Figures 3a,b,c give the computed values of the temperature at r = 25.6 for 
a= 0.1,2.0 and 40.0 respectively. In each case, the top curve is x = 7.3m2/sec, the 
middle curve is 7.3n(.475)/n(r) and the bottom curve has a inverse square dependence 
on density. Clearly the boundary condition determines the radial variation of X· 

We now analyze the same case with the initial value approach and determine x by fit­
ting the differential time of arrival of the peak at 18.1 and 25.6. We assume a parabolic 
current profile and initialize the code with the perturbation given by conservation of 
energy and flux. The experimental temperature and density profiles are used. For a 
differential t ime of arrival of lms we find x = 4.lm2 /sec. The temporal evolution at 
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18.1 and 25.6 cm are displayed in Fig 3a,b. The amplitude of the temperature pertu­
bation just outside the mixing radius is in good agreement with theory. The actual 
crash time of one msec is comparable with the time of arrival. The difference in arrival 
times occurs because the initial value approach assumes that the crash is instananeous. 
The forced boundary value approach automatically took this into account. For neutral 
beam cases, the crash time is .lms and the agreement will be better. 

The most disturbing discrepency is the surprisingly large magnitude of the heat pulse 
away from the mixing radius . The theoretical prediction is based on a dipole character 
of the initialization. By assuming thermal equilibrium after the crash is the tempera­
ture before the crash, there is a net lack of thermal energy inside the q = 1 surface. 
This absence of heat mixes with the excess outside the inversion radius and causes a 
rapid decay. If the conductivity inside the q = 1 surface were greatly enhanced after 
the crash, the natural profile would be the fiat final profile. Thus the heat pulse would 
propagate like a monopole localized between the inversion and mixing radii. 

The experimental observations in ASDEX and TFTR seem to suggest that the tem­
perature at the q = 1 surface is held constant throughout the sawtooth period. This 
is an intermediate case between a dipole and a monopole. 

In conclusion, the forced boundary value method allows quantitative analysis of the 
t ime evolution of the measured signals. The major source of error are the spatial 
resolution of the ECE spectrometer and the lack of knowledge of the correct boundary 
condition. By averaging over several shots it should be possible to determine both the 
physical boundary condition and the radial profile of X· For the sample ohmic case 
analyzed here we find that t he heat pulse conductivity is a factor of four to five higher 
than the power balance conductivity and that the initial valve approach significantly 
underestimates the heat pulse X· 
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l!EAT PULSE PROPAGATIOO IN RELATIOO TO TIIE ENERGY <DIFINEllE!fr Ill JET 
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JET JOil'fl' UNDERTAKING, ABINGOON, OXON, OX14 3EA, UK. 
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IlfTROIXJCTIOO 

Heat Pulse Propagation (HPP) studies [1-3) have I n general resulted In values for the heat 

diffusivity l(e of the electron channel that exceed the estimates based on the evaluation 

from tho power balance. No satisfactory explanation for these discrepancies has been given 

yet. In this paper (see also (4)), which sulllllllrises the main results of heat pulse studies 

in JET. we set out to resolve these discrepancies. We exa111ine the relation between the 

static (power balance) and dynamic {HPP) methods of assessing l(e. 

TIIE INOIDlllifAL HEAT DIFFUSIVITY 

19 -3 
Fig. la is a plot of total stored energy W versus total input power P (ne=2.5 10 m . ~=3T, 

lp=3MA). The plot shows that TE = W/P decreases with Increasing input power. In JET, as In 

many other machines, these W(P) plots can be described by an offset straight l!ne, the slope 

of which Is called t he Incremen tal energy confinement time TE. Inc" dW/dP. 

From the energy confinement time we derive a value l(e,pb for the heat diffusivity at a 

radius r = 213 a, using the well-lmown relation l(e,pb = ab/4TE {Eql), where n,b are t he 

horizontal and vertical minor rad! I, This expression Is derived assuming that the heat flow 

per unit area in the electron channel, qe' can be expressed as qe= - nel(eVrTe (Eq2). S i nce 

)(e may depend on vrTe. a change of qe induced by a variation of vrTe is governed by the 

incremental heat diffusivity ~e. Inc' defined by l(e, Inc" (l/ne)dqe/dvrTe. It can be shown 

that l(e, Inc Is related to TE. Inc by the analog of Eql, l(e, !nc = ab/4TE, Inc . From Fig. la we 

2 -1 
derive TE, inc :s 210 ms, and )(e,inc = 2 .5 ms , f or the discharge conditions concerned. 

The concept >ce, inc can be further illustrated by evaluating a local power balance at 

r=213 a. This Is the radius at which the HPP measurements are done. Fig. lb shows the local 

temperature gradient .fr e versus the power P e transported by the electrons through the flux 

surface (of area S), with Pe normalised on local density. The plot has again the character 

of an offset straight line , the slope o f which yields the Incremental heat diffusivity. The 

2 -1 
fitted l!ne In the plot corresponds to l(e , Inc = 2.5 m s , consistent with the value derived 

f rom TE,inc· It is important to observe that the )(e relevant to a perturbation of the 

temperature gradient is >ce, inc and not >ce,pb· 

ANALYSIS OF HEAT PULSE PROPAGATIOO 

The fast collapse of the sawtooth instability flattens the electron temperature profile fr om 

the centre up to the mixing radius rmlx on a t!mescale of :::100 µs. After the collapse, the 
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profile relaxes to the unperturbed profile of just before the next collapse. At radii 

outside r mix' we observe t h e heat pulse signals. Fig.2 shows two typical examp les of t he 

electr on t emperature signal vs. time for six radial post tions . From the measured heat pulse 

traces a value for '<e can be derived, which we denote by '<e,hp . 

The heat pulse per t u r bs. in first order, onl y the temperature and the temperature 

gradient. The perturbed heat flow is then qe= ne)(eV'fe + ne>cev'Te (Eq3) . where ><e is not a 

constant. but a f unction of the perturbed quantities, Te or v'Te. As we have shown in ( 5] , a 

Te dependence would hardly affect the evaluation of :ice, hp . Hence we consider here only a 

functional dependence on vTe . Then, t he heat diffus t ·;ity relevant to the perturbation ls by 

def ini cion 

I iJ iJ 
"e .hp = n; ~e = "e + <CJvre"e) vTe (Eq4 ) 

in whic h "e represents t he equilibrium value . Depending on the form of >ee(Vf
0
}. "e, hp wil l 

be larger than " e.pb' Under the condition chat the offset linear behaviour of q
0

(vrTe) shown 

in Fig.2 is valid on a time scal e f a ster t han the heat pu l se, )(e, hp s hou l d be equal to 

l(e, inc · 
ll'iSJ'RUllEIITATION AND DATA PROCESSING 

The HPP signal s are measured with a twelve channel ECE grating polychrome.tor (2], wi t h a 

radial line of s ight In che median plane and a radial resolution of :I: 3 cm. 7he heat pulse 

signals a r e characterised by a de lay time tp and an amp litude A ( s ee Fig. 2 ) . From t he tp 

and A values, we derive a heat pulse velocity vhp= dr/dtp and a rad ial damping rate a = 

ad(logA)/dr, as the characteristic parameters. As Is shown In [6], " e.hp can be derived 

f rom vhp and a ; "e . hp = 4.2 vh/a. 

RESULTS FOR ADDITIONALLY HEATED DISO!ARCES 

We limit the discussion here to a sec of auxiliary heated limiter di scharges with Ip= 3 MA , 

2.9 < B,- < 3 .5 T. with total power varied from 2.1 co 13.5 MW. Fig . 3 shows the l(e ,hp values 

and t he )(e,pb values (from Eql) as a function of total input power. While the inc rease of 

l(e, pb with power represents the deterioration of confinement, l(e,hp i s a constant within the 

2 - I 
experimenta l error. Its value i s "e.hp = 2 .5 :I: 0.5 m s A f ur t her i llus t ra t ion of the 

constancy of >ce, hp under increasing power is given in Fig.2, where signal traces of two 

d iff eren t discharges wt th 2.5 and 10.4MW rcsp . are shown to be a l most identical. 

DISCUSSION 

On the basis of the constancy o f l(e, hp wi t h respect to the i nput powe r and on the basis of 

the numerical agreenent between l( h (2.5:!:0. 5 m2s-l) and the tlmat f (2 5:l:O 5 e. P es es o r "e.inc . . 
2 - 1 

m s ) we conclude that indeed the iden tification '<e,hp )(e, inc is correct . I t t hen 

fol l ows that the heat dlffusivi cy " e i s a funct ion of vTe on a tlmescale much faster than 

the heat pulse (ie. a f ew ms). We p ropose a specific dependence of t he t ype gi·1en in Fi g.4 . 

This 'critical gradient' model is cons istent with both the observat ions o f "e. pb and >ce , hp ' 

The model can be interpreted to represent a micro instability that starts to grow above a 
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threshold value of vTe. At high lfl'e' the instability saturates, and '<e,pb goes to Its 

asympt ot i c val ue ~e. hp" The ratio '<e,h/'<e ,pb ls largest just above the cr'. tical gradi ent . 

which i s the nonnal operating range for ohmic discharges. We speculate that below the 

critical gradi ent )(e has a low, eg. Alcator-lnt or, value . 

A dif ferent i n terpretation of the offset linear behaviour ( 3, 7) is that t he total heat 

flow Is the net result of the outward diffusive flow , governed by a heat d iffusivity of 

value )(e. inc and an inward heat pinch, the mechanism of whi ch is unexplained. 

If '<e I ncrease s wi th lfl'e . thi s will naturally give rise t o a cer tain rigidity of the 

e l ectron temperature profile. Our model is thus capable of explaining a cer tain degree o f 

profile consistency '. without invoking non-local t ransport ( see also (7)). 

FIRSf R.ESllL TS DURINC PEUEf INJEX:TIOH 

HPP measurements were performed on two discharges (Bt=3. 4T, Ip=3MA), in which the sawtooth Ing 

continued normally after i njection of a deuter ium pellet . Table 1 shows the resu l ts. >ce ,hp 

is g iven before injection, in Wl i nte rval between 0.1 nnd 0 .5 s o.fter inject ion . and i n an 

interval 2 s a f ter i njection of the pellet. 

Table 1 

time 48.1-50 50.1-50.5 52- 53 s 

11014 2.2±0.5 I. 7±0 .4 2 . 2±0. 4 

11016 1.6±0.5 0.9±0.3 2.2±0.5 

pul se 
2 

'<e ,bp (m /s ) 

The trend is a substantial drop of '<e, hp after injection of the pellet . The l ow value 

persists fo r about 0 . 5 s. Thereafter :ice, hp returns to its pre-pellet value. I t i s 

interesting to note that the reduct ion of "e.hp goes together with a decrease \1'I'e after t he 

pellet injection. lfl'e (at r = 213 a) Is reduced from 4 keY/m to 2.6 keY/m in the Interval 

between 0.1 and 0.5 s after the pellet. The latter value is l ower than the lowest obtained 

in ohmic heating s teady state c ondi tions, ie . ~ 3 keV/m. This observat ion is consistent wi th 

the critical grad1ent model. However, because the plasma i s far from t he steady state. these 

resu lts should be tr.eated wi th care. 
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RADIATION BEHAVIOUR OF GAS AND PELLET REFUELLED 
HIGH DENSITY DISCHARGES IN ASDEX 

K.F. Mast, E.R. Muller, H.U. Fahrbach, H. Krause, R.S. Lang, P. McCarthy, W. Sandmann, 
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0. Kluber, M. Kornherr, K. Lackner, M. Lenoci, G. Lisitano, H.M. Mayer, K. McCormick, 
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W. Poschenrieder, H. Rapp, A. Rudyj, F. Schneider, C. Setzensack, G. Siller, E. Speth, F. Soldner, 
K. Steinmetz, K.-H. Steuer, S. Ugniewski6 , 0. Vollmer, F. Wagner 

Max-Planck lnstitut fiir Pla8maphysik, Garching bei Miinchen, W. Germany 
'University of Stuttgart, 2 Ioffe Institute, 3 University of Heidelberg, 

4University of Washington, Seattle, USA, 6 Jnst. for Nuclear Research, Swierk, Poland 

Abstract. Pellet and ga8 refuelled high density divertor d~charges in ASDEX are investigated with 
regard to their radiation behaviour and energy balance. Exclusively ohmically heated deuterium pla8mas 
in a non-carbonized (NC) , carbonized {C) and titanium gettered (DP) vacuum vessel are considered. In 
gas refuelled plasmaB the radiation power profiles are hollow with a central emissivity <{0) $ l Om W /cm3 

in C and <{0} $ 40m W /cm3 in NC and DP discharges. In C discharges PnAD/ Po rises from 0.2 at 
n. = 3.2 · 10 °m-• to 0.3 at the density limit. In NC and DP plasmas higher values from 0.3 to 0.45 
are observed. Radiation from the X-points can amount to 14 % of Po. In pellet refuelled discharges 
a central peaking of the em~sivity < is observed. A sudden transition from negligible or slow impurity 
accumulation to a fast rise could be detected in many discharges. In NC and DP pellet d~charges a 
self-t riggering of impurity accumulation was found. Measured inward drift velocities range from 60 cm/• 
to 130 cm/• at r= 15 cm. 

1. Global radiation behaviour and energy balance. Th~ paper mainly deals with parametric 
studies of the total plasma radiation with a particular emphas~ on X-point radiation from gas and pellet 
refuelled high density discharges in ASD EX. Three radiation zones are d~cemible with the bolometric 
diagnostics. The main plasma including the scrape-off layer, the regions around the two X-points and 
the divertor plasma [l J. 

Total X-point and main plasma radiation can be separated from two independent measurements of 
the total radiation in the main plasma chamber. FirsLly with the wide-angle bolometers and secondly 
with the bolometer array both taking into account the X-point radiation with various weighting factors. 
Radial profiles of em~sivity are derived by standard Abel-inversion technique. 

Ohmically heated pellet and gas refuelled high density divertor discharges in deuterium are investigated 
with regard to their radiation behaviour and energy balance during current flattop. Carbonized (C), 
non-carbonized (NC) and titanium gettered {DP) discharges with safety factors q4 between 2.7 and 2.9 
and plasma currents between 300 KA and 380 KA are considered here. 

In gas refuelled d~charges dWp/dt the time derivative of stored plasma energy Wp is negligible small 
whereas during pellet injection dWp/dt amounts up to 20 % of Po and has to be taken into account in 
the power balance. The normalized total radiation of t he main plasma PnN = PnAD/(Po - ~) as 
a function of the line averaged electron density 11. during various gas refuelled discharges is shown in 
Fig. la. 

In carbonized plasma8 PnN amounts to 0.2 at 11, = 3.5 · 1010m-3. NC and DP plasmas radiate about 
0.35 at II, = 3.5 · 1010m-• owing to a higher content of metals, mainly of iron. At higher densities near 
the density limit gas refuelled d~charges with q0 > 2. 7 {no sharp limit was detected) show a nonlinear 
increase of PnN with rising 11,. This behaviour can be attributed mainly to a decrea•e of the electron 
temperature near lhe separatrix due to enhanced recycling losses and line radiation of low-Z impurities 
{Cru-lines). A correlation between edge peaking of radiation power profiles (carbonized and gettered 
plasma8) and nonlinear behaviour of PnN with II, can be deduced from Figs. la and 3. 

The formation of a zone of enhanced radiation near the separatrix is observed just 10-20 ms before a 
density limit disruption occurs. Owing to an electronic integration time constant ~ = lOm• the time 
resolution of the bolometric diagnostics IB too poor to reveal details of the radiation profile evolution. 
This type of poloidal symmetric thermal instability which differs from the usual Marfe evolves on a 
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longer time scale in JET due to its larger dimensions [2j. T he normalized X-point radiation Px N 

Px / (Po - dWp/dt) (Fig. lb) enhances with increasing 11. similar as PnN does. Maximum values of 
Px N = 0.14 are oblained and have to be considered in the energy balance. A litanium gettered discharge 
(#19514) oerves as an example for a low q0 = 2.1 high density plasma. PnN remains nearly constant 
until the density limit is reached and Px N increases linearly with 11. . The formation of a zone of 
enhanced edge radiation could not be detected. 

In ASDEX a considerable increase of the line average denoity II, and of the Murakami parameter 
n,R/ Br was achieved by injecting series of deuterium pellets with a centrifuge [3,7J. We consider here 
only discharges with high central peaking of the density profiles during pellet injection. 

A nonlinear enhancement of PnN with rising II, is observed in pellet refuelled (C, NC and DP) 
discharges qualita<ively similar to gas refuelled plasmas. Starting from values characteristic to gas 
refuelled plasmas PnN continuously rises until about 0.15 at the density limit (Fig. 2a). The relative 
increase of PnN is highest in C discharges in contrast to gas refuelled discharges. Central peaking of 
the electron density and radiation power profile in pellet discharges is responsible for this behaviour. 
PxN decreases with increasing II, (Fig. 2b) owing to the high central radiation which reduces the power 
outflux in the scrape-off layer. 

A correction of PnN with the total radiation inside the inner half minor radius PnAo(a/ 2) yields 
nearly no variation of the corrected PxN with 11 •. Near t he density limit PxN is usually smaller in 
pellet discharges than in gas refuelled discharges. 

In pellet and gas refuelled discharges the normalized divertor radiation PoN = Porv / (Po - dW./dt) 
rises with II, up to fie"" 5.5 · 1010m - 3. Above 11, = 5.5 · 1010m- 3 PoN saturates which indicat es the 
achievement of a high recycling regime in the divertor [ IJ. Near the density limit PoN continuously 
decreases with n, owing to the steady increase of the radiation in the main plasma PnN and, thus, 
decreasing heat flux into the divertor. 

The energy confinement time TE = Wp/ (Po - dW./dt) shows a similar behaviour as PoN near the 
density limit. The plasma energy Wp is derived from the diamagnetic signal, from kinetic data (twice the 
energy content of electrons) and from the equilibrium beta. Li is derived from the electron temerature 
profile• assuming neoclassical resistivity and neglecting diffusion of the poloidal magnetic field. All 
three energies agree better than within 10% and indicate the same trend with 11.. The power on 
the divertor plates Pcond is measured with the thermographic diagnostics. Only a small fraction of 
the heating power is deposited on the divertor plates. The normalized power 011 the divertor plates 
PcN = Pcond / (Po - dWp/dt) is smaller than 0.1 and reduces further near the density limit (Fig. 4). 
We conclude: a nonlinear rise of PnN with II, is observed in both gas and pellet refuelled C, NC and 
DP discharges with maximum values of PnN "" 0.45 at the density limit. X-point radiation plays an 
important role in the energy balance (PxN :5 0 .14). Gas and pellet discharges show a dift"erent behaviour 
of PxN with 11 •. 

2. Profiles and Impurity transport. The signal rise of the central channels of the bolometer 
camera originates either from a Marfe which is a low tempertaure thermal instability located at the 
plasma boundary [4J or from enhanced radiation from the plasma centre. A Marfe is accompanied by 
a strong increase of the line intensities from low ionization stages of low Z impurities, e.g. CIII lines 
(T, "" lOeV). In contrast radiation peaking at the plasma centre is indicated by a simultaneous rise of 
intensity of central soft X-ray channels and of Fe XVI lines. Considering spectroscopic, soft X-ray and 
bolometer signals we can separate Marfes from radiation peaking at the plasma centre. 

Normalization of the radiation emitted from the outer half of the minor plasma radius t o the total 
radiation PnAD yields a quantitative parameter indicating the profile shape (Fig. 3). All gas refuelled 
discharges (with sawtooth activity during current flattop) show edge peaked radiation profiles. The 
central radiation power density in C discharges is less than lOmW /em9 and in NC and DP discharges 
it is somewhat higher :5 40mW / em8 but still negligible related to the central ohmic heating power 
Po(O) ""200mW /em3. 

In low q(qa :5 3) pellet discharges the central peaking of the density and the radiation power profile is 
correlated. During a typical discharge there is first a phase of negligible or slow impurity accumulation, 
wl1ich may suddenly turn into a fast accumulation at the plasma core. Three different scenarios for this 
transition are experimentally observed: a) one pellet is missing during a series of pellets (Fig. 5), b) 
after pellet injection if no density limit disruption occurs, c) in NC and DP discharges the q on axis 
may considerably rise above 1.0 owing to a pronounced Battening of the T,-profile with rising central 
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radiation power density (Fig. 6). A self-triggering of accumulation occurs then if P R,w(O)/ Pn(O);:: 1 
(see alao [61J. 

Case a) ia demonstrated in Fig. 5 for a diacharge with density feed back. From t= l.5s until t = 2. l s the 
T.- and n,-profilesremain nearly unchanged with a small riae of n , (O)(:S 20%). Strong sawtooth activity 
is observed during pellet injection which obviously prevents an accumulation of impurities averaged over 
a pellet cycle. After a last sawtooth possibly triggered by the pellet at t= l.89s a fast accumulation 
starts inside a minor radius r=lOcm (Fig. 7). One finds from the chord-intensity profile in F ig. 7 a 
transport of impurities from the outer plasma regions r > lOcm to the plasma core. It seems that t he 
impurity accumulation is immediately stopped by the next pellet (Figs. 5,5a). A neoclassical theory [5[ 
predicts from Wan inward drift velocity VD = lOOcm/s at r = 15 cm. At this position the maximum 
gradient of the pressure profi le of p lasma ions is observed. An inward drift velocity of VD = 65cm/ s 
at r= l5 cm is derived for case a) [5[ which is in good agreement with theory. One can speculate that 
pellets change the outward transport of impurities by triggering sawteeth resulting in a higher cycle 
averaged diffusion coefficient. More details are given in [5[. 
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1'1-~Sl.lA dTUDY rn T-10 TO)[J.l,Lll\ :SY T'..C:P:l,;~C1'ED l·.UCilO':;;.v:::: srn;r;,1 . 

Buzankin V. V., V~rsh!cov V .A., D~:r:3J. V. Y., Zhuravl~v V. A. 

ABSTRACT. 

D2scription e.nd the testine results of ;.;·1;, plasma investi.:;ation 
techniques by a :!'eflccted micro-.-;evc 3iCnP.l in T- 10 tolca'1!alc are given 
in ~aper. The first technique is a radar modification. The scheme 
measures a time delay fo2· a mj.cromoivc sic;nal reflec·~ed from plasma. 
Tl:e time delay measurement j.s perfor:ned independently of microwave 
signal freque~cy . This method allows to stud~· not only the plasma 
clens:lty profiles at the probe signal frequency scanninz but also 
density oscill!ltions at a constant frequency of the microwave signal , 
in ~iffercnce from the technique developed on TPR [1) • 
The second technique is intended for the plasma turbulen ce study by 
the reflected signal phase oscillation.The phase oscillations are 
measured by the hri terodyn& scheme. Thi s schel!le allows to measure the 
phase oscillaticns independently of amplitude fluctuations.This 
technique,in comparison with a traditional method of studying the 
plasma turbulence based on the laser scattering radiation,has a better 
space resolution and all~ws to study a long wave turbulence . 
Three types of turbul ence have been registered by this technique in 
T- 10 plasma.The first type has a ran~e 50-200 kHz and studied at 
many tokamaks by the laser scattering radiation [~j .·rne second one 
he.::i a fr<:>i:;u~~c:• :"'P'1:e 1 'i- ?.0 lr'fl?: aml !P·obably it is the teariru, mode 
instability. The third type has a frequency higher t han 1 l!Hz,its 
physical nature has not been .deteimined yet . The study of turbulence 
amplitude distribution along the radius,dependent on the regime of 
tokamak operation,has been done . 

(1) • Simonet F. 
(2]. Liewer P. 

Rev. Sci. Instrurn. 56( 1985)J5 ,p. 664 . 
Nuclear fusion 25( 198))j/5,p.54J . 
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O:P'J'li '.JJ, STi..BJr.1:.:.1nc:: CP THE PLAS!.'.A COLUnr f!ORI~O:'';:'_'J, 

FOSI~IO!~ I:ii To1:1\ ~:.AK :OY 'i'HZ ADAP'rIVE co:!TROJJ SYSTZi.1 

Gribov Yu.V . , I<u:~nct::;ov E . .d ., 7.iitri~:1:ci.n Yu . V. , Chuynnov V.A., 
Si)a~\hovcJ.;::: K . G. 

The pc.pel· Rolvcs the !Jl'Oblcn oi 'the plam~r _ _._ colur.n optim-::: 1 

hvrt~ontt:~l st::Cili:.~1.tion i:i tc~:.:.;:::..l: . The rcl::.j- a.u"tvcsc.:..11r.·~ic!1~ 

s~rste:u is ~.pplicd in the solu.t~io~1 . The s~·s"',;cn fo:!.·1~:::; a clo anC. c:Lrcn~.t 

of th~ fol l o·;1in.:; seetio:1::; : ~. ) control c;:ijoct (pL:,;:.: .~ in to;: .. :i.:: .'.:), 

b ) e::-:ecut i Y!? ticvico (the control coil a1,C::. the thy;.'j.stOl' co1.~ !Ht t?.tor 

~. a the. relay cl ement , c ) control d0vice for the feetlh:ic k si,sn::-.1 . 

The pl:ccm·.:. cohum1 may l>e prooentcd ns e linec.r s-~::>.bl e o1Jject 

with ·~he input ~ffactc:d by the totc.1 of tu1cont:r-ol2.c tl C.i£t·x.:b:~nc e cnci. 

by the conti·ol coil cu.;.·rent . The linear object :i.s stable, so \'le c i:.n 

mini:.dze the ::.n~>li tude or -'~he inpu·~ :Ji.:;n~l os~ill::.tlons t:1~.-·~ provi C:cz 
for the mini.mum ampl i t.ude of the ou tput s).i;iml thc.t i s the pl::sm•l 

coll:nm displc.cernent. In synthesiring the contr ol c~evicc t•.l.:;01•j.tfil.J, 

ti1c input s icna l minin:i~~tio!l rules out ti,>~llL".Jilics oi' -~!10 ol;jcc"u. Al l 

thi.s simpl ifies eGscnti::>.lly the cJ.5orithln, presented as fol l o1-:s . 

The op'.; i r,1.'.il t hreshold :::or ·foe cm:.mut o.tor s1"1i tc;1i.nt; is d eve l oped 

VJith the preset time l ags of the e:;cec'u tive devi ce into account . The 

sit;n of the threshold velue is deterr.U.ned by the voltage sign at the 

control coi l. The input signal of the object fluctuates about the 
positive ahd negative threshold values providin ti for the minimum 

ampli·l;ude wj10n uutoosc.i.l lu:Lions c.re at ·l;he 1naxirnurn frequency." The 

m.i.nimum amplitude at every quasi-period is cl et ermiued by the mininum 
time l ac;s of the rela y element and by the disturbance value u.nd i"t s 
derivative . 

The control d cvj_co mal~ec use of the object 1 s adapt i vc model 

evclucting continuous!~· tu1cont roll ed d'isturbance c:cnd the object 
amplificati on coefficient . 

The systcr.i rms applied in tol:emc.k "TUi.IAlT- 311 t :mt reduced }'ll asrw. 

l imiter i nt eraction with decrccr;in,s plamnc. loop vol tc.ge . 
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MH D Plrn TUIHlA'l'lON LN Ill. TOl<A MAK 

0 D Gao, G C GUO, Z H Wan g , Q W Y u n ~, S K Yang 
l1 I. .Ji an , S .J Qi an 

Southwest e rn l ns ti t u le of Physi cs 
I' 0 Uox 15 , Les ha n , S ichuan , Chin a 

l NTRODIJCTlON 

Alt.hough a signif i c ant a mount of r•x pe rirnr, n La J and theo­
r et i ca l work h as been de vo ted t o s tudyi ng th e MHU behav i o r 
in a lokamuk p l asma, some of th e probl e ms remain poo rl y 
unde r s t ood. HL- 1 is a medium size d ( R=l.0 2 m, a =0.2m ) , 
ohmicall y hea te<l t okamak with a thick co pper s he ll [l ] on 
which a variety of MHD phenomena has been observ ed . I t is 
quite interest in g to investigate the c harac t eris tic of th e 
MHD pe r turbation in HL - 1 and compare it wi t h th e resu lt s 
from o lher t okamaks. 

MHD PERTURBATIO N DURING CU RRENT RI SE 

The flu c tuati ons of th e pololdal magnetic fi e l d we re 
meas ured by the arrays of magnetic pi c k- up coi l s whi ch are 
loc ated at a radius 30.5 c m be tween the li ner a nd the copper 
shell . The poloidal mode numbers m=2 , 3 ,4 has bee n identi­
fi e d by Fouri er analysis of the signa ls from the pick- up . 
coils . As t he liner is a ve ry t h i n ( 0. 5mrn ) GH39 stee l 
bel l ows, the frequency response could be quite flat in the 
range 3 - 15 KH z. 

By c hang i ng the capacit y of th e capacitor b anks a nd the 
connection of the primary ohmic heati ng windin gs HL- 1 ca n 
be operated with diffe r ent c urren t rising rate s in th e start 
up phase. Differe n t mode instab ilities a r e deve loped simul­
tan eou s l y si nce the current ris i ng rat es are rathe r hi gh 
( ip~lOKA/MS - 20KA/ ms ) . But for t he dis c harges with l onger 
curren t rising time th e m=4,3 ,2 modes have different g r owth 
rates . Usually the m=4 mode grows to the maximum first, 
after a few mili - seconds t he rn=3 reaches the maximum a nd the 
m=2 grows even mo re slowly (F ig. la ) . · This differen ce of 
growth rates may b e caused by the strong current sk in e ff ect 
whi c h keeps t he current profile at the plasma boundary stee­
per. For the more rapid c urrent ris ing cas e the m=4 and 3 
modes grow to the max imum a t the same time, but no obvi ous 
m=Z . flu c tuation is observed ( Fig . lb ) . Sn i ce the sk in e ffe c t 
is much stronger in this case, the q=4 and 3 surfaces are 
very c lose to each other in the unstable region bu t the q=2 
surfac e is possibly located at the area with flatt ene d c ur ­
rent profile. 
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'1'111· Ml!U pert.ur·iiat io n in c urT e n t rise phase i s cQ mp l ,.. :< 
u 11 cl i I •.·" n us u a I l y Ii" d i v i d •:cl i n t " l. 1• u s ta i; e s . f n 1. lr v l'i n, I. 
st:rt! •: 1o1hen the plasmu c u r'l·e n t is t·e lativ f· ly 10 .., , a sequP.n c " 
u /' po s i t iv e s pi k ... s "'' r re s I' on d j n g I o b 11 r s t o f l h" mo d,. u r. l i 
vi l y appear 0 11 t h c> lo11p vo l tage s i gnals. These pertur·batiQ11s 
distu r b verl 11 ·;al 1 ·ut h1~ r than horizontal IJl'.i'ima displ ar.Pm1•nt 
and some time•s n m be avoided. FollQwing the fi r st stnge, 
t he r e appear · ro = 4 arrd :j "sof t " d isrrq> t ions wh ic:h produ c ·~· 

l arge negal i v1~ s p i kes a nd s har·p dec r ease in the c urre n t r i s ­
ing ra te. 

MH D I NSTAB I LITIE S 

Du r ing the pl a t eau phase t he i nstabilities of m=2, 3 ,4 
are deve l Qped simul t a neQusly. The meas ur ed f l uctuatio n 
a mp lit udes for di fferen t modes are derreased s uc cessi•e l y 
in the order o f m=2,3 and 4 whe n " soft " disr upt ion happens. 
But this o rd er is rev~rsed for th e unstable di scharges 
witho ut disruption. For the m=2 f lrtuation the amplitude 
varies with t he saf ty !'actor at t he limit e t· <Jc as s ho wn in 
Fig. 2 . Accor d i ng to t he meas ur e me nts mad e in the per i ph ­
era l plas ma r e gi o n with a Langm u ir prob e , th e p lasma has a 
cold bl a nket t he t h i c kn ess o f wh ich varies with the p las ma 
radius and i t pr o babl y correl a ted with th e r ecycli ng f r o m 
the co ld wa ll . Conside ring t he influe nce o f t he safty fac ­
t o r qL on the c u rrent distribution [2] , a cu rr e nt de nsity 
profi l e 

is as s umed . Solvi n g t he MHD e qua tio n for the pe r t urb ed 
radial magneti c fie ld Br with .-U.=3, t he relation betwee n t he 
magnitude o f t he per turb ed poloi da l field a nd t he sa fty 
fac tor qL seems t o fit the experime n tal res ults rather 
ni ce ly . This ind icates that t he c urr e n t profile i n HL - 1 is 
peaked and become s more peaked as t he safty fac tor qL is 
i nc r eased, whi c h i s consis t e nt wi t h ot he r meas u reme nt s. 

The obse rv e d f luc tuation f r eque nc y is i ndependen t of 
the po loidal mod e numbers. Re f e ring to t he m=2 mode, we 
observed mode growing, mode saturation with small a mp litude 
a nd wel l de f in ed mode struct ure du r ing dis r upti o n phase. 
Collec ting all t hese experi me n tal res ul ts together, a r e l a ­
ti o n between t he f luct ua tion f reque nc y and the norma l ized 
a mplitude can be dra1•n as s hown in Fig. 3 . Whe n t he ampli­
tude is s mall t he freq ue ncy de c r eases linearly with t he 
a mplitude in c r easing, but t h is trend is saturat e d as the 
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amplitude grows to causing disruption. Except for disrup­
tion phase, a simple model based on the assumption that 
slowing-down of the fluctuation is due to an increased flat­
tening of Te(r) and ne (r) caused by wider magnetc island 
seems to explain the frequency variation. Di sruption changes 
the magnetic topology dramatically, so there is no obvious 
effect of the magnetic island on changing the profile for a 
d isruptive plasma. During fast current ramping in the start 
up phase, due to the influence of strong skin effect on the 
current profile the mode frequency and amplitude rise and 
fall almost in phase with each other . 

SAWTEETH 

Sawtooth oscillations are seen on the soft X- ray signals 
for discharges with plasma current larger than lOOKA. They 
usual l y occur on the later part of the plateau phase. The 
radius of the q = l surface determined from the sawteeth in-

. version scales as Q- a/~ when the plasma radius varies. 
The repetition time of the sawtooth oscillation varies in a 
quite wide range, but its precise dependence on the plasma 
parameters is difficult to determine. Comparing the saw­
tooth periods measured from different shots and fr om one 
shot at different time, a rough scalig -._..<><= nz/Ip was 
obtained for Te~lKev ( Fig. 4 ) . Taking the inversion radi us 
scaling and constant toroidal magnetic field in one shot 
into consideration, the sawtooth period is roughly in pro-
portion to l/~ In some discharges the sawtooth period 
becomes longer when the inversion radius decreased obviously 
with time . These are different from the previous empirical 
scaling for sawtooth period (3]. 
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DTSRUPTIVE FEATURE IN OHMi rALlY 
HEATED 111. - l PI.AS MA 
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XU Guangbi 
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P.O.Box 15, Les han , Sichuan 
Pt'ople's Repub] ·ic of China 

ABSTRACT: The disruptive feature in ohmically heated HL - 1 
plasma has been studied by means of measuring Lh~ 
perturbation of poloidal magnetic fi e ld and sof t X-ray 
emission . At t.h e plasm" c urn·n l rise phase, the m ~4 and m~ 3 
are major MHD activities, and duri11g the cui·rent plateau, 
t he m:2 mode plays a principal role in the growing process of 
instabilities. Double sawteeth have been also observed on HL -
1 device . The growth of MHD acti.vit ies .leads to q=2 sawtooth 
oscillations, during the q=2 relaxations. The q=2 sawteeth 
are followed by soft maj or disruption. 

DISRUPTIVE MHD ACTIVITY DURING PLASMA CURRENT RISE PHASE 
The disruptive MHD activities take place frequentl y during 

current rise phase. The fluctuations of poloidal magnetic 
field have been detected with eight pick-up cuils arranged 
around a poloidal cross - se c tion. The Fourier analysis of co il 
signals shows that the voltage spike as disruption occurrence 
is a multi - mode helical perturbation, they are m=4, 3 and 2. 
When the MHD m=4 and 3 mode amplitudes reach maximum, the 
boundary q - value approximately equals to 4.2 and 3.6 
respectively and there is maximal propability of disruption 
at the both q~ values ( showed fig. l ) . The early 
disruption s ( q~ ~ 4.8 ) showed a clear positive voltage 
spike, and the later disruptions ( 3.4 <q~ <4.8 ) showed a 
negative voltage spike preceding the positive one . The early 
disruptions ( positive spike ) due to runaway would be · 
suppressed by the ·increasing the hydrogen filling pressure up 
to p" ~ 0.133P<L at dI, /dt=7-25kA/ms but later disruptions are 
seen due to MHD activities. · 

q=l SAWTOOTH ACTIVITIES Generally, the soft X-ray line 
integral signals from surface barrier diodes exhibited the 
sawtooth oscillations without gas puffing. The n ormal 
sawteeth inside q=l surface are shown in . Fig. 2. It has been 
shown experimentall y that the soft X-ray sawtooth' relaxation 
is mainly due to electron temperature re laxation. We have 
obtained the electro n temperature from the soft X-ray 
emissions using the absorber method and deduced directly that 

-, 
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t. he v a 1· i a t i ,, n n f 'Ieo is a b o u l I 0 % b c fore a nd u ft er t It •: 
s ri w t on t h ' · I' us h . Th,.. rev<~ r s P r f-1 d j us n f q -== 1 s cnv t e '-" I Ii 1 s t1 b o u I 
3 .5-4 .R •:m an d it is away fr um a x is as the d ... nsi l y is .-ais•! d 
lvl t 11 I I n11• . 

'f I 1 1 · tl u u b 1 P saw l 111, I. Ii ha v ~ b e'-" n o b s t:: r v , .. cl and s l u d i e rJ i n 
do>t:ii l on t h r, l a t"I{" anu mediu m- s i ze to kama k dPvi.res .IET(JJ , 
TEXT[ZJ , etc. \·/, • hav<> fre•iuent l y obs erved lhe 1Jn11!JJ e sa1• to11 Lh 
n s c i l I a t i o 11 s as '"" l l o n H L - l. l l o c f." u i · s us u a l l y i n ohm i r· a l I y 
h c al e d H L- l p la s 111 R w i t h p l a s ma 1: u r r ,, n l lp -" 9 'i - l !i 0 1-u' a nd 
plasma elect· 1·on d i> nsi.ty iizl. :"lx! O cm. The d1ara1: terislic of 
doub l e sawlunl h inrr is appa.-entl y s hown in Fig. 1 . Th~ 

s ub ordi nate os c i 1 la t ion dof'S no t aff ... c t l h r, hol p l us ma eor ... , 
whil e a full r ec•Jn11e•· t ion of •! nc l osr,• magnetic ax l s '" a11ses lire 
ma in os c ill a lion. [t imp li es Lha l the re is a hol l ow c urre nt 
profile, .i . c. th1? 1·e are lw11 or Lhref' <F-1 surfa<~ e imm1·dl al,.[ y 
a ft er t he ma in d is rupl! on . The m/ n=l / l s uccessor· os1· illa ti o 11 s 
ha ve no l bPeu apparently observe d a nd t he a mpl i LudP of lit ,.. 
m/ n =l / l precurso r· oscillations is s m••l l; a c cording t o Lhe 
p re l i mi nary es pnr iment a l r esu lls, the collapse Lime of 
sawtecth is not s horter than the ex pec l ed an d c o ns i ste n t with 
Kadomtsev l heory. We p l an to accurate l y s tudy the 
c ha racte r ist i cs for no r ma l sawteet h a nd doubl e sawteet h in 
HL- l pl a s ma. 

q =2 SAWTOOTH AND EVOLUTI ON OF INTERNA L AND RXTERN AL 
DI SRUPTI ONS The an othe r important featur e of disruptive 
in s t a bili ties i n o hmicall y heated HL- 1 plas ma i s that the 
gr o wth of MHD a c tiv i ties l eads to q =2 s a wtooth oscillations. 
Fig. 4 shows the t ime e vo l ution of sof t X- ray f l uctuation 
s i gnals. In ge nera l, the growing of m=2 mode lead to t he 
d isappearance of q = l sawteeth. Aft er the s awt ool h activit i es 
disappe a r, simult aneously with the growin g of m=2 mode ,' t he 
s pat ia l profil e of soft X-ray i ntensities is appa rentl y 
f l atten r at her than peaked like ot her de vices, for example, 
J IPP T- l~m. It i s deduced that the cu r re nt profil e is 
modifi e d from peaking s hape during i n t er nal disruption in to 
fl a tt i ng s hape wi t h steep gradient near q =2 r esonant s~rface 
( q ( O)>l ) . Suc h profil e l eads to m=2 mode growi ng rapidly and 
occurrence o f the q =2 sawtooth oscillat ions du e to t he fu ll 
magn e tic reco nn ection insi de the q =2 surface. In our case, 
there seems to b e a thick cold boundary plas ma due to 
im purity coo l.ing. The low curren t de ns i ty a t q =2 .surface and 
a l arge centr a l reg i on where q ~ l are formed as t he c u rrent 
dens ity is flat after the sawtooth act iv ities disappear , so 
t hat t he discharge exhi b its periodic q =2 minor d is rup tions or 
saw tee th similar t o those associated wi t h the q =l s urface . 
Dur ing the min or disruptions, the m=2 signa l is st rongl y 
modulated by sawteet h, wh i l e t he sawtee t h themselves are 
strongly mod ulat e d at the same frequency as m=2. Fig. 5 s ho ws 
that the q=2 sawteet h are inverse a t r =-ll.5cm a nd i ts 
inversion radius is ~a -l l c m. The repe t i ti on time of q =2 
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sawt eel h i s t.si""' '.!m~ a nd th P "" rial i o 11 .. r •• lc •c· l .-o n t P11 p e r a ture 
assoc i a t e d with th e q c 2 s awt oo th osc' i 11 at i c, ns i s ab ou t 2 0%. 
l' s ua lly , th e r e p e t iti v e miriol' disrup t i u n is f oll u 1<ro<I h y lhP 
so ft ma j c>!' dis rup tio n. lt is a ccumpa11i ... cJ 1<ith th a t Lh e 
<:entral e l o>c tron temper at ur e pro fil e• 1·.,turns int o t h~· 1' ·~ :.ik etl 

s hape du e to ohm ic h ea l i nt:. The sof t m:ijor cli s r· upt i on cJ o ,. s 
n o t lea d t o th e c: urr <'11l b1·ol«: 11 dnwn . Aft .•1· t h o> soft m<1 j 11 .­
di s rupti o n, th P r·e a r e t1<0 c as es .. s usual, c· i thP r the stable 
di c h a rge 1•ilh th e s a 1<l o oth 1wti\' il ies j s "' " in ta in e d until Llw 
c urr e nt en ded or th e minor disruption tak es pl ~ce again 
f o ll o we d by th e stable discharg1• ., ,. the ci1-. · q l at ion of 
r e p e titi o n minor disruptions. The measureme nt 1·Ps u l t s show 
that I.h e growing p h ase o f m=2 modi· b<>tw e en tl1t• •1 '-' l sa1<t oo th 
disappearance and th e q =2 sawtooth o c c· u.-re n ce e xt e nds ove r 
6~!2ms f o r different dis c harge c onditions . 

. Mostly, on HL - 1 devi c e, th e re are three phases o f t h e 
disruptive instab i lities: d isappearance o f q = l sawtoot h 
a c tivity, g rowth of m=2 magnetic island, and external 
disruption. Th e las t one is triggere d by contac t o f the large 
m=2 island with the limiter or "gaseous " limite r res ultting 
eventually in l ost energy. The MoXIV line intensity 
in c r e ases by a fa c tor of 5 in the hard major disrup t ion shows 
that the plasma impacts o n the limit e r se riously. 
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F IGURE CAPTIONS 

MHD a c tivities of plasma c u rren t rise phase 
( No.2 1 42, BT =2.1T, Ip=l20kA, hydroge n filling 
pressure = 0. 107& ) 
Normal sawtooth (No. 1~09, BT = l.69T, ~ =90kA, 
hydrogen filling pressure = 0.040P~ ) 
Doub le s awteeth (No. 1790, B,. =2. l6T, Ip =95kA, 
hydrogen filling pressure = 0.040Po.; No. 1902, 
Bf2.5T,I;=l52kA, hydrogen filling pr es s ure =0.113PQ..) 
q =2 sawteeth ( No . 1763, BT =2.32, Ip =130kA, hydrogen 
filling press ure =0 .067Pil ) . 
Time evo lution of soft X-ray fluctuation signal s 
(No.2433 ,Br =2.25T,Ip = l20kA,hydrogen filli n g pressure 
=0 . 133PQ..; No. 2299 , B1 =2. 2T, Ip = llOkA, hydrogen fi llin g 
pressure =0.107PQ..) 
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RESPONSE OF PLASMA PROFILES TO NEUTllAL BEAM POWEil OEPOSIT CON IN ASDEX 
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Max-Planck-Institut fUr Plasmaphysik 
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' University of Stuttgart, 2 Ioffe Institute , 3 University of 
Heidelberg, • University of Washington , Seattle, USA, 5 Inst . for 
Nuclear Research, Swierk , Poland , • Schiedel- Stiftung, Austria 

1. INTRODUCTION 
Profile consistency has been the subject of an ongoing d iscussion. From 
the prevailing results of different experiments /1 ,2,3,4,5/ did not 
emerge a consistent pattern yet. Among the open questions we address two 
topics in this paper: namely (1) how the plasma profiles in the H-regime 
respond the variations of the deposition profile and (2) more generally , 
to what extent the observed resilience of the plasma profiles would be 
consistent with a local but nonlinear relation between temperature - or 
pressure gradients and the local heat flow. 

2. H-MODE EXPERIMENTS 
Heating profi le experiments in the L-regime have previously been re­
ported from ASDEX /1 , 2,3/ , where the most extreme cases of hollow 
deposition could be realised by working at elevated densities <ne -
1.1 ·1 0" cm-3) 131 . Due to the upper density limit of (7+al · 10" cm- 3 
observed for the H- regime on ASDEX in non-pellet-fuelled diacharges , the 
deposition profile in the present H- mode experiments could be varied 
only over a more restricted range. In particular we have injected 40 keV 
H0 and 45 KeV D0 respectively into D•-p1asmas with otherwise identi cal 
parameters (Ipl = 420 kA, ne = 6. 2 • 10" cm-3, PN • 1.7 MW). Figure 1 
shows the deposition profiles of the total power to ions and electrons 
as computed with the FREYA-code including the ohmic power. The 
subsequent response of the pressure profiles is shown in Fig. 2: 
there is no significant difference . The beam-induced change on plasma 
composition and the known isotope effect on confinement should be small, 
since the ?rofiles analysed are taken 150 msec after the beams are 
turned on . 
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Typical parameters of the two cases are compared in Table 1. Although 
the Te- profiles (not shown here) establish the well-known difrerences to 
those in the L-regime , (pedestal at the edge) their shape agrees within 
t he error bars , and also the previous findings in the L-regime concern­
ing deposition profile changes /1/ are valid: 'Ee(O) shows a 60 7. 
enhancement , TE (a) is about 15 7. higher , Te(O) is mar gi nally higher for 
hollow deposition. Thus the conclusions drawn previously /I ,2/ for 
profile invar i ances in t he L-regime appear to be applicable to the H­
regime too at least within the r ange of presently accessible deposition 
profiles. 

50 
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Table 
ff 13 079 

{ 45 keV D 0 + D2 ) 

11. 33 ± 0 . 15) keV 
58 msec 
158 msec 

# 13 381 
(40 keV H0 -+ D2) 

{ I • 25 ± 0. 17) keV 
51 msec 

96 msec 

{Concerning the rather lowish global confinement times {for the H-mode) 
one should ~ote that the burst frquency of the ELM's dramatical ly in­
creases whe~ approaching the upper density limit in the H-mode ; conse­
quently the confinement t ime is considerably reduced i n comparison to 
the medium density cases or t he quiescent H*-mode . ) 

3 . NONLOCAL HEAT TRANSFER 
Theoretical examinations by other groups have shown the incoopatibility 
of predictions of standard first principle drift wave theories with the 
experimentally observed Te-profiles. This resilience has led to the pro­
position /6/ that a globally acting princi ple has to be invoked to ex­
plain their very weak variation with any change of power deposition. As 
an alternati ve explanation , we compare the response predicted by empi­
rical heat transport laws containing a nonlinear relation between 
temperature- or pressure- gradients and the local heat flow . 
For the stated purpose of a rather qualitative illustration we make a 
number of simplifying assumption which otherwise would have to be viewed 
critically . So we do not distinguish between electron and ion transport 
{assuming Te - Ti)· We use in the fol lowi ng calculations two heat 
transport models, a linear one 

(1) 

and a quadratic one 

(2) 

with f1 and f 2 chosen as f1 {r) ~ f 2{r) - { 1 + {r/a) 2
) ' · Only relative 

variations will be considered , so that no absolute coefficient values 
need to be specified {qheat ... radial heat flux density). 

As a realistic example we consider the two extreme deposition profi les 
reported in /2/, which are more or less identical to the ones in Fig. 1. 
The corresponding unnormalised profiles are shown in Figs. 3a and 3b. 
They show , in spite of the large apparent difference ir. the ~ower 
deposi t ion , a remarkable small difference e 1 - '.J.oy for the linear 
trans port model case , which is fur•.t:.::.· <.11minist1ed when changlng over to 
the quadratic transport .J q·;. 

The above examples show that on the basis of presently available data it 
seems difficult to rule out a local, nonlinear transport law as an 
explanation of the observed profile resili ence in tokamaks. A nonlinear 
transport law of the form (2) would automatically link profile resili­
ence t o conf inement degradation with power as globally observed in 
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n ?5 0.50 0 .75 

0,25 0,50 0,75 

r/a 
1 .00 

r/a 
1,00 

Fig. 3a : 

unnormallzed pressure 
profi les predicted by 
the linear transport 
l aw for the power 
deposition cases of 
Fig . 1 . 

Fig . 3b: 

unnormalized pressure 
profiles predicted by 
the quadratic 
transport law for the 
power deposition 
cases of 
Fig . 1. 

L-discharges . Power independence of confinement times as observed in 
ASDEX H-mode discharges could however be made compatible with strong 
prof i le resilience e .g . by an ansatz qheat - (Vp/p) • Vp . The consider ­
ations can of course not rigorously disprove the explanat lon that pl asma 
profile shapes are determined by some non-local princlple . One so far 
unanswer ed a-gument in favour of such a more global expl3nation is the 
s harp t r ansition between L- and H- mode behaviour , and the obvious non­
existence of mlxed situations where part of the pl~sma volume is in the 
L- and the o~her in the H- regime . 
REFERENCES 
/1/ E. Speth et al ., Proc . 12th EPS Conference , Budapest (1985) , Vol . 

II, 284 
121 '°·· w?-cr. 0 r et al ., Phys. Rev . Lett. 56 ( 1986) 2187 
131 E. Speth ec ~l . , Proc . 13th EPS Conference , Schllersee (1986) , Vol . 

II, p . 281 
141 R.J. Goldston et al ., i~ld . P. 41 
151 J .G. Cordey et al . , Proc. 1 I Int . IAEA Conf. , Kyoto (1986) 

paper A-II-) . 
16/ H.P. Furth , Plasma Physics and Contr . Fus. 28 , 9A (1986) ' 305 



297 

FUSION IGNITION EXPERIMENT WITH NO AUXILIARY HEATING 

R. Carrera, E. Montalvo and M. N. Rosenbluth 

University of Texas at Austin* 

The crucial step to prove that fusion energy is accessible in a controlled manner is 
the realization of an experiment in which stable ignited plasmas are produced. An 
experiment (IGNITEX) to produce and control thermonuclear ignited plasmas is considered 
here. The original concept was proposed by M. N. Rosenbluth, W. F. Weldon and H. H. 
Woodson 1. Some of B. Coppi's ideas2 for a compact thermonuclear experiment are used 
in conjunction with recent advances in the technology of high current systems to envision a 
novel ignition tokamak system with 20 Tesla toroidal field on axis and plasma currents in 
excess of 12 Megamperes. 

The IGNITEX device is a single-tum coil high-field comf act tokamak capable of 
reaching and controlling fusion ignition with ohmic heating alone . A copper-alloy single­
turn coil operating at low voltages permits very high filling factors and then, a high­
strength toroidal field magnet system. The mechanical stresses are reduced to tolerable 
levels by preloading the coil structure and by using a central compression bar. The 
electromagnetic pulse is lengthened by cryogenic precooling of the magnet system to liquid 
nitrogen temperature. Because of the low impedance of the nonconventional magnet 
system a special power supply is required that can provide a very large pulse of current at 
very low voltage. A set of twelve homopolar generators, each one rated to 12.5 MA, 10 
volts and 1.GJ are used in parallel to feed the single-tum coil. An internal poloidal field 
magnet system formed by ten toroidal single-turn coils can induce the plasma currents 
required for fusion ignition and provide for plasma equilibrium and shaping. This system 
permits bucking of the single-turn coil, then increasing the strength of the toroidal fie ld . 
magnet, and provides a high coupling to the plasma, then minimizing the requirements for 
the poloidal field system power supply. Because of the thick single-turn coil surrounding 
the plasma, the magnetic flux requirements are lower than in a conventional tokamak. A set 
of five homopolar generators that swing the current in the coils from 22 MA to -15.7 MA 
along the discharge serve as the power supply for the internal poloidal field system. 

In a deuterium-tritium plasma ignition is a state in which the fusion reaction rate is 
high enough for the p lasma heating due to alpha particles to be greater than the plasma 
power losses due to conduction, convection and radiation. A self-sustained the1monuclear 
fusion reaction is then produced. The energy confinement in ignited plasmas is not yet 
known. In the calculations presented here the heating due to the alpha particles is assumed 
to degrade the plasma energy confinement as auxiliary heating does in present tokamak 
experiments. Bremsstrahlung and cyclotron radiation losses also contribute to the cooling 
of the plasma. 

The plasma column has a major radius of 150 cm and the minor radius is 47cm. An 
elongation of the plasma cross section 1.6 with no triangularity has been considered. 
Theoretical calculations of the plasma power balance at the flat-top of the plasma discharge 
(using conventional energy confinement scalings) indicate that the IGNITEX experiment 
has an ample margin for ignition without auxiliary heating. The device is designed to 
approach ignition ohmically at very low plasma beta ( < 1 %) which makes the experimen t 
simple and reliable. 
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ln addition the IGNITEX experiment can prolong the ignited phase of the plasma 
for a time interval of several plasma energy confinement times by controlling the thermal 
instability associated to plasma ignition. The basic mechanism that damps the thermal 
excursion and prevents the plasma from reaching the disruptive limits is the plasma 
cyclotron radiation. The plasma dynamics simulations presented here (Figs. I to 6) assume 
that the energy confinement follows the Kaye-Goldston scaling. This implies that the path 
to ignition is basically described by the NeoAlcator scaling. At density levels close to and 
during the ignited phase of the plasma discharge the energy confinement is deteriorated by 
the non-ohmic plasma heating. Also, the current and field are considered to be ramped up 
in the first 3 seconds of the discharge, maintained in a flat-top of 5 seconds and shut down 
in two seconds. It is shown that ignition can be attained after 4 seconds of plasma 
initiation. The alpha heating power starts rising before the ohmic heating power in the 
plasma decreases significantly. Neoclassical ohmic heating is sufficient to start the self­
sustained fusion reaction. The neutron wall load at ignition is 3 Mw/m2 and during the 
ignited phase reaches a maximum value of 8 Mw/m2, when uni form deposition is 
assumed. 

The results of preliminary estimates4 indicate that the nonconventional technology 
and the simplicity of the IGNITEX design make the cost of the experiment relatively low (­
$ 100M). 

In conclusion, the IGNITEX experiment appears to provide a very direct and cosr­
effective way of producing ignited plasmas for scientific study. 

3. B. 
A VERAGE TEMPERATURE (KEV) •VS· TIME (SEC) 
O= ION e =ELECTRON 

Ion and electron temperatures 

Fig . l 
3. B. 

AVERAGE PLASMA BETA -VI· TIME (SEC) 
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Volume-averaged toroidal and pololdal betas. 
Troyon beta limit. 

Fig . 2 
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PHYSICS CONSIDERATIONS FOR THE COMPACT IGNITION TOKAMAK 

R. Parker,1 D. Post,2 G. Bateman,2 M. Bell,2 P. Colestock,2 J. Helton,3 W. Houlberg,4 M. 
Hughes,5 D. Ignat,2 S. Jardin ,2 J. Johnson,2 S. Kaye,2 C. Kieras-Phillips,2 L-P. Ku,2 , G. Kuo­
Petravic,2 B. Lipschultz,1 J. Manickam,2 M. Peng,6 r-L Petravic,2 M. Phillips,5 M. Porkolab,1 

N. Pomphrey,2 J. Ramos,1 J. Schmidt,2 D. Sigmar,1 R. Sta.mbaugh,3 D. Stotler,2 D. Strickler,6 

A. Todd,5 N. Uckan,4 J . Wesley,3 K. Young2 

Introduction. As presently conceived, the world's fusion program will enter during the next 
decade into the burning plasma phase, begirutlng with Q ~ 1 experiments in TFTR and JET and 
culminating with operation of an International Tokamak Experimental Reactor (ITER) devoted 
to study of the engineering problems associated with a long-pulse, ignited (or near-ignited) 
tokamak. The Compact Ignition Tokamak (CIT), scheduled for operation near the middle of 
the decade, is viewed as a bridge between these i1tltiati ves and has a research program focused 
on resolution of alpha particle physics issues wltlch occur on the timescale Tpulao ~ 101);:. The 
early experience with ignited plasmas gained in CIT should be extremely useful to an ITER. 
In addition to providing early confirmation of the design assumptions, the CIT will provide 
a basis for detailed design decisions which can be made after the main parameters are set, for 
example detailed design of the divertor and the auxiliary heating and fueling subsystems. Equally 
important, the CIT experience should be valuable in developing ITER operating scenarios during 
the phases of startup, burn-initiation and control, and shutdown. 

Aside from the programmatic role just described, CIT will permit study of a number of 
important and intriguing physics issues associated with collective phenomena which can occur 
in the presence of a sufficiently intense and energetic er-component. Some of the more important 
of these include: 

• Effect of Pa > > P aux on the plasma profiles and resultant global energy confinement, 
including suscainability of the H-mode and effect on Xi through excitation of the 1)i·mode; 

• Effect of the er-power on the sawtooth including effect on TE and also on MHD stability 
through modification of p(t/J) and q(t/J) profiles / 1,2/ ; 

• Effect of the a-precession resonance on destabilization of n=l internal kinks (fishbones) or 
high n ballooning modes /3,4,5/; 

• Effect of super Alfvenic (va > vA) alpha particles on global or kinetic Alfven eigerun odes 
and the possibility of anomalous spatial er-diffusion / 6, 7 /; 

• Effect of fast-er losses (due to ripple, sawteeth, fishbones, low mode-number tearing modes, 
etc.) on central impurity accumulation and ensuing fuel dilution. 

The last point includes the effect of self-consistent changes in the ambipolar electric field due 
to all er-losses thereby classifying it as a collective phenomenon even if er-driven instabilities are 
not directly involved. 

Machine Description. The CIT design concept is motivated by the potential of combining 
the good confinement properties of compact, high-field tokamaks with the additional advantages 

1 Massachusetts Institute of Technology, Cambridge, MA 
2 Princeton Plasma Physics Laboratory, Princeton, NJ 
3 GA Technologies Inc., San Diego, CA 
4 Oak Ridge National Laboratory, Oak Ridge, TN 
5 Grumman Aerospace Corporation, Princeton, NJ 
6 Fusion Engineering Design Center , Oak Ridge, TN 
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which accrue from shaping, e.g., improvement in confinement (H-mode) in the auxiliary heat­
ing regime. A divertor has been chosen as the baseline configuration not only as a means of 
confinement improvement but also as being more prototypical of future devices. Th.is, together 
with the desire for longer pulse length and more conservatism in the engineering approach have 
caused a general growth in size relative to the 1 m major radius typical of early Ignitor designs. 

The design parameters given in Table I reflect compromises which have been made between 
the conflicting requirements of fixed project cost and the objective of reaching ignition with 
substantial margin relative to both co1i.IU1ement and stability limits. The field of 10 T is the 
maximum which can be produced using power and energy from sources available at the PPPL 
site; an upgrade to 12 T is feasible by installing additional power and also adding an external 
structure which limits the vertical separating stress in the inner leg of the toroidal field (TF) 
magnet. 

The tradeoffs involved in locating the main PF coils inside vs outside of the TF have been 
carefully examined. Locating the PF coils internal to the TF brings them closer to the plasma 
and permits a broader class of equilibria to be obtained. Th.is configuration is also efficient in 
total consumption of PF energy, however the required increase in TF energy tends to offset 
this gain. Although somewhat enhanced TF performance is possible with internal PF coils, the 
engineering risks increase considerably with this choice as the PF coils are then t rapped and 
machine assembly becomes more complex. For these reasons, an external PF system has been 
chosen, supplemented by several internal coils, each capable of carrying up to about 0.5 MA. 
These coils will be used for fine-tuning the plasma shape, control of the divertor heat loads and 
stabilization of the ax.isynunetric instability. 

TABLE I. C IT Machine Parnmeters (5/87) 

R 1.75 m Pa $ 60MW 
a 0.55m q~(a) 3 (3.6) 

" $ 2.0 /h = 3I/aB 53 (43) 
5 0.4 TF Flat Top Ss 
B 10 T (12 T) ~ 41 v-sec 
I 9MA 

Confine m ent. Within the context of present-day understanding of confinement and operational 
limits, CIT is being designed with a substantial ignition margin thus permitting a wide variation 
in operating parameters in order to comprehensively study those collective phenomena which 
arise due to the presence of the energetic a-component. Using a "neo-Alcator" scaling of r, = 
.07naR2 qcyl and a Murakami-Hugill scaling for the density limit of < n > = 1.5 B/Rqcyli (where 
< > implies a volume average), the ignition margin, P a/P10 .. , is proportional to B2a at fixed 
T and q. Many other confinement scal.ings, including Kaye-Goldston "L-mode" scaling /8,9/ , 
improve with increasing B2a, and CIT has been designed to maximize this figure of merit. The 
plasma current was also maximized consistent with the engineering design constraints for the 
poloidal field system and MHD stability considerations for the safety factor, q, at the plasma 
edge. A large current is necessary to allow a high beta at high field (/J - I/aB), and to 
maximize energy confinement, since r. - I for most auxiliary-heated confinement scal.ings. The 
confinement properties of the CIT design have been analyzed using a number of confinement 
scalings. One way of characterizing the confinement properties is to plot power balance contours 
in density and temperature space (POPCON graphs) / 10/ . In this type of analysis, a power 
balance is computed for a range of densities and temperatures with given profiles, and contours 
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of constant required auxiliary heating power are drawn. Ignition is identified as the region 
above the zero power contour. The accessible operating space is confined to densities below a 
density limit (taken to be < n > = l.5B/ Rqcyl and to betas below the beta limit (taken to be 
3I/ aB). The confinement model has the form ri2 = r0~ + r,\Jx where roH(rAux) is the ohmic 
(auxiliary-heated) confinement time. Generally, the neoAlcator value is used for roH and the 
regression fit given by Kaye and Goldston / 8/ is inserted for rAux , where, since Tl<G - p - 0·6, the 
total power P = PoH + P AUX + Pa is used. With tills analysis and with relatively flat density 
profiles (n(r) - (l-(r/a)2) 0 ·5 ), CIT does not ignite. However, ignition is easily achieved (Fig.l) 
with an enhanced "L-mode" scaling (rAux = 2T'!(o) used as a model characterization of the "H­
mode" whlch retains degradation with increased power. In fact, detailed analyses show that an 
enhancement of~ 1.3 over Kaye-Goldston allows ignition, albeit with a small operating window. 
For more optimistic scalings such as the ASDEX-H / 11/, ignition is easily achieved. CIT has 
been designed with a poloidal clivertor and is expected to be capable of H-mode operation. 

Ignition can be obtained with "L-mode" scalings if the density profile is allowed to be more 
peaked than (l-(r/a)2)Y, with y ~ 1.5 / 12,13/. Such peaked profiles would be obtained by a 
combination of pellet fueling, off-axis ICRF heating, and careful tailoring of the current profile 
during ramp-up to postpone the onset of strong sawtooth oscillations. Time dependent analyses 
of these scenarios have been carried out by 1 1/2 D transport code simulations using BALDUR 
and WHIST. 

In summary, CIT ignites with a modest enhancement of a factor of 1.3 times "L-mode", and 
is able to ignite with "L-mode" scaling if the density profile can be sufficiently peaked by pellet 
injection. It thus has margin for parametrically investigating the energy confinement questions 
associated with intense alpha particle heating whlch are crucial to the present ETR designs, all 
of which have less confinement margin than CIT. 

MHD Stability. The ideal MHD stability and /3-limit depend strongly on the pressure and 
current profiles. Optimized profiles yield stable operating regimes with {J well above that required 
for ignition. More realistic profiles such as those whlch would result from sawtoothing activity 
have broad, nearly shearless regions in whlch hlgh-n ballooning and low-n infernal modes limit 
the pressure gradient and reduce the /3-limit. Profiles whlch are optimized for P(,P) but which 
also obey an ohmic constraint yield /3-values close to the Troyan limit (- 31/aB) except for 
isolated, nearly rational values of q. corresponding to /3 = O, current-driven kinks / 14,15/. 

Impurity Control. Impurity control and power handling capacity are key issues for hlgh 
power, ignited experiments. The principal impurity control system for CIT is a double null 
poloidal divertor which also has the additional advantage of enhancing the energy confinement 
with H-mode operation. The hlgh density, compact approach to ignition leads to very hlgh 
average heat loads on the wall, on the order of 1.5-2 MW / m2 for CIT. In addition, the first wall 
hardware must be able to withstand the damage of disruptions which will cause very hlgh peak 
loads, on the order of lOO's to lOOO's of MW /m2• Because graphlte can withstand very hlgh 
peak loads without melting, it will be used to protect the vacuum vessel, and as the material 
for the divertor plates. The present clivertor plates are inclined with respect to the flux surfaces 
to reduce the peak heat fluxes of - 100 MW / m2 normal to the flux surface to the - 5 MW / m2 

required to keep the surface temperature of the graphite below the sublimation point. The 
divertor configuration is somewhat open, but is also designed to isolate the recycling neutrals 
away from the main plasma as much as possible. The hlgh!y shaped divertor plates that are 
required to reduce the peak heat fluxes impose severe requirements on the control of the X-point 
and plasma configuration, reduce the flexibility of plasma operation, and are sensitive to the 
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profile of the plasma edge parameters. Studies of alternative designs with increased flexibility 
are presently underway. 
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Abstract 
In limiter tokamak JIPP T-IIU, improvement of edge plasma transport is observed 

during high power ICRF heating, at the same time current density ( i<1> ) profile is 
actively controlled by an additional current rise( CR). Dor emission is reduced by - 40 
%, compared with no CR discharge. Fall-off length of electron density in the scrape-off 
layer is remarkably reduced. Edge electron temperature derived from the intensity ratio 
of OVI lines is by about 2 times higher. Soft X-ray emission along the peripheral chord 
( r/ ai - 0.7) is enhanced by a factor of 2. P lasma stored energy is higher by - 30%. 

1. Introduction 
The confinement of tokamak plasmas is usually degraded by high power additional 

heating( L-regime ) . In the regime shapes of electron temperature( T • ) profile are ap­
proximately same for various deposition profiles of heating power, that is, T • profile 
follows the so-called profile consistency. The reason seems to be due to the consistenc y 

in a current density( i <t> ) profile, which may be tailored by the plasma itself through 
island formation clue to low m (~ 2) tearing modes. On stable ohmic heating plasma, 
local MHD pressure balance will be well-established by strong coupling of ohmic heating 
power and current density through Ohm's law. However, intense additional heating dis­
turbs the pressure balance considerably, because in all of present heating experiments 
only the gradient of plasma kinetic pressure is changed without controlling irprofile 
actively. In other words, i<1>-profile is modified indirectly through tokamak plasma trans­
port or magnetic island formation. The violation in MHD pressure balance may enhance 
the plasma transport so that pressure difference should be reduced. For H-mode ob­
served in divertor configuration [l] large pressure change is supported by high global 
shear region near plasma boundary until! i<1>-profile is favourably tailored by transport 
process. It is predicted from the above consideration that the transport enhancement 
during high power additional heating may be avoided by controlling i<1>-profile actively 
at the same t ime of the heating. One of the most promissing i<1>-profile is that with a 
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pedestal near the plasma boundary, which is favourable for tearing mode stability and 
may be realized in H-mode discharge. 

In JIPP T-IIU, ICRF heated plasma exhibits typical L-mode scaling [2j. This 
paper reports on ICRF heating property with active current density profile control. 
The current density profile is controlled by an additional current rise [3]. This control 
method is a transient technique and may be unappropriate for application to a large 
tokamak. The primary interest of this experiment is to clarify whether or not confine­
ment degradation during high power additional heating is avoided by active control of 
the current density profile. 

2. Exp erimental Setup 
RF power up to 1.1 MW is injected to a deuterium plasma with r.ydrogen minority 

( typically, nH / n. !:::'. 10 % ). The ion cyclotron and hybrid layers are located near the 
plasma center (r S 5 cm) , where rf frequency is 40 MHz and toroidal field 2.7 T. At 
the same time of rf pulse, the plasma current is purposely raised from 180 kA to 250 
kA by applying inductive electric field in the quasi-steady state. The electron density 
is also raised by gas puffing during t he current rise and rf heating, so that edge electron 
heating becomes moderate. Otherwise, Mirnov oscillations are enhanced by CR or rf. 

3. Experimental R esults 
We compare two types of discharges shown in Fig. 1 : case I without CR ,and 

case II with CR, where electron density and injected rf power are adjusted almost same 
in both cases. The rf power is more than three times of ohmic heating power. The peak 
of total radiation loss ( bolometer ) Pr is same, but the temporal evolution is different. 
The plasma stored energy in case II is appreciably higher( - 30 % ) than case I. We 
have investigated plasma behaviours near the plasma boundary by spectroscopic method 
and electrostatic probes. In this experiment two main limiters of graphite are installed. 
VUV spectrometer is located 90° away from the limiters and the probes are located 45° 
away from the closer limiter. Note that edge plasma parameters are monitored at the 
region away from the special region such as a limiter. As seen from Fig.2, D<> emission 
is reduced by - 40 % in case II( i.e. , with CR). It is enhanced during rf pulse in any 
discharge without CR. The light impurity lines such as CIII and OVI behave in the same 
way as D<>. The temporal evolution of these lines correlates well with that of electron 
density measured by electrostatic probes near the limiter radius ( r - ai = l!i. r - 1 cm; 
aL : limiter radius), while the density at l!i. r - 2 cm is remarkably depressed ( Fig.3 
). The fall-off length of n. profile near the the plasma edge becomes very short. The 
above data indicate the improvement of plasma particle confinement near the plasma 
boundary, which is due to the reduction of particle recycling. Figure 3 also shows the 
temporal evolution of electron temperature near the plasma boundary estimated from 
the intensity ratio of OVI lines( 1032 A and 150 A), which are predicted to be localized 
near the plasma boundary ( r /aL - 0.8 - 0.9) because of high n.. 2:( 5 x 1013 cm- 3 ) . 



304 

The electron temperature in case II is about double of that in case I. Moreover, in case 
II, soft X-ray emission of E ~ 1 keV along the peripheral chord ( r/aL - 0.7 ) star ts 
to rise more rapidly from the middle of CR-phase ( t - 135 ms). This is interpretted 
by considerable increase in T • and also ne in the peripheral region. In case II, electron 
temperature obtained from electron cyclotron emission at r/ aL - 0.7 is about 600 eV. 
Central electron and ion temperatures in case II surpass those of case I from the middle 
of CR-phase. Impurity accumulation takes place more remarkably in case II, as seen 
from time behaviours of OVIII, FeXX ( Fig.2 ) and soft X-ray emission from the plasma 
center ( Fig.4 ). This may be due to improvement of impurity comfinement rather than 
enhancement of inward convection velocity. It is predicted that the improvement of edge 
plasma transport is due to the realization of j \6 profile with a pedestal by active control 
method [3] instead of self organization process by island formation. The solution of 
magnetic diffusion equation on the basis of experimental data shows the pedestal in j \6 

profile. Indeed, Mirnov signal in case II is reduced by 30 - 40 % compared with case I. 
These favourable phenomena in case II cause the appreciable increase in plasma stored 
energy (Fig. 1 ). The discharge in case II has some similarities to H-mode observed in 
divertor configuration [l], although the degree of the improvement of global confiment is 
not remarkable. Clear improvement may be realized if j \6 profile is more finely tailored 
by various active control techniques. 

4. Conclusion 
This experiment suggests that addit ionally heated tokamak plasmas may not suffer 

the ser ious confinement degradation even in limiter configuration if current density 
profile is controlled by active method such as addit ional current r ise or noninductive 
current drive, instead of self organization process through magnetic island formation. 
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Figure Captions 
Fig. 1 Comparison of ICRF heated d ischarges without and with addit ional current rise. 
Fig. 2 Time evolution of D0 , CIII, OVI, OVIII and FeXX lines. 
Fig. 3 T ime evolution of electron densities near the limiter, and edge electron temper­

ature derived from OVI-line intensity ratio. 
F ig. 4 Time evolut ion of soft X-ray emissions along the center and peripheral chords. 
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MOMENTUM TRANSPORT AND SCALING EFFECTS OBSERVED 
IN NEUTRAL BEAM HEATE D ROTATING PLASMAS IN JET 

D Stork , A Boileau, F Bombarda(l), DJ Campbell, C Challis , W G Core, 
B Denne, P Duperrex(2) , R Giannella(l ) , L Horten , TT C Jones , 
E K~llne, A Pochelon( 2) , J Ramette(3) , B Saoutic(3) , D Schram(4) , 
J Snipes , G Tallents , E Thompson, G Tonetti( 2), M von Hellerman and 
J Wesson . 
JET Joint Undertaking , Abingdon , UK . 
(1 ) EURATOM-ENEA Association , Frascati, Italy . 
(2) EURATO~-CRPP Association, Lausanne, Switzerland. 
(3) EURATO~-CEA Association, CEN Cadarache , France . 
(4) Eindhoven University o f Technology , Eindhoven , The Netherlands . 

1. INTRODUCTION 
Rotational phenomena have been studied in JET discharges with plasma 
currents from 1-3 MA and high power (SlO MW) neutral Beam Injection ( NBI). 
Deuterium beams at energies up to 80 keV and hydrogen beams at energies up 
to 65 keV have been applied . The simultaneous effects of NB1 and high 
power (S7 .5 MW) ICRF on rotat i on, the dependence of central rotational 
velocity on NBI power, and temporal and profile effect s in rotational 
velocity have been studied . 

2 . DIAGNOSTICS 
Toroidal r otation on JET has been measured using several diagnostics . 
a) Central (major radius R=3. lm) angular velocities (w (0) ) were 

determined f r om the Doppler sh i ft of the He-like Ni~XVII resonance l ine 
observed by an x-ray crystal spectrometer (1 J . This measured w 
averaged over a region centred on zero minor radius (r) with hatf-width 
=0 . 4 m. 

b) MHD d i agnostics used were pickup coils to measure B and a Fabry-Perot 
interferometer detecting electron cyclotron emission (ECE) . The 
rotation of the activity was inferred from frequency measu~ements . The 
coils f2 ) detected the m=2 ,3 componen t s o f n=l MHD activity at the 
plasma edge . The ECE diagnostic [3J measured m•l, n• l acti vity at 
normalised minor r ad ius r /a = 0 . 3 . 
These diagnostics were o f use when MHD activity was sign ificant 
(B61B6 (a) - 1-3 x 10- ' ) . 

c) For some shots additional spectroscopic measurements were made . An XUV 
spectrometer I 4] measured Doppler shifted lines of ionised states of 
Nickel and Carbon and angular velocity profi l es were ob tained . 
A Charge Exchange Recombination Spectroscopy (CX RS) di agnostic was also 
used on Doppler s hifted light from excited c•+ and o•+ ions. This 
measured rotation at R=2.3 m (inboard ) and at r/a - 0 . 6 . [5] . 

3 . SCALING PROPERTIES OF CE NTRAL ROTATI ONAL VELOCITIES 
On application o f NBI to the 
observed on ~11 d iagnostics . 
reach quasi-steady values . 
The quasi-steady state values 
shift are plotted in figure 1 

plasma , a strong toroidal rotation was 
The rotation took between 0 .5-1 .0 second to 

of v$(0) derived from the Ni XXVII Doppler 
against the beam power per particle Pb /<ne >. 
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v,(0) t ends to saturate with increasing Pb/<ne> and t o increase sligh~ly 
·•Ith increas ing plasma current . The highes t values o f v (0 ) were slignt.ly 
below hal f the flu i d sound speed (Cs) . H0 and D0 inject fon induced 
similar rotations . Counter injection data are similar to co- injection 
data once the Ohmic plasma rotation (measured by the MHD diagnostics) is 
taken into account . This rotation was - 2-2 .5 10• ms- 1 counter to lpa nd 
has been correct.ed for in figure 1. 
The data have been compared with t he scaling predictions for v.:01 based 
on the eyrov i scous theory of Stacey e t al [ 6] . 
Gyroviscous theory predicts v, (0) scales as : 

~
o ) 

v (0) - . 
Q - p 

where fp(o) is t he peaking factor for the NBI momentum depositi ·:>n on axis; 
V is the plasna volume ; <ne> is the volume averaged density ; nd(o) is 
tge axial deuteron density ; Ti Ofl(O) i s the central Ohmic ion tempera t ur e ; 
C l s t he ion heating efficienc~ [6Ti(O)/Pbl<ne>I J ; fr i s the fract ion o f 
injec t ed particles injected in trapped orbits contr ibuting no net momentum 
to the plasma . 
Using the JET ion heating data [7 J, gyroviscosity predictions as in fig . 1 
are obta ined for two values of trapped particle fractions . These 
discharges have closer to ~ 0% t r apped beam bu t the data are we l l above the 
· ~0% trapped ' predict i on from gyroviscos ity . The gyroviscous prediction 
is within a f actor o f - 2-5 of the data but t he scaling with IP is i n the 
opposite direcoion to any which might be inferred from J ET data . 
Gyroviscosity i s also not affected by plasma collisionality a nd this 
conflicts with t he observation of strong rotational velocity sawteeth on 
JET . These are shown in figure 2 with the crys t al spectrometer a t 
temporal resol1tion -20 ms . The sawteeth correlate well with var iations 
in electron tenperature suggesting that the decreasing collisicnali t y of 
the plasma between sawteeth affect s the central momentum transport . 

~ . MHD AND PROrlLE Err ECTS I N MOMENTUM TRANSPORT 
The sudden decrease o f v~(O) a t a sawtooth collapse is suggestive o f the 
i mportance of MHD effects in momentum transport . 
In extreme cases such as locked modes, MHD activity appears to play a 
strong role . At the appearance of a locked mode in the plasma , the 
r o tation of the ions is seen to stop on a - 100 ms ti mescale in spite of 
the cont inued presence of the dr iving beams [8 ]. 
Where ' high ' (0B61s60:: 10 •1 MHD activity was present , the rotational 
angular velocity determined from edge MHD activity was equal to the 
cen t r al toro idal angu l ar velocity determined from the crystal 
spectrometer. Th is i s shown in figure 3 and could be taken as ev idence of 
a momentarily flat w• prof i le during per iods of h i gh MHD ac tiv ity . It i s 
a l so possible that it merel y ind icates tor oidal mode coupling dr iving the 
edge mode fro~ a mode resonant on a r ationa l q surface nearer the plasma 
centre and rotating with the central velocity f2] . The second possibi li ty 
would l ead to an MHD rotat i onal 'profile' which was sheared relative to 
that o f the bulk plasma . 
On some sho t s in which XUV rotational prof iles were taken the prof iles of 
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the impurity ions appeared fairly flat . In figure ~ a parabolic funct ion 
wi~h Y~value = 0.4 can be drawn through data from the XUV spectroscopy and 
the crystal spectrometer. These di agnost i cs assume w~ is uniform on a 
flux surface when fitting , which is backed up by r ecent measur ements on 
Doublet III [9] . Gyroviscosity predicts breaking of this uniformity to 
0(£) and some evidence that w~(p) is not uniform comes from the CXRS 
diagnostic . This is shown in figure 4 where a Y~ value of - 2 would seem 
more appropriate for the inboard variation of w~ . The CXRS diagnostic 
generally gives 1 S Y~ S 2 . 

5. EFFECTS OF RF ON NBI-INDUCED PLASMA ROTAT ION 

ICRF was applied to JET discharges with rotation driven by NBI. ICRF 
t uned to ' He minority in the plasma was largely ineffectual in alteri ng 
rotation but when tuned to H minority in the plasma the RF caused a sharp 
drop of up to a factor 2 of rotational velocity. The central rotational 
velocity clamped (no sawteeth) , often for long periods in the case of the 
so-called ' monste r sawtooth ' r 1 0 J shots where sawteething on the 0 ther 
plasma parameters (eg : Te(O)) was also absent. The change in rotational 
velocity occurred over a period of 0 .5- 1 .0 sees . 
A possible explanation is that ICRF coupled to H minority is able to 
couple to the beam ions at 2wcD for deuterium beams. The effects of this 
have been calculated and observed in other JET discharges f 11] . Coupling 
imparts perpendicular momentum to the beams and preferentially scatters 
beam particles into trapped orbits where they impart negligitle momentum 
to the plasma. With this r educt ion in the momentum driving term the 
rotational velocity drops . The RF also causes a density rise which 
decreases the penetration of the beam neutrals and deposits more fast ions 
in trapped orbits in the outer pl asma . The cumulative effects of these 
two sources have been calculated using value measured post-RF increase in 
neutron yield from the plasma . Within an accuracy - 10-20~ it is found 
that the change in rotational velocity can be accounted for by a change in 
the driving term ( f rom the parallel momentum) from the effect of ICRF beam 
coupling in this manner . 
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c Challis , J P Christiansen , JG Gordey , S Corti , A Costley, G Duesing , 
R Giannella ( 1), A P H Goede, L Horton, T T C Jones , E Kallne, 0 Kanek·o ( 2) , 
P J Lomas , D Muir , J Snipes , A Staebler (3) , D Stork , PM Stubberfield , 
G Tallents, P R Thomas , K Thomsen, M von Hellerman and M L Watkins. 

JET J oint Undertaki ng , Abingdon , U.K., (1) EURATOM-ENEA Association , 
Frascati , It~ly , (2) Institute o f Plasma Physics, Nagoya, Ja~an , 
(3) IPP Garching , FRG . 

INTRODUCTION 
NBI experiments ha ve been per formed using a wide range of t arget plasmas 
to establish the scaling of the global energy confinement with plasma 
current ( I p), toroidal magnetic f ield (BT) plasma density (ne) and input 
power (PTOT) for both H0 ($65 keV) & D0 ($80 keV) injection into D plasmas . 
This paper describes results obtai ned with the plasma boundary defined by 
either the 8 outboard graphite limiters , or by the graphite inner wall 
protection tiles . The results of NBI experiments in X-point plasmas are 
presented elsewhere [1 ]. 
The JET vacuum vessel and graphite surfaces are conditioned by baking and 
glow discharge cleaning . They were maintained at 290°C during these 
experiments . The plasma density behaviour during NBI varied according to 
limiter configuration and is described in [2] . In summary the onset of 
NBI led to a transient density increase •mder all conditions . For 
outboard limiters the density rises linearly during NB! . On the inner 
wall tiles , a much lower density increase was obtained . This pumping was 
further improved during the ' hot - ion' campaign by conditioning the inner 
wall surfaces using Helium Ohmi c discharges prior to NB! discharges . 

GLOBAL ENERGY CONFINEME NT 
The total plasma energy content from diamagnetic loop measurements (wDIA) 
of all NB! plasmas is well described by a linear functi on of ProT when a ll 
other cont rollable parameters are constant [3) . Energy contents 
determined from poloidal field measurements and kinetic pressure prof iles 
show s i milar behaviour and the three stored energy measurements are i n 
r easonable agreement . The energy contents are roughly proportional to 
plasma current. These dependences have been built into an of fset linear 
scaling law [3) of the form (figure 1) 

1lIA • 0 . 225 neO ·& Ipo ·5 BT0 · 1I + 0. 0117 Ip PTOT (1) . 

The scaling of the energy content of Ohmic discharges is reproduced by the 
scaling of the intercept in (1) . The dependence o f Won the rel evant 
parameters is described equally well by a power law fit , which is shown in 
figure 2 

0 ·37 0 ·67 
0 . 27 PTOT Ip 

0 ·111 0 · 211 
<ne > BT (2) 

The data is also wel l described by L-mode scaling [5) . 
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From local transport analysis [4) which includes the NB! pcwer deposition 
profile it can be concluded that the plasma thermal conduct ivity 
apparently depends upon the pololdal field only . 
The 3 MA data obtained after He conditioning were not used in the above 
fitting procedure and they exh ibit higher values of 'inc (= 6W/6PTOT) than 
high density pulses . The measured density profiles of these discharges 
also show a tendency towards being slightly more peaked than other types 
of NI discharges . 

Heating Efficiency with NB! 

NBI electron heating efficiency on JET has been con~tr·ained by the 
relatively low values of injection energy (30 -60 keV/AMU) . The electron 
heating efficiency (figure 3) tends t o saturate at electron temperature 
values 5-6 keV where the total power input to the electrons (NBI + Ohmic + 

Equipartit ion) has fallen to a low level . 
In contrast , ion heating eff i ciency increases with the power per particle 
(figure 4). The spectroscopic Ni 2

•• temperature measurements shown in 
figure 4 are calculated to be at most 1-2 keV higher than t~e deuterium 
temperature at the highest values . The discharges following helium 
conditioning show the best ion heating , partly because lower densities are 
accessible than in limiter discharges . This results in the decoupling of 
the ions from the electrons as the equipartition t ime (Tei) becomes larger 
than the er.ergy confinement time . 
These ' High_ Ti ' discharges gave the highest neutron rate ob~ained o n JET 
(2 . 8 10 15 s 1 J of which approximately half can be attributed to 
beam-plasma reactions . 

Enhanced Confinement in Inner Wall Discharges 

The energy content of the inner wall (3 MA , 
groups ( 'A' and ' B' in figure 5) . The type 
immediately following helium conditioning . 
evidenced by a steady-state density and the 
light during NBI . 

3. 4 T) plasmas falls i nto 2 
A plasmas were those 
They showed reduced recycling 
l owest values of deuteri um-a 

The measured e l ectron energy contents (We) in the two grou ps were 
identical within errors so the difference in wDIA must reside in t he ions . 
The calculation of stored energy using the measured central ion 
temperature and dilution factor from the measured Zef f indicates that 
t he ion t emperature pr ofile was more peaked than tha t of the electr ons in 
these shots . This is confirmed by preliminary results obtained by a 
neutral particle analyser array . 

Power Ba lance in Hot Ion Plasmas 
The data for 3.0 MA/3 .4 T plasmas with 5 . 0 < PTOT < 7 .0 MW has been 
compared with results from a simple 0-D model . The model uses 
characteristic times based on L-mode scaling for loss rates in both 
channels and classical equiparti tion between them . The predictions of 
this model reproduce the data tolerably well (figure 6) . Ttis indicates 
the energy conf inement is no different in character between hot ion and 
h igh density regimes . 
Local transport analysis is limited by the preliminary nature of ion 
temperature profiles , nevertheless the avai l able data does show that , in 



5 

4 

312 

contrast to high density plasmas, the i on l oss channel domina; es within 
the cen:ral half min.:>r radius i n hot ion i;lasmas. I on convec~ion and 
conduction have comparable magnitudes in the centre and equipartition 
r eturns a large power fraction to the electrons in t he outer plasma . In 
these respects JET hot ion plasmas are similar to TrTR supershots [6] . 

REfERENCES 

f1 j 

f~j 
r 4 J 

f 5) 
f 6 J 

Kei lhacker M, et al , these proceed i ngs . 
Jones T7C , et al , these i;rvceedings . 
Cordey JG , et al , 11 th I nt . Conf . o n Plasma Phys . & Contr. Nuc l . rus . 
Researc h (Kyoto 1986) , IAEA-CN-4 7/QA-II-3 . 
Callen J, et a l , 'Modelling o f t emperatur e pr ofile responses to 
He at i ng Pr ofi l es in J ET', these proceedings . 
G.:>ldston RJ , Plasma Phys . & Cont r. rus . 26 ,l A,87-103 (1984) . 
Hawryluk RJ , et a l, 11 th Int . Conf. on Plasma Phys . & Contr. Nuc l. 
rus . Research (Kyoto 1986) , I AEA- CN- 47/A-I-3 . 

; 
-

. 

1MA 
2 MA 
3 MA 

5 

4 

1MA 
2 MA 
3 MA /

.~J.} ... 

3 MA He Cond. 
4 MA 

3 MA He Cood. 
4 MA 

0 
5 MA 

0 2 3 4 5 

0.225 (ne)'Jp"' Bt°'.+0.047 Ip Ptol 

figure 1 : Offset linear scaling 
law plotted against J ET NB! stored 
ener~y measured by diamagnetic loop 
(WDI ) • 

0 :'. 
5 MA 

0 2 3 4 
Q.17 o.•1 0.41 0.2+ 

0.27 Plot Ip (ne> BI 

figure 2 : Power law fit to NBI 
DIA 

W meas urements . 

5 



> 
Q) 
:>< 
0 
Q) 

I-

313 

B 

,, 
~ 6 ·~ ·:i" · . . 

"·;. ~~:· i 
. ·~ 

4 .-i "J I ·,~. 
~ .~-,. 

1 MA 

2 
2 MA 
3 MA 
3 MA He Cond. 
4 MA 

0 
5 MA 

0 2 4 6 B 

Plot/<ne) 

Figure 3 : Cent ral elec:trort 
temperature from ECE measurements 
for NBI di scharges as a func:t i on of 
total power (Ptot> rtormalised by 
vo lume averaged density (<rte>) . 

4 

3 

~ post He 

I Ii lmer-wal 
1 

:: Liriler 
0 -~~~~~~~~~~...._~~~ 

0 2 3 4 

<ne) 'i01119 m. -3 

Figure 5 : Diamagneti c stored 
energy measured as a func:tion of 
volume averaged density for 3 
MA/3 . 4 T NBI discharges . · 

15 

12 

> 9 
Q) 

:>< 
0 6 j: 

3 

0 

0 

I MA 
2 MA 
3 MA 
3 MA He Cood. 
4 MA 
5 MA 

fo •. 
~·· • ~: :i 

::'· .. : .. 
,.; ' (. !.:. 

. ,· j, ," t :,. 
;. J. • 'lf ~ t 

2 3 

Pi.nbi/ <ne> 

4 

Figure 4 : Centr al ion temperature 
(T.(o)) for Ni 2 • • i~ns in NBI 
di;c:harges measured by Doppler 
shift of the NiXXVII line as a 
function of calc:u l ated power to the 
ioris ( Pbi ) normalised by volume 
averaged density (<ne>) . 

15: 

! 
12 j 

! 

~ 6

9

1 ~ 
Q) 

I-

3 

I 6 Te !ECEJ 

I ~ Ti !NiXXVllJ I 

:- Model 

O r-~~.,..--~~~~~~~~-....J 

0 2 3 4 

<ne> 101119 m. -3 

Fi gure 6 : Measured Ti( o) and 
Te(o) for NB! discharges compared 
to pred i c:tions f rom the simple 0-D 
code (see tex t). 



314 

PARTICLE CONFINEMENT STUDIES ON OHMICALLY- HEATED PLASMAS IN TFTR USING GAS 
MODULATION TECHNIQUES 

D. K. Mansfield, P.C. Efthimion , R. A. Hulse , S .S . Medley,H .F. Dylla , 
E. Fredrickson , R.J. Goldston , R. J . Knize , P.H. LaMarche ,H.K. Park , 

and V. Vershkov* 

Princeton University Plasma Physics Laboratory , Princeton , NJ :)8544 USA 

ABSTRACT 
Experi ments utilizing single gas puffs have been performed in the 

Tokamak Fusion Test Reactor (TFTR) in an effort to understar.d parti cle 
transport . The r esul ting density perturbations wer e measured using a ten 
channel far-infrared laser interf eromet er . 

The data was analyzed to yield transport coeff icienLs by regression 
anal ysis of the particle balance equation and modelling using a modified 
MIST transpor t code . For the case of a low density ohmicc.lly heated 
plasma commonly used as target plasmas for neutral beam injection , the two 
analysis techniques gave transport profiles with minimum values in the 
core region (D; 0 . 4 M21s , V ; 0 . 1 M/S) t hat increase rapidly in the outer 
half of the plasma CD; 1 .o M2/s , V; 4 M/S at r/a • 0 .75) . 

In all cases , the density perturbations were kept in the 5 percent 
range to mi nimize any changes in plasma equilibrium . However, even at 
t his l ow l evel of perturbation , the central ion temperature was observed 
to drop 15 pe:-cent during the 0 .05 sec gas puff . Thi s is considered 
indicative of a degradation of the ion confinement . 

1 . INTRODUCTION 
TFTR is a ~achine well-suited for the study of par ticle transport 

in tokamaks because it is large and because it has a sensitive ten channel 
far- infrared interferometer for detailed measurements of Lhe temporal and 
spatial evaluation of the density profile . To· that end , experiments have 
been carried out whi ch involve observ i ng the response of the electron 
density profile Lo a 50 ms single gas puf f (1 ] . I n al l cases t he gas puff 
was kept as smal l as possible (6n/n - 511 to avoid perturbing the plasma 
equilibrium ~o~d itions . The equili brium condit ions used in this study (ne 
• 1.2 x 101 m 3 , Ip • 1.4 MA and Bt. = 4.8 T) were similar '.;o t hose of 
target pl asmas for Lhe so-called TFTR supershots in the hope that this 
type of parti cl e transport st. udy might shed some light on that e xtremely 
promising r egime . 

The graphi r.e t ile inner wall of TFTR (i .e . , the bumper limiter ) was 
employed as the limiting surface for all discharges studied . In all cases 
Lhe graphite was pre-condiL ioned by running aga ins t it a series of 
approx imaLely Len low density discharges in He+ . This procedure reduces 
residual l evels o f D2 and H2 in the graphite thereby lowering the 
effective parti cle r ecycli ng coefficient and permi tti ng a densL Ly pump- out 
in subs equent D+ d i scharges . This conditioning and the cnmcomitant pump­
out have been seen Lo be necessary for enLrance i nto the TFTR s upershot 
reg iine . 1 

The electron density profile data were analyzed Lo yield parLicle 

*Permanent address : Kurchatov InstituLe , Moscow , USSR 
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transporL coeff i c it>nts by two separat.P p•·ocPdurPs . 
rt>sulLs of those procPdurPs are ouLlined bt>low . 

ThP detail s and 

2 . SIMULATION OF THE INCREME NTAL DE NSI TY PROFl~E USI~G THE MISr CODE 
During the g11s puffing exper iment , Lhe tempor al and spat:la l 

responsP of the electron dPnsity prof ile was :neasureJ using a Lrn channel 
far-infrared laser inLer feromeLer . 9y avPra5ing tnP rPsults from a seri Ps 
of eight idPntical discharges , very low-noisP da\.a cou l d be taken wi \.h 
this diagnostic . ThP averagpd dat.a was then inverted ar.d \.hp i nvPrLed 
profilP was subtracted from an extrapolatir,n of Lhe prof ilPS takf'n just. 
before and well afLer a single gas puff. The rf'SUlt o f t1is subtraction 
represents only the contribution to thP density whi ch was caused by Lhe 
gas puff. This cont ribution as shown i n fig . 1 clearly Lakes the f orm of 
3 density pulse (aloeit asymmetric) whi ch propagates from : he plasma edgP 
Loward the core. The subsequenL (symmeLr i c) decay of th is incremental 
profile whf'n the gas puff is terminal.ed has "llso been clearly seen using 
Lh i s t echn i que . Also , seen in fig . 1 ls \.he pPrsisLence of a hollow 
density profi le as t.hP crest leaves thP plasma per·iphery and approaches 
the core . 

The first of Lhese procedures involved a simulat ion of the 
incremental density prof ile using MIST, a code which solves the particle 
balance equaLion (g iven be low) using t ransport coeff i cien t s spec if lced as 
inputs [2] . 

aN -1 a 
at • --,:;- ar (rr[r,t]) + S( r, t) (1) 

Where N is the density , r is the particle fl ux , and S i s the s ource . 
By assuming that t he ratio of the pinch velocity Lo t he diffusion 

coefficient is constant in time and consi s Lent with t~e equilibrium 
density profil e measured jus t before the gas puff one can Lhen modi fy both 
the shape and magnitude of the diffusion coeff icient. (and with i t the 
pinch velocity) in an effort to reproduce the salient features of the 
experimentally observed incr emental density wave. The results of that 
analysis are shown in fig . 2 . 

The persistence of a hol l ow incremental dens i ty profil e (fig . 1) is 
also evident in the incremental density simulation , (fig . 2) and i s 
indicative of particle transport coeff i cients that are large at t he plasma 
edge and fall t o a minimum aL the plas ma center . 

3. REGRESS[ON ANALYSIS OF THE ELECTRON DENSI TY DATA 
The f ull profile (as contrasted t o the i ncremental profile) was 

used as an input to the TRANSP program, which , using an emp irical model 
for the source function then integrated Eq. ( 1 ) in order to sol ve for t he 
part icle fl ~x [3] . After dividing that flux into diffusive and convec t ive 
parts as given in Eq. (2) below , a regression analysis was then carried 
out at a series of radi al points t o determine the values of both the 
diffusio n coefficient D and the pinch velocity V. 

f(r,t) = -DVn(r,t ) + Vn (r , t ) . (2) 

The r at:o of the veloci ty to diffusion coefficients obtained by t hi s 
regr ession analysis is consistent with the equilibr.ium shaoe as i s to be 
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expecLed from a fit Lo the full profi le wiLh a small pertur bdtion . The 
derived V prof lle was seen to be much l arger tllan the neoclassical \farP 
velociLy as a:so calculated by TRANSP . I n addiLion , the parLiclP 
diffusivity 1.hi-s nbtainf'd was similar to t haL usPd in t ile previou:.;ly 
descr i bPd MIST analysis and comparable t o thf' equ i libr i 1.m thPrmal 
diffusivity calculated by TRANSP . 

4. THE EFFECT OF GAS PUFFING ON ENERGY TRANSPORT 
Dur i ng Lhe course of t he s i ngl e gas puff experime nL s , I.he 

e l Pct.ron and ion tempf'rat. ures werP measurPd as functions of time by an EGE 
radiometer a nd an x- ray crystal speclr omf't er respec t ivf' l y . Sllown in fi g . 
3 are the ion and f'lPct r on t emperature traces taken during" t he course of a 
s ingl e gas puff . As SPPn , the central e l ecLron t emperatur e initially 
rises in response to t he puff whilP. the edge electron tPmpPrature falls . 
In addition , t~1e cPnl ral ion temperature falls as a resul t of the puff; 
th is is intf'rpreLed as a degradation of i on energy confinement . Also 
shown in thi s figure is the ion temperature trace calculaLed by TRA NSP 
using the electron temperature as an input and employing neocl assical ion 
transport [4) . Clearly neoclassical ion transport fails to pr ed ict 
correc t ly even the sign of t he observed change in t he i on temperature in 
response to the gas puff . However , an rii ion transporL model recently 
applied to TRANSP has simulated the decrease in ion tf'mperature seen 
during gas puffing. 

5 . CONCLUSIONS 
By observing the propagation of a small wave of density in a TFTR 

ohmic discharge , we have been abl e to arrive aL a radial profile for the 
particle diffusion coeffi c i ent . This has been done by t wo separate 
techniques and t he results have been demonstrated to be reasonabl y 
c~ns i stent with transpor t coefficient!i havi ng minimum values (D = 0. 4 
MIS, V • 0 . 1 MIS) in the core which increase rapidly in t he ou~er hal f of 
Lhe plasma (D • 1 . O M21S , V • 4 MI S at r/a = 0 . 75) . 

I n addition, the e lectron t emperature profile as well as the ion 
ener gy t ransport have both been seen to be affected in a n unexpected 
manner by as s mall a density pert urbation as was employed i n thi s work . 

This work was supported by U.S . DoE Cont ract No. DE-AC02-CH0-3073 . 
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Figure l 
The meas ured incremental de nsity wave . 
The gas puff was turned on at t = 3 . 0 
sec and off at 3.05 sec . One should 
note that the form of the wave changes 
very little from t = 3 . 06 sec to 3.11 
sec. 

Figur e 2 
A simulat i on of the incremental densi t y 
wave as generated by the MIST code . 
One can see the persis tence of a hollow 
profile as the cres t a pproaches r/a = 0 . 
This is i ndicative of reduced transport 
in t he pl asmas core as compared to the 
edge ( see i nsert). 

Figure 3 
The ion and e l ectron tempera ture as 
measured during t he puff . Also shown 
is t he i on temperature calculated 
neoclassicall y . 



318 

PARTICLE TRANSPORT IN TFTR OHMIC Pl!:LLP.T INJP,CTION EXPERIMENTS 

R. A. Hulse, P. Efthimion , B. Grek, K. Hill , D. Johnson , 
D. Ma ns f ield, w. Morris , D. K. Owens , H. Park, A. Ramsey, 

.T . Schivell , G. L. Schmidt , F . Stauffer, B. Stra tton , .T. ·Timber l ake 

Plasma Physics Lahoratory, Princeton University 
Princeton, NJ 08544 USA 

INTRODUCTION - The large perturba tion and changing gradients found i n 
pellet injection experiments provide a unique opportunity for the stud~ 
of particle transport in toka maks. On the TFTR t o ka mak, such studies 1 • ­
have the advantage of a large, circular plasma , well-diagnose:l using ·a 
10 - channel far-infrareci i nterferometer and 76-point Thomson scattering 
for detai l e <l meas urements of the time- evolving density profi les. 
Preliminary particle transport results for four selected plasmas of 
differing c h aracte r will he presente<l, concentrating on simple, 
primarily diffusive models which were found t o reproduce most of the 
observed density evolution in these cases. 

ANALYSIS - TRIUMPH is a new, 1- D radial particle transport code which 
simultaneously solves up to 32 mo<lels with i n<li vidually specifie<l 
particle transport and source par ameters . These mo<lels were initialized 
to the experimental profile immediately after the pelle t deposition, 
which will he <lenoted as t=IJ in the following discussions·. Diffusion 
coefficient profiles of the form O(r) = D(O) + [D(a) - D(O)](r/a) a nd D 
= D(O) + [n(a) - D(O)]( r /aJ 2 were surveyeci for D( a) > D(O) over the 
range 0 . 00 3 m2/s ( D(IJ) ( 0.3 m2/s, 0.01 m2/s ( D(a) ( 1.0 m2/s, along 
with r:an- 1 and nan-112 f o rms. For the convective term, moilels with v = 
0, v ~ vware " - 0.05 m/s , and v/D = oln(n9J;or were tesled . Ttlis latter 
choice of a v/D correspon<linq to the initial t = o profile scale length~ 
was motivate<l hy cases where the profile shapes remained relatively 
constant dur.in<J the decay. In acicii tion , f or the specii'll case of shot 
24863 (see be low), other mod els for v( r) were also exami neci . The radial 
profile shape f or an edge particle so11rce was ohlaine·I from a neutral 
deposition Ci'llculi'ltion, while diffe rent foedback mo<lels acti'lq on t he 
model vers'1s experimental <lata ciifference were 1Jo;ed to rletermine the 
total source catP. V"!rsus tlmP-: for each model. zero source mod.els were 
also tested for all cases . 

Over a 11 , the hasic TRifJMPH survey for each shot examined over 400 
possihle mo<lels . For D(r), the densi Ly-<lepencienl fonos were not 
particularly $Uccessfol when consiriered over all the shots P.Xa111inerl, 
while the algehraic forms , p'lrticularly D(r) D(O) + [n(a) 
D(O)) (r/aJ 2 , generally yielcieci sati~facto ry results . 13esL fit morlels of 
this form will be pres1rn ted here. E~cept for e'lr l y s taq~s of shot 
24fl63, l ow velocity models prove<! reasonahle. Given this result , v = O 
sol 11tions 'Ire presenteci here as a particularly i nten'!stin<J special 
case. Taking a ware-like v(r) = - O.fJ5 M/s typically result"rl i n moo1els 
wi th hiqher 0(0) r"lative t o thtH;e v = O o;olutions . ~lodels wiLh non­
?,~Co sources \Y"e r e qenernl ly n':?cess.~cy . 'The r~sul tc; preHe n t•-=?,:. her,~ us•~rl 
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a source raL..:o f.•Jr edch rnodel whi•::h dLL~lllJ>L~rl t •) Lr-=tcl<. Lhe e><:prlciinP.nLrtl 
t o t a l number o f particles as a func:Lio n of time , given the cons Lraint ~f 
non-negati.ve values f o r the sour:-cia ct111pl i. Lncle . 

The h;:i.sic s ucces ,, o f. the sp?,cific 1no.i~l JVlr-lm~ter:; r~por ted he r*'? 
r~lative to the majority o f the nth~r. fhlSs.i.hili..ti.~c; surveyed was 
c lear. f..fowevet', i t mus t he e•nnhrt~ t ze.-t tht'\ L these Cf!'i'1 l ls do not 
represent P.>ec lusive fltc; to the :iatd. tn the i..nt~rP.:sl n f. unif.yinq o u r 
pre l iminary r~c; 1 1lls , c:;rnne selet:: tio n of• lri.'ll u\o:i~l f.1rms d rlfl s ubjec tive 
.listi llation of ttie result;; has nec:e ss.ui ly been -.mploye<l . "'lso , the 
r:ange 11f dCC~ptahle ~1J l • 1tinns :ie~1frts s~ric;l. LiV'•~ly 11n the l evel o f rle t ai l 
which can he suhstantiat»it ln the 1neasu r e d de ns ity pro fl le~ . T'iis is 
particular l y trne for rlet;iils of the hehavL<ir near r = O, $1Jch as the 
timescale f o r the flaLteninq of initially hollow profi l es. 

In arlrli tion t o TRI UltPH moite lin'J, for some c.>ses pnr tic le f luxe.5 
were calcula terl usinq t he TRANSP an.~lys i s corle to in teq rate the 
continui Ly e<Jua tio n directly usin'J the ex per imen tally itetermineit ti:ne­
•l ependen t •lensity profi le. Regr,.ssion fitg were then obta ined to a 
rliffusive/ c o nvective f o rm for th" flu>< , thereby obtaining a result f o r 
D(r)andv( r). 

RESULTS - Pellet fueling Lo achieve very peakeit , slowly 1ecaying, high 
density plasmas i .5 of great interest . Figure 1 shows a shot ( 18681) of 
thi s type, which rlecayed with a nearly constant profile shape . '!'he 
moitel s h own has n = 0.01 + 0.09 (r/a) 2 m2/s , v = o. Us ing the 
regression <1nalysis for this case yielrled a D(r) profile with an RMS 
•leviation of ~ 20'11 f r om t hi s mo<lel insiite of r ~ 0 . 6 m, where the sour ce 
func t ion is small. 

Decay o f peakerl pellet-fueled plasmas to a peakerl pro file on a 
broad pedestnl is frequently seen; f o r example , shot 25697, shown in 
Fig . 2 . 1'he rno rlel stiown has D = 0 . 005 + 0 . 195 (r/a) 2 m2/s , v = 0 . Also 
shown is the t = 2 s profile using the same t ransport morlel, hul with a 
z e r o source . Comparison demonstrates the action of the edge particle 
source in producing t he observed broad den s ity pedestal. It is 
interes ti ng to note that the lower centra l density of this plasma 
comparerl with the case i n Fi g . 1 makes s uch a pedestal mo re prominen t . 
In an attempt to compare density and impurity t ransport, scandium was 
injecterl into this p l asma 0 . 5 s after pellet injectio n . MIST co<le 3 

morleling of the ohserved VUV time hehavior of ScXVII anrl ScXIX l ine 
brightnesses showed agreemenL with morlels similar to thal given for the 
electron density evolution , but nt somewhat hi'Jher TJ(a) • 0 .4 m2/s . 
However, this mo<lelinq also showerl these charge states to peak near r ~ 

0 .4 m, and therefore the impurity transport interior to this radius was 
noL well 1etermined by this data . 

The presence of a strong , inward , convective (pinch) velocity i n 
the transport flux could be most directly inferred by observation of a 
rising central density in a plasma f o r which a monotonicall y rlecreasing 
rarlial profile would p r o v ide o nly outward - directed rlif fusive f lows . 
Pigure 3 shows a shot (24863) which seemingly demonstrates such 
behavio r . However, an unusual feature is apparent on the 'l'FTR 
horizontally viewing SXR diorle array for this shot, which can be 
interpreted as a growing , locked MHO mode in the central plasmn 



320 

regi•:'>n . D(r) s u rve y s 1.-1.i lh a n exL~f'"1 1iP.d r a n9e of v( r) forms we r t? 
uns uccessf11l in mortelinq hf)th the 1;enl ra l cie nsi l y ris~ dnrl c;uhserp1P.nl 
:ie cdy wi Lrt n.n y g'i. v~n choic:e of Lirn~- i n1ependen t Lr:;111spor l 
coeffic.iP.n Ls . I n Fi<J . ) , a moi!P.l ini.ti ;i lL:.:oerl "L t = :J . 3 s wi th D = rJ . 1 
+ rJ . 1 (r/a) 2,,/;s , v = O, i s s hown a s "ppr oxirnat i n'l the rlecay phas:> . 

P~rhdps Lhe moc; L Lnt~cec; tirvJ casf!s f oe Lr a n:->por. t a na l ysi ::; -'l r e thos~ 

whece the ini t i. " l i!F>posit i o n lP.i>ves a hollow density pn>file . l'l this 
case , the i.n l ., r nal rle ns iLy grail ients c h<:r.:;e si•rn th rough zero "s the 
profi lP. f lattP.ns , orov.irting "" especia l ly i.'ltP.rP.stinq tesl o f t he 
Lranspor t . Such ii case .i. ,; shown i n Fi9. 4, f::ir shol 2897rJ . · The cenlral 
.iensity flatLP.n~ a l t ~ n . 1 s , ancl t hen r P. l ,uces t o " peaken prof.i l e o n a 
b r oad pe•lP.<; t dl by L ~ 0 . 6 s , reminiscen t of shot 25697 . .J 11st af t P.r t ~ 

o. i; s , a l ar9e S·' '"' Looth c r i>sh is s e en to rl r a 10atic'il ly r e1Us t r i.h1J l •• the 
cenlral 1iensily an-1 fl,.Lten the p r ofit'! . The mo<lel o;hown h a s D = 0 . 003 
+ o. 4q7 ( r / a ) ?.,,//s , v = 0 , which r oe p r od ucP.o; t hP. r anqP. of hehavio r un t.i l 
the saW" too t h ::r dsh q•J.i te we ll. 

CONCLUSI ONS - 11i th t he excP.ptlon o f Lhe ini t i.a l phase o f shot 24!!?3 , a ll 
t hese r P.su lts c <1 n he r easonably wel l-mo<lelerl t hrou9ho11t the en t i r e 1 to 
2 second~ o f post- pe l le t <le ns iLy evnlu t ion us ing t i me - i ncle pe n<lent D( r ) 
p r ofiles o f simp l e r.a<li a lly i nc r.e dsing form , with l ow D(O ) ano a ze r o o r 
wa r e -like c o nver.: t ivl'.l veloci l y . Sawtee th , whe n t hey occur , cle~rly play 
a dramatic r "ll e in cor e particle t r'i nspor t for these peakerl pro file s . 
The deve l opmen t of c en t rally-peake•i p r o f iles o n b r oad dens iLy pe destal s 
c an he seen to he t he res ult o f good ce n tr'l l c o n fi neme n t of an i ni t i a l l y 
peaked rleposi tio n p r o f i le, t ogether wi th poorec e d9e con f inemen t d nd 
par L.icle rep l acemen t hy edge sources . 
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PIGURE CAP'rIONS 
F.' rn . 1 • Experimental ( s olin) and moclel ( dotterl) de ns i ty p:-of.i l es for 

18 6R 1 at t % 0 . 0 , ll. 5 , 1 . 0 , a nd 1 . R s afte r t he pe lle t . 
FI G. 2 . Expecimen t al ( solirl) ancl moclel (rlott erl) de nsity pro files for 

25697 at o. o, 0 . 5 , 1.rJ , and 2 . 0 s aftP. r t he pe l le t . A zero 
source mode l profile at 2 . 0 s ( o pen d iamond s ) is a l so shown . 

FI G. 3. Experimenta l (solid) density p r o files fo r 24863 a ' e shown at 
o.o, 0 .2, 0 . 3 , 0 . 6 , and 1. 0 s . Mod e l p r o f i les (d o t ted) , are 
i n i tiali z e d a t 0 . 3 s , af ter the i nitial c e ntra l dens ity r i s e 
phas e , a nd are s hown at 0 . 6 ancl 1 . o s. 

FIG. 4 . Expe r i me ntal ( so lirl) a nd morle l ( rlo tte d ) rlensi t y p r o files f o r 
s ho t 211'17 0 , showing the ini t i a lly hollo w profiles a t t a O, 
with p r ofi les a t 0 . 2 , O. t; , and 0 . 625 s l ate r . A l arge sawto o t h 
occur red be tween the 0 . 6 and 0 .625 s p r o f i l es . 
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MULTI -PELLET l~JEC11U_I\ IN I'll< 

TFR Group (presen lrd hy ,\. l;i:t<AUU I 
Association EUR,\fll~J -l; E,\ 

Oepartemenl de Recherrhe& sur l.i F11s1 on C<>nLrolee 
Ce ntre d'Et udes Nul· l Pa1 n •s dt-> C.ul.J r~1 c he 
13 108 St P.iu l Lez D11Lt11<" P Crdex, F ran ce 

ABSTRACT: Four success i ve hydroge11 pt· ll e l s h.1vC' bt>e n injE'cled inlo 
deuterium plasma of LhE' TFR Tokam.ik (111.1jor r ad ius H = 0.98 m, minor 
rad i us a = 0.2 m) . Each pe llel rorrL'spond s Lo 50 % of Lh e init i al 
average de nsily a nd pe netra LPS .il ahou l ha lf ra d ius . AfLer fi ll ing 
up, the density p r ofi l e gene rall y ho l IOI•' j11sl after i nj ec tion , evolves 
slowly towa rds a s l igh t l y mo r e pPa ked s ha pe . Tr ansport analysis of 
the J ong tinie scal e densi t y rPl a xat i on shows genera lly no change in 
pa rlicle tra ns porl coe f ficients, excep t i n a parti cul ar case where 
Lhe t ime interval betwee n two pel l e t s has been r educed from - 40 ms to 

- 20 ms. 

PELLET INJECTION SYSTEM : A mu l t i-pe l let injector developped a t 
" Se rvice des Basses Temperatures de Gre noble", based on the so cal led 
"in si tu condensation" [1] ha s bee n installed on TFR. The i njector is 
composed of six iden tical cells in a s i ngle cryostat : gas i s admitted 
inside a tube initially under vacuum ; then a small l e nglh of the 
tube, the freezing cell , is cooled down be l ow the solidification 
temperature and hydrogen solidifies inside it ; when pellel f ormation 
is over, the residual gas is e vacuated and the pellet i s propeled by 
applying high pressure pulse by opening a fasl valve. The pelle t 
parameters are : length= 1 mm, diameter= 0.85 mm, velocity= 700 m{§ 
a nd average number of H a t oms per pellet entering Lhe plasma - 1. 3 10 

A time integrated phot ography of Lhe abl a tion clou~s shows 
[2] zones o ( sLrong a weak light emission. After densitometr i c scan 
o f these striations , pellet i den t ification is obLai ned by comparison 
o f t he stnctur es on the densitograms and on H~ emission measu red 
with a photomultiplier connec t ed to a fast acquisition de vice . 

TI ME EVOLUTION OF THE CENTRAL ELECTRON DENSITY AND TEMPERATURE 
The evolu tion of a typical plasma with a fou r pellet inj ection is 
s hown in figu r e la : j ust af t er the fourth pellet, t he central line 
density and t he average dens ity are more than twice the p r ein j ection 
value. After the two first pellets, t he cenLral e l ectron temperature 
has d r oppe d from 1.6 keV to about 0.8 keV, the third and the four th 
pellet not producing f ur ther decrea se . This behaviour may be expl ai ­
ne~ poth by a reduction of the r e l a tive incremen t al density 
(ll.ne/ne = 50 % for the first pellet and 25 % for t he last one), and 
by an increase of the ene r gy confinement time (tea ne ) [3). 

DENSITY PROFILES : The n ( r , t) profile is deduced by means of a n 
Abel inversion from the data of infrared interferome try a l ong eight 
c hords, obtained with a time resolu t i on of 400 µ s. Pho tog raph ies of 
the ablation zone s how a penetration t o a bout ha l f radius, which ca n 
no t be measured with an accuracy better Lhan - 2 a nd +2 . 5 cm , owing to 
t he dispersion of the pellet trajectory and t he oblique angle of 
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s ighL us ed l lJ. Because o f thi s outer depos ition of ma t ler t he pro­
f!le_ is hollow (profile ll fi g. lb) or nearly flat, dPpendiug on 
lln / n , just a ft e r i n ject ion. ll fill s up within 5 Lo JO ms when it 
i se hollow, and generally, aft er this filling up phase , it remains 
nearly homo t helic to t he p r einjection profile or evolves s lowly 
( 15 - 20 ms) to"'ards a slightly more peaked shape ; nevercheless it 
happens that t he peaking occurs fas t e r ( < 10 ms) and be more pro ­
nounced. Th is is t he case for the shot present ed on f igure I : the 
peaking a l1·eady appea r s as early as 8 ms after the second pellet, 
increasing du ring the density relaxati o!l a nd after each following 
injection. This pa r ticular behaviour could be linked t o a deepe r 
pene t ri& i on of the second pelle t , b i gger t han the av~ rage with 
1.8 10 a toms [4), a t a radi us where t he l ocal particle confi nement 
time T (t (r ) = fr n p dp/r f(r)) i s higher : calcul ation s with 
MAKOKOf codg s how a0n ihcrease o f t by a fac t o r 2 . 5 between r = 10 . 5 

p 
and r = 8 cm. 

PARTICLE TRANSPORT The density profile r elaxation after pellet 
a blation has been simulated wi th t he transpo r t code NAKOKOT. The 
density profile measured j us t befo r e the pelle t s ub l imation has been 
used as initial condi t i on . Two cases have been s tud ied : the fi r s t 
one is a "standard " case, (S), wi t hou t significant peaking of the 
density profile and with a large time interval of - 40 ms between 
pellet 2 and 3. In t he second case, (P), which is presented on 
figure 2 , the third pellet arrives - 20 ms after the second one. In 
a ll cases q(a) = 4.6 and t he sawtooth activity is very low before 
injection. I n the (S) case, t he long time interva l between pellet 2 
and 3 allows the plasma to recover more comp letely its qJas i equili ­
brium te11perature and density profile , and the s awtooth oscillations 
become more visib le on soft X ray signal (fig. 2a), owing to the 
increased density a nd to the higher temperature. The Te p rofile was 
not measured and the following profile ha s been used in the s imula­
tion : 

Te(r,t) 
2 3.6 

r 
Te(o ,t) (1 - 0.8 -zl 

with q(o) = 0.95 and q = 1 at 
remen ts. The parti cle flux r 
where v is the inward velocity 

a 

and D the diffus ion coefficien t given by D 
DA DB 
-- + D with 
DA+D8 neo 

DA 
2 

ko [cm- 3 ,ev], D
8 

=Ax 6.25 TBe [ev , G) with A= 5. 
[cm s - 1) n qT 3/ 4 

The results of iheesimulation are summarized on table 1. A comparison 
with expe r i ment is p resented on figure 3, where t he central de nsi t y 
t i me evolution i s plotte d a fter t he 3 rd pellet injection for (S) and 
(P) cases . In t he two cases t he radia l density profile is given a t 
the end of the relaxation. 
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No significant modifications of k and v are observed, at 
least for t he (S) shot. We note that takini account of the average 
influence of the sawteeth leads t o a better agreement with experiment 
(D was multiplied by 3 inside the q = 1 s urface). For the shot (P) , 
t he previous coefficients allow t o r ecover the experimenta ~ density 
pro file after t he first and the second pellet injection . However 
after the 3 rd and the 4th pellet it is necessary to increase v and 
k . As a consequence t he cent ral peaking parameter Dav increases 
s~ightly and r remains inward i n the plasma core durink

0
)a long time 

scale (- 20 ms) but t he global confinement time calcul ated a t 16 cm 
is unmodified . On the contra r y i n the simulation of the (S) case ~ 
dec r eases due to t he outwa rd flux induced by the sawtooth oscilla~fg~s . 
CONCLUSI ON : Transport ana l ysis of e l ectron dens i ty profi le show that 
general l y t he same trans port coefficients as t hose requi red to simula t e 
a gas f uelled discha rge can be used to model the density rel axation 
between pellet injections. The peaking of t he density profi l e seems 
to be linked essen tia lly to t he pellet penetration. However for a 
particular case when t he time i nte r va l between two success i ve pelle t 
i njections is reduced t ransport coefficien ts D and V mu s t be modified 
principally t he inward velocity V must be increased in order to fit 
t he density profile i n the plasma center . 

REFERENCES : 
[ l ] Lafferanderie J. et al., Proc . 14 th Symp. on Fusion Technol ogy, 

Avignon 1986 , p 1367 
[2] TFR Group, paper 0326 A, t his conference 
[3] TFR Group, "Pellet inject ion experiments on the TFR Tokamak", 

Report EUR-CEA- FC 1321, Cadarache , February 1987 
[4] Park P.B., Turnbul l R.J., Fos t er C.A., Nucl. Fusion 17 (1977), 
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MHD-ACTIVITIES DURI NG PELLET INJECTION INTO 
OHMICALLY AND BEAM HEATED PLASMAS ON ASDEX 
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Introduction 

Max-Planck-Institut fur Plasmaphysik 
EURATOM Association , Garching , FAG 

The combination of gas-puff and pellet refuelling provides ohmic discharges 
with nearly twice the confinement time and 1 .5 times the Murakami limit 
/ 1/. Despite these improvements , the density built-up by a string of pel­
lets (up to 80 pellets with maximally 700 m/s and up to 50 pellets per s) 
is not yet optimized . There are phases where the pellet refuelling leads to 
a step-like increase in density f ollowed by those where the added mass is 
quickly lost between pellets . The gradual loss of density is often accom­
panied by a step-like decrease such that no effective density increase 
remains . It is interesting to note, that during these ineffective phases S 
does not cont i~ue to increase but may even decrease. 

In this paper we describe in detail the MHD-activities during pellet inj ec­
tion , studied essentially with two soft-X-ray ( "SX") cameras . Fig. 1 
exhibits the toroidal positions of the viewed poloidal cross sections of 
these cameras and of the HCN- laser-interferometry in relation to the pellet 
injector , furthermore , the directions of the toroidal and poloidal magnetic 
field lines and both neutral beam injectors . 

Plasma dynamics caused by pellets. 
The injection of a pellet leads to a strong localized density disturbence , 
whi ch is not immediately distributed over the magnetic flux surfaces , but 
causes a characteristic dynamic response of the plasma, which c2n be well 
studied by observing the rapidly changing SX profiles . Fig. 2 gives an 
example of the spatial and temporal variations of both radiation profiles 
in horizontal and vertical direction after an injection of a pellet into an 
ohmic discharge (n • 4 x 1013 cm- 3 , Ip· 380 kA , Qa = 2.9) . 

Within a few hundred µs a poloidally strong asymmetric distribution of SX 
radiation develops. The measured signals of the chords cross ing the outer 

1 University o~ Stuttgart; 2 Ioffe Institute ; 3 University of Heidelberg; 
4 University of Washington, Seattle , USA ; 5 N. R. C.N. S . "Democritos" , 
Athens, Greece ; 6 Inst . for Nuclear Research , Swierk , Poland 
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~nd l ower halfs of the plasma cross secti on 
decrease , whi le the si gnals of the i nner and 
upper chords increase . This m=l like structure 
rotates within the vi ewed cross section in 
direction of the poloidal magnetic field lines 
with a typical fr equency of about 1 kHz and is 
damped after 2 - 10 cyc l es . Only t he edge­
localized channels (omitted in Fig . 2) sho~ a 
different behaviour , namely a single positive 
spike due to the injected pellet. 

After injection of a pellet into an ohmic dis­
charge with reversed t oroidal field and plasma 
current the max ima and minima of the SX signals 
become e xchanged (o f . Fi g . 3); also the direction 
of rotation alters and corresponds again to the 
direction of the poloidal fi eld lines . 

In this context the following observation from 
HCN-interferome try i s of interest: Immedi ately 
after pellet injection the lower laser beam is 
def lected for both magnetic field directions . 
This diffraction indicates strong density 
gradients but in both cases within the lower 
plasma region , passing the HCN laser beam . 

Sawtooth activity and accumulation . 

Fig .1: Schematic design of 
the ASDEX device . 

The oscillatory mode described before finally leads to a new static SX 
profile . The integral radiation increases from pellet to pe l let and the 
profile becomes more and more peaked. Already after a few pellets the 
sawtooth activity may increase and o n the time scale of typically 20 msec 
after pellet injection one or more strong sawteeth occur . In the example of 
Fi g . 4 strong sawteeth are observed after the third pellet , accompanied by 
di stinct steps on the density trace . Despite the broadening by sawteeth the 
density profiles remain strongly peaked in the case of pe l let refuelling , 
which or i ginates from an increased inward drift / 2 / . This enhanced drift 
causes also accumulation of impurit i es in the plasma center /3/ . 

In Fig . 5 t wo discharges a r e compared which only differ in plasma current . 
Smaller currents cor respond to more peaked density prof iles /4/ . I n both 
discharges a string of five pellets is injected and the temporal behav i our 
of the discharge is very similar . After the last pellet a strong sawtooth 
occurs . In case A st rong sawt eeth stop the f urther development of the 
accumulation phase and restor e t he original plasma parameters , in case B 
wi th smaller plasma current the sawteeth become suppressed and t he enhanced 
inward drift leads to strong accumulation of electron density and heavy 
impurities in the plasma center . Accumulation and sawtooth activity are 
competing processes and the temporal development of pellet refuelled ohmic 
discharges depends ultimately on the strenght of the t wo counteracting 
processes. 
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Pellet injection into NB-heated plasmas. pellets ';'E 
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Up to now only preliminary results are achieved in 
pellet-refuelling of injection heated plasmas. In 
Fig . 6 (right side) we describe the history of a 
NBI heated plasma discharge Cn = 1 .4 x 1013 cm-3 , 
Ip • 320 kA , Qa = 3 . 3 , power of NBI s 1 .3 MW). Du­
ring the i ni tial ohmic phase we observe the typi­
cal step-l ike increase in density, whi ch repeats 
immediately after switching off NBI; finally t he 
transport mechanisms descr i bed before cause strong 
impurity accumulation resulting in a di sruption. 
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At .6 s when two sour ces of the NBI -SE i njector 
and one source of NB I -NW injector start oper ation , 
the averaged dens ity decreases and the pellets 
injected thereafter effect only a smal l rise in 
density. SX radiation and density profiles change 
immediately after pellet i njection in a way which 
is typical for a sawtooth event , both become flat 
within the central plasma region. 
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From 1 .0 s two sources of NBI-NW and only one 
source of llBI-SE operate; at the same time the 
response of the plasma upon an injected pellet 
changes. First of all the pellet excites an m=l 
mode of about 15 kHz near the inversion radius of 
SX , rotating opposite to the ion drift direction. 
This mode becomes completely damped after about 10 
msec, but r eappears once more with slightly re­
duced frequency and is finally terminated by a 
sawtooth event . At the same time we observe cor­
responding oscillat ions on Mirnov loops with m=4 , 
n=l structure , which is well explained by mode 
coupling due to geometrical eff ects /5/ . There is 
no doubt , that this MHD- activity is triggered by 
t he pellet, but it can also occur i n NBI heated 
plasmas without pellet refuelling. SX radiation 
and density remain peaked up to the sawtooth 
event. 

--!.-----~ 0 
, lcml ~o 20 0 

The broadening of the density profiles caused by the two ki1ds of sawtooth 
activity as described does not lead t o an essent ial loss of particles . The 
additional mass of pel l ets is lost rather in a gradual way accompanied by 
simultaneous peaking density profiles . 
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PELLET INJECTOR RESEARCH AT ORNL 

D. D. Schuresko, S. L. Y!ilora, S. K. Combs. C. A. Foster, P. W. Fisher. 
B. E. Argo. G. C. Barber. C.R. Foust. F. E. Gethers. :\I. J . Gouge, H H. Haselton. 
J.E. Y!oeller, ~. S. Ponte. D. W. Simmons. and J. H. Whitson 

Oak Ridge National Laboratory,* Oak Ridge, Tennnessee. 3783l. U.S. A. 

Several advanced plasma fueling systems a re under deve lopment at the Oak 
Ridge )iational Laboratory (QR~L) for prese n t and fut u r e magnetic 
confinement devices. These include multishot and repeating pneumatic pellet 
injectors. centrifuge accelerators . electrothermal guns, a Tri tium Proof-of­
Principle experiment. and an ul tra hi gh velocity mass ablation driven 
acce lerator. A new eight-shot pneumatic injector capable of delivering 3.0 mm, 
3.5 mm. and 4.0 mm diameter pellets at speeds up to 1500 nv·s into a single 
discharge has been commissioned rece nt ly on the Tokamak Fusio n Test 
Reactor . The so-called Deuterium Pelle t Injector (DP!) is a prototype of a 
Tritium Pellet Injector !TPil scheduled for use on TFTR in 1990. Construction 
of the TPI wil l be preceded by a test of tri t ium pellet fabrica tion and 
acceleration using a 4 mm bore "pipe gun" a ppara tus. A new repeat ing 
pneumatic pellet injector capable of2.7 mm, 4 mm, a nd 6 mm operation is being 
installed on the Joint European Torus to be used in ORNL/JET collaborative 
pellet injection studies. A 1.5 m centrifuge injector is being deve loped for 
application on the Tore Supra experiment in 1988. The new device, which is a 
50% upgrade of the prototype centrifuge used on D-III, features a pellet feed 
mechanism capable of producing variable-size pellets (1.5-3.0 mm diameter) 
optimally shaped to survive acceleration s tresses. Accelerating pellets to 
velocities in ex:cess of 2 km/sis being pursued through two new development 
undertakings. A hydrogen plasma electrothermal gun is operational at 2 km/s 
with 10 mg hydrogen pellets; this facility has recently been equipped with a 
pulsed power supply capable of delivering 1. 7 kJ millisecond pulses to low 
impedance arc loads. A unique ultrahigh velocity concept that utilizes an 
intense electron beam to generate thrust by pa rtially ablating a solid hydrogen 
pellet is also under development. An 0.5 m long prototype launcher operating 
at 30 kV, 30 amperes is scheduled for testing in August 1988. 

1. Introduction 

Pellet injection has produced dramatic improvements in tokamak plasma 
performance in severa l recent and ongoing experiments! , including peration 
at higher densities, improved energy confinemen t, reduced impurity leve ls, and 
profile tai loring for auxiliary heating. Pellet injector development to support 
the needs of present day large tokamaks and future devices is being actively 
pursued a t ORNL. The upcoming fusion experiments will require 2-6 mm 
pellets (hydrogen, de uterium, and tritium), produced at 5-10 per second 
repetition ra tes for periods ranging from several seconds to steady-state, at 
maximum attainable speeds, perhaps in excess of 5-10 km/s. 

*Research sponsored by the Office of Fusion Energy, U. S. Department of 
Energy, under Contract No. DE-AC05-840R21400 with Martin Marietta 
Energy Systems, Inc. 
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2. Repetitive Pelle t Injector Technology at 1-2 km/s Speeds 

Both single-barrel repeating pneumatic2 and multiple-barrel discrete3 shot 
pellet injectors which can deliver 2-6 mm hydrogen and deuterium pellets at 1-
1.6 km;s speeds have been used in pellet injection experiments on the Tokamak 
Fusion Test Reactor. A versatile pellet injection system. consisting r,f three 
single-barrel repeating pneumatic pellet injecto~s mounted in one common 
vacuum enclosure. is presently being installed on the J oint European Torus. 
Individual extruders provide solid hydrogen to each gun ·assembiy: 
reciprocating solenoid-driven breech tubes repetitively cut and chamber 
pellets. The injectors deliver 2.7 mm, 4.0 mm, and 6.0 mm size pellPts at 5 Hz, 
2.5 Hz. and 1 Hz repetition rates, respectively, for periods of several seconds 
duration; velocities up to 1.5 km;s are attainble for de uteri um pellets at 100 bar 
propellant supply pressures (hydrogen). 

A mechanical accelerator which will feature 1.5-3.0 mm pellets at 1-1.5 km/s 
speeds is being developed for use on Tore Supra in 1988. This injector will 
utilize a novel pellet forming technique capable of generating sequences of 
pellets for periods of 10-30 seconds. The pellet generator functions by punching 
pellets from a rim of deuterium frozen onto a continuously t u rnin g 
cryogenically cooled wheel. The pel let punch can be translated radia lly inward 
or outward with respect to the edge of the deuterium rim, thus generatin g 
pellets of the desired size. The pellets are shaped into rounded tetrahedrons or 
"tacos" by the punching mechanism, which is the proper shape to minimize 
acceleration stresses. 

3. High Velocity Pellet Injector Development 

The development of a high velocity pneumatic pellet accelerator, which 
operates with hydrogen plasma propellant, is aimed at the goal of extending 
the performance of present day pneumatic pellet injectors into the 2-5 krn/s 
range4. The prototype accele rator consists of a vortex-stabilized arc discharge 
plasma .15enerator coupled to the breech tube of a "pipe gun" pneumatic pellet 
injector:>. The arc chamber is designed for arc initiation at 1-4 bar pressures, 
and is constructed from high temperature materials (tungsten or tanta lum 
cathodes, graphite anode, :Yiacor insulators). Electrical power is supplied to the 
arc from a 5-stage LC-line1pulse transformer supply which can produce 1 ms 
pulses at 5 kA currents into 0.1 ohm loads. The arc is triggered as hydrogen 
gas is admitted into the arc chamber: the ohmic dissipation increases the rate 
of rise of the gun breech pressure from 30 bar/ms to greater than 100 bar/ms. 
Muzzle ve locities increase from 1.0 km/s to 1.3 km/s for 25 mg deuterium 
pellets, and from 1.3 km Is to 2.0 km/s for 10 mg hydrogen pellets; t hese 
increases represent 5-10% conversion of electrically dissipated energy to 
projectile kinetic energy. Muzzle velocity data for four pairs of shots with and 
without arc initiation are plotted vs the constant base pressure velocity 
calculated from the gun and pellet parameters and the maximum breech 
pressure in Fig. 1. Also shown are data for the repeating pneumatic injector 
adapted from Figs. 3 and 7 of ref. 1, and idealized gun theory performance 
curves for hydrogen gas at 293 K and 2000 K. It is apparant from the 
comparison between these data that the arc heating results in increa sed 
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propellant sound velocities, and therefore in higher sustained pellet base 
pressures over the acceleration interval. 

~ 

~ 

~ 
w 1000 
> 

• RPI tH 2) 
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Fig 1. Electrothermal gun performance. 

An ablation-driven pel let launcher , powered by an intense electron beam, as is 
conceptually shown in Fig. 2, is the effort being pursued at ORNL with the aim 
of attaining pellet velocities in excess of 5-10 km/s. Composite sticks of 
hydrogen propellant with deuterium pellet loads are continuously loaded into a 
guide rail configuration. The rear surface of these pellets is ablated by a 30 A 
beam of 30 kV electrons generated in an e-beam source designed for high 
quality electron optics. External magnets provide a solenoidal magnetic field to 
compress and confine the e-beam. First order modelling of the accleration. 
using the neutral shielding model to calculate the e-beam attenuation in the 
ablatant, coupled to the rocket equation and to power and mass balances at the 
pelletiablatant interface, indicates that ablating 1.6 cm long propellant sticks 
should propel 4 mm de uteri um payloads to 14 km/s. A test of prototype 
accelerator is scheduled for August 1988. .""' . ....., .......... 

Fig 2. e-beam accelerator concept. 
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4. The Tritium Proof-of-Principle (TPOPl Experiment 

The Tritium Proof-of-Principle (TPOPl experimen t is being assembled at ORNL 
for testing with tri ti um at Los Alamos >i'ational Laboratory's Tritium Systems 
Test Assembly later this year . TPOP is a single-shot "pipe gun" injector, 
simila r to the unit presently in use in the high veloci ty development work. 
With the exception of the high pressure propellant va lve stem tip, which is 
Vespel, the gun is a ll metal construction. thus insuring tri ti um compatibili ty. 
The gun and pellet injection line are to be located in a glove box. which also 
house all necessary tritium handling equipment. The system is designed to 
accommodate enough tritium for one day of operation a t TSTA. Helium-3 will 
be cryogenically removed from the t ri ti um to prevent blocking of the 
cryopumping action in the gun by non-condens ible gas during pellet 
fo rmations. During operation, a pellet s ize aliquot of tritium will be metered 
into the barrel and frozen . The gun and glove box system has been designed to 
accommodate several types of fast valves and ve locity booster conce pts. 
T ritiated gas mixtures produced in the system will be removed and processed by 
an external va cuum system which is part of the TSTA facility. 
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RAD[~ rso POWER DURING NEUTRAL BC:-'M l.lJECT ION ON Tr'Tll 

C. E. Bush• , J. Sc~ ivPl l , S .S. Medley , A. T. Ramsey , B.C. SLraLLon , 
H. F. Dylla , B. Grek, R. J . Goldslon, H.W. HendPl , D.~ . Johnson , 
F. H. LaMarche , D.K. MansfiPld, D.C. McCunP , H. Park , G. Taylor, 

M. Ulrickson , and R . ~. Wieland 

Princeton University Plasma Physics Laboratory , PrincPLOn , NJ 085qq USA 

INTRODUCTION 
A vari ety of confinemPnt. and operating rrgimPs are real i zed on the 

TokamaK Fusion TesL ReacLor (TFTR) . This is due to the availability of 
ni gh beam power with bot h co- and counLPr- i nj Pct ion , pellet injection , and 
Lwo diffferent graphite limi ter config urat ions : an inner bumper or bPlt 
limiter and an ouLer movable limitPr , Both ohmic and neutral beam 
injection, NBI , heated plasmas :nay be run on the inner and/or outer 
limiter , and , in the case of the deLached plasma regime [ 1), wi Lhout 
li miter or wall contact . Different confinement regimes are obtained 
depending on whether or not the limiters are pre-conditioned using high 
power helium discharges. Power loss studies determine Lhe impurity 
radiation and energy transport charact.eristics of eac~. regime. 
Uncollimated bolometers provide the t otal of r'ldiaLive l oss Prad • plus 
Lhermal charge exchange (CX) , Pthcx, and it:> t oroidal dlstr i but ion , and 
col limaLed bolometer arrays give radially resolved volume emission data , 
Qrad + thcx · Infrared di'lgnostics are used to determine the power flow to 
the limiter, and a pair of tangentially viewing bolometers are used to 
est imat e power losL via CX of fast ions. Combined bolometric and 
spectroscopic measurements provide a detailed picture of impurity behavior 
and power accounting in TFTR . Results are presented here to show some 
power loss characteristics of several regimes . 

POWER ACCOUNTAB:LITY: OUTER LIMITER OPERATION 
A det.ai led accounting of input power for OH and NB! hPating has been 

done for plasmas r un on the out er li mi ter. The outer limiter is narrow, 
l ess than onP of the 20 TF'TR toroi dal sectors wide , and is suojected t o 
high heat loadi ng ; this results i n surface t emperatures high enough t o be 
measured accur ately using an infrared camera . The results of t he power 
balance for outer limiter operation are plotted in ~ig . 1 . Losses , Pr ad + 

Pthcx • are meas ured using bolometry while Plim is determined frcm infrar ed 
camera measurements . Data s hown are for ohmic , L-Mode NBI , and energP t ic 
i on r egime [2) plasmas . Also included are data for which neon was 
intentionally added to obt a in 100% radiative loss in NBI discharges while 
IR measurements confirmed that Plim was negligible . For the m2jority of 
discharges of Fig . 1 , the total power radiated was < 50% , and with the 
contribution from the uniform bulk plasma often in the r angP of 25-35% . 
Using a Loroidal array of six bolometers collimated narrowly in the 
toroidal direction only , the toroidal distribution [3) of radiated power 
was f ound to be significantly peaked at t he limiter sector during NBI with 
outer limiter operation . A toroi dal asymmetry correction factor of - 1 .15 
is included in the data of Fig . 1. 

*Permanent address : Oak Ri dge Nat i onal Laboratory , Oak Ridge , TN 37830 
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CO-ONLY VS. SUPERSHOTS: INNER LIMITER OPERATION 
A new enhanced confinemPnt or "supershot" regime [4] is being studiPd 

on TFTR using mainly innPr bumper limiler operation . This regime is 
charactPrizPd by energy confinement times up to 3 timPs higher than in L­
Mode and is obtained with high power nearly balanced NBI and extensive 
conditioning and degassing of the inner limiter. Other signatures are 
high ion temperature and neutron source strength , S. For comparison, Fig . 
2 shows Frad and S during the beam pulse of a supershot and a co-NB! only 
plasma , both with PNB - 12 MW . P rad for the two plasmas -is nearly the 
same while S di f f ers by a fac t or of 3. HowevPr , spectroscopy data 
analyzed with MIST code i mpurity modeling indicate that i mpurity behavior 
in the two cases i s somewhat different. The results of thP analysis are 
given in Tabl e I. The pr e-beam pl asma has very low density and the carbon 
concentration of 16% ne_ is responsible for t he high Zeff of 6 . 6 . By the 
end of the beam pulse , ne is significantly higher and Zeff is reduced by 
beam fuPling to - 4 for both co-only and balanced bPam heating . These 
discharges were from near the end of the 1986 run . For earlier supershots 
Zerr was In the range of 2 . 5-3 . 5 . Concentration of Fe and Ni are higher 
by an order of magnitude for the supershots tnan for co-only ; however , t he 
contributions of these metals to Zeff and the total radiated power are 
small . The radiated power fraction decreases with beam power for both co­
only and co + ctr injection, and results showing this trend for the latter 
are plotted in Fig. 3. The fraction decreases from - 70% for the ohmic 
phase to 25-35% for PNB > 10 MW. 

Further impurity radiation and power balance comparisons between the 
co-onl y plasmas and supershots are complicated by two effects of inner 
limiter operation . First, the inner limiter surface area is large and 
results in s urface temperatures which are too low for use in determining 
Plim• and sPcond, plasma interaction wiLh the inner limiter leads to a 
highl y radiating layer of plasma on the inner half peripr.ery of t he minor 
cr oss section . This layer causes a high degree of in-out asymmetr y in t he 
chord integrated vertical array bolometer data [5] for ohmic and NBI 
heating. A 3-0 plot of the chord int egrated data from the vertical array 
for the co-NBI case of Fig . 2 is given in Fig. 4, a nd the eff ect of the 
inner limiter layer is clearly evident. Only the ou';er half of t he 
distribution is representative of the bulk plasma imp ur i ty radi a t ion 
profile . Figure 5 s hows the results of Abel inversion of t he outer half 
profile cat a for four beam power levels for discharges used in Fig . 3 . 
The peaks of the volume emission profiles are shifted to l arger mi nor 
r adii as PNB is increased up to - 10 or 11 MW. Information at radii less 
t han - 15 cm is lost due to the distorting effects of the bright layer 
near the inner limiter. 

FAST ION :..osSES 
At low density , a fraction {- 10-20%) of the fast ions is calculated 

to be lost as fast CX neutrals while t hey are slowing down from initial 
beam energies of 90-100 keV to the final elevated thermal plas~a 

temperature. This fraction decreases during the beam pulse as ne 
increases. The fast CX neutrals have toroidal velocity components large 
enough that they impinge on the walls at angles which do not fall within 
the accept ance angles of the r adially directed TFTR tolometers . The 
arrays are collimat ed both radially and toroidally , and the wide- angle 
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bolometers, though uncollimated radially, are even more narrowly 
collimated in the toroidal direction . Therefore , a pair of tangentially 
viewing bolometers has been installed to study the fast ex-neutral losses ; 
their viewing arrangement is illustrated schematically in Fig . 6. The 
bolometers view in opposite di rections with very nearly the same toroidal 
tangency radius . For simplicity only one co-beamline ls shOwn . Tl'TR 
currently has ~hree co- and one counter-beamlines. Time resolved data for 
the two bolometers are shown in Fi g . 7 for an energe tic-ion regime plasma 
heated by 8 MW of co-only NB! power. In general, both bolomt>ters would 
have equal impurity radiation and equal thermal ex (except for r ot at ion) 
contributio ns to Lheir net s i gnals . However , for co-onl y injection , such 
as for Fig . 7 , fast ion ex losses are detected only by the co-ex 
bolometer; thus, this signal is the larger of the two. In contrast , the 
burst of power a t - 5 . 3 sec , due t o laser blowot'f inject ion of re 
impurity , is tul k plasma radiation and t hus i s about the same size f or 
both bolometers . The data of Fig . 7 , when correlated liit.h plasma 
simulation studies , lead to the conclusion that the fast ion ex loss at -
5. 4 sec . was - 13,; of the total input power . Simulations indicate that 
these losses can be > 30% of the input power for Lhe lowest density 
energet i c ion plasmas. 

This work was supported by U.S . DoE Contract No . DE-Ae02-eHo-3073 . 

[1] Strachan , J . D., et al ., J . Nucl . Mater . 145-147, (1987) 186. 
[2] Murakami , M., et~Plasma Phys. eontr-:-FiiSIOn 28, (19g6) 17 . 
[3] Bush , C. E., et~Rev. Sci. Instrum . 57 , (1986)""°2078 . 
[4] Strachan, J .~ al ., Phys . Rev . Lett-:-58 (1987) 1004 . 
[5] Schivell , J ., and6ush , e . E. , Rev . Sci. Instrum. TI· (1986) 

101~~~~~~~~~~~~~~~~~~~ 

8 
6 Energetic Ion 
o Neon•NB 

i 
•NB 
• OH 

:E 6 
o..u 
+ 

~ 4 
0.. 
+ .,, 
a..~ 2 

IOO'lo Accountobi lily 

2 6 8 10 
P.a•PoH(MW) 

Fig . l Power accountability was very good 
with outer limiter operation. 

~· $: 
~ 
-0 
ctl 

c..- 2 

TIME(sec\ 

.:::- 6 

'u 
Q) 

"' U') 4 

0 
::.. 
Cf) 2 CO-ONLY 

TIME fsecl 

Fig. 2 Comparison of typical 
super and co-only shots. 



334 

O.Sr--~-~-~--~-~---.--~ 

0.6 
I 

• I 

0.2 

• 

Balanctd /riJtctlon 

•• . . -. .. ·~ .... ~ 
00~-~-~-~,---~-~,o':--~,2,---,~.~ 

P10T<MW) 

Fig. 3 Bulk plasma frac t ion radiated 
vs . i npu t power. 

~ 
Ill 40 
Z­WN 
>- E zu 

~i20 
0 
J: 
u 

o I 10 120 
INNER ANGLE INDEX OUTER 
LIMITER LIMITER 

Fig . 4 . I n-Out a symmetry in verti cal 
a rray data for inne r limiter 
operat ion . 

120,-,--.,---y--.,--r-.,----.- .,."'- e_1.,.xo_J_72
0 

100 

ft),... BO 
fi .... 
! 60 

Q 

: 
0 40 

20 

RADIUS (cm) 

Fig . 5 . Volume e mi ssion pro fil e f r om 
Abel i nver s i on of ve r tical 
array data . 

Shot: Ohmic Super co- only 

Pbeam•MW 0.0 12.0 13.1 
ne, IOl9rn-3 0.59 2.6 2.0 

Zeff 6.6 4.0 4. 1 

no/n e .006 .61 .43 

nc/n e .16 .049 .079 

no/ne <.01 .007 .Oi l 

nFe/n e. .00055 .00073 .00007 

nN/ne .00060 .00094 .00006 

Table I. Impuri t y fraction and Ze f f 
f r om Spec t roscopy & MIST . 
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BOLOMETRY STUDI ES IN THE TJ-1 TOKAMAK 

M. A.Ochando , A.P. Navarro , J.Guasp and TJ -1 Group. 

Asociacion EURATOM/ClEMAT 
28040 Mad rid , SPAlN . 

Global energy losses are a mat t er of grea t interes t in plasma 
confinement s tudies , whe r e appreciable disc repancies between t heoretical 
estimations and experimental data arise (1) . Several devices (pyroelectric 
de t ectors , t hermopiles , thin- foil bolometers, etc . ) hav e been t ried i n 
order to optimize the determinat ion of these losses , including time and 
spa tial reso l ution . 

I n the present work, a single movable detec t or (a thin-film Ge 
bolometer) has been used in the TJ-1 tokamak (R0 =. 3 m, ap =.l m) wi t h a 
t wofold obj ective: first, to check t he capability of a single movable 
detector t o determine radial emission profiles and, second, t o measure 
global power losses in t he TJ-I tokamak when operating under different 
conditions . 

The former goal ar i ses from the fu ture t ask of determining energy 
losses in t he flexible heliac TJ-1 1 to be buil t a t CIEMAT (2). Owing t o the 
non-circular plasma shape, a numbe r of detec tor arrays have t o be used to 
dete r mine local power emissivity. Longer and more stable discharges may 
enable a shot to s hot s tudy with single detectors instead of detec tor 
ar rays . 

The later one is derived from the need of knowing the plasma radiation 
profile in t he TJ-1 tokamak and its dependence on plasma parame t ers , e . g., 
toroida l fie l c, plasma current and elect r on de ns ity . Furthermore , an 
interes t ing te st on the collimator s hape coul d be made in this small 
to kamak due t o t he l ow as pec ratio (R/a = 3) in order to choose the mos t 
suitable geometrical a r rangement. This test will be a l so useful t o design 
the collimator s of the TJ - 11 bolometers (R/a = 7) . 

The low aspect ratio of this tokamak fo rced us t o de s ign a toroidal 
limited view collimator. The aperture at the end of the co l l i mator tube 
consists of two welded stainless s teel discs , the outer of which being l mm 
t hi ck with a 2 mm diame te r hole at the center and the inner one being 
3 . 5 mm thick wi th a ver tical s lit 0.1 mm wi de . This geome try allows t o 
observe the who le poloida l section and l imits the toroida l view at t he 
plasma center sect ion to about 1-2 cm when plas ma radii are longer tha n 
5 cm. Fi g .l shows the collimator aperture a nd the pl asma v iews (Vl, V2) 
from the two extreme posit ions of the detec tor (D) . De tec t or displacements 
through the collimator tube enables t o observe poloidal plasma s ec t ions 
with resolutions a t the center ranging from about 3 cm t o full plasma mino r 
radius . 
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FIG . l TOROIDAL LIMITED VIEW COLLIMATOR 

RADIAL SCAN 

A qualitative radiation 
emission profile has been 
determi ned from several repetitive 
discharges in the TJ-I tokamak. 
Due to the low bolome ter signal 
levels when operating in the 
typical TJ-I conditions , shown in 
fig . 2, global measurements rather 
than :ime-resolved should be 
performed. 

Using the experimental set up 
illustrated in fig .I, the distance 
of the bolometer foil to the 
plasma center was varied , shot to 
shot, :rom 1. 2 cm to 4. 4 cm at 
steps of l mm. This leads to a set 
of integrated signals at the 
bolometer output plotted in 
fig . Ja . 
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FIG . 2 TJ - I DISCHARGE TRACES 
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By subt racting the signals for two success ive detector positions and 
taking into account t he volume shapes viewed by the detector (fig . l), we 
can obtain the line integrated power emission curve marked as b in fig . 3 . 
Assuming radial symmetry for TJ- I plasma losses we can deduce its radial 
prof i le by the usua l Abel inversion method. Results are presented at fig . 4 . 
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FIG . 3 RADIAL SCAN 
a) I ntegrated measurements 
b) deduced line integrals 

JO 50 70 
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FIG . 4 RADIAL PROFILES 
a) From raw data 
b) From smoothed data 
c) Theor . estimation 

A slightly hollow profile is deduc ed when raw data are used . 
Nevertheless , data fitting smooches , due to the la r ge uncerta inties 
introduced by the low signal levels, the line integral curve and generates 
a flatter profile more in agreement with the theoretical predictions for 
TJ-1 (3) . A triangular shape profile for Te and a parabolic one for ne, 
(Te0 =350 eV, ne0 =3 . 10 19 m-3), were used in these simulations . 

GLOBAL BT , Ip AND ne SCANS . 

The dependence of the plasma energy losses in TJ-1 has been de termined 
when toroidal field, plasma current or electron density are modified. 
Results for global power losses referred to ohmic power a re summarized in 
fig . 5 . 

Fig Sa clea r ly shows a linear dependence of t he plasma power losses on 
the toroidal field . Br ranges from 0 . 8 t o 1. 5 T with constan t Ip and ~e · 

Ip was varied in t he range 25 t o 42 kA, while BT and ne were maintained 
cons tant. Unfortunately, the TJ-I t okamak does not have any curren t 
feedback stabilization system, so. that we had to use t he Ip value at the 
fla t top of the d i scharge (see fig . 2) . Fig . Sb shows the behavi our of power 
losses as a function of the plasma current, from which an IP~ (A - . 5 -.7) 
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dependence can be observed . 
Finally, ne was changed from .5 1019 m-3 to 2.2 1019 m-3, and power 

losses measured for each case , at BT and Ip constants . A linear dependence, 
as it is shown in f ig. Sc, was obtained . 
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FIG . 5 TJ- 1 POWER LOSSES 
a) BT scan b) Ip scan c) ne scan 

SUMMARY 

Measurements in TJ-I tokamak, using a movable Ge bolometer and an 
adequate collimator design, have demonstrated the capability to deduce 
power losses radial profiles using only one detector in a shot to shot 
basis . For TJ- I typical discharges, a s lightly hollow profile i s obtained , 
but higher sensitivi t y i s required to confirm this feature. Global power 
l osses sca~s for the TJ-I operational space give a dependence 
Pr <>< Ip 7 ne Br. 
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Abstract 

Max-Planck-Inst itut fUr Plasmaphysik 
EURATOM Assoc i ation , Garching , FRG 

Pellet refuelled high density divertor discharges in ASDEX which are 
ohmically heated often show a sudden transition from a status of negligible 
or slow impurity accumulation to a fast accumulation at the plasma core . 
From bolometric measurements we estimate t he inward drift velocity of 
medium z impurities and compare the results with theoretical pr edict i ons 
based on t he neoclassical momentum equations for a two ion fluid which 
conta i n i nertia and parallel viscosity . 

I. Theory The theoretical cal culations performed to explain the experi ­
mental observations are based on the neoclassical momentum eqLations f or a 
two ion fluid (i• back ground ions , z= impurities) us i ng a friction term 
derived f r om a shifted Maxwellian distribution only . Compared with earlier 
calculations /3 , 4 , 5/ , poloidal and toroidal rotation of the background 
plasma is taken as t wo free parameters and in the impuri ty momentum balance 
parallel viscosity i n the col lisional and plateau regime as given in Ref. 
161 is taken into account. Parallel electri c field effects are neglected 
cor responding to an ordering in z·milmz<l (i . e . , z ,mz impurity charge and 
mass , mi the bul k ion mass) . In addi t ion to our previous work /7/, the com­
plete inertial term is taken i nto account and i t is shown to give an im­
portant contribution even i n t he case of zero toroidal rotation , where we 
obtai n t he following expression for the impurity transport velocity per ­
pendicular t o one magnetic s urface in a geometry of ci rcular surfaces with 
minor radius p : <Vz , p> • fisTE2/(ZeBp) 
(T•Te=Ti=Tz being the temperature, B the toroidal field z · e the ionic 
charge , E=p/R, R the major radius) . The radial flux depends onl y on the 
quantitiy fis which describes the up and down asymmetry in a Four ier 
expansion n2 =ni0 >(1+Eficcose + Efissine). 
The quantity fis itself depends very sensitively on the r adial electri c 
fi eld, i . e . in the case of zer o toroidal rotation considered here from t he 
~oloidal r ot ation of t he background plasma . 

University of Stuttgart ; 2 Ioffe Institute ; 3 University of Heidelberg ; 
4 University of Washington, Seattle , USA ; 5 N. R.C.N . S. "Democritos" , 
Athens, Greece ; 6 Inst . for Nuclear Research , Swierk , Poland; 
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Fig . 1 shows results for neocl assical inward drifts calculated with the 
parameters of two typical pellet discharges in ASDEX under the assumption 
o f zero order impurity pressure gradient pi0 >• to be far away from 
accumulation equilibrium. 

(pi ' /ni >> piOl 1 /z ·niO l . 

In opposite to the work of Rutherford /3/ w~i~h has neglected the effect of 
inertia a~d therefore has to be modified completely , the inpurity transport 
depends beside the parameter n of collisionality defined as fn our pre­
vious JET repor t /8/ also on the parameter A2=V2 ~Ol;(~c ) 2, 

(0) z , 0 q z,s 
where V z,0 is the zero order impurity rotation velocity, Cz , s the impurity 
sound velocity and q the safety factor. 
We have always from radial momentum balance 

vi?J = vJ?J - 1/eB (Pi ' /ni - p~Ol•/zn~O)) , 

where vf?J is the bulk plasma poloidal rotation velocity. The inward drift 
has a maximum f or viOJ=o, when the radial electric field Ep vanishes and 
is much sm3ller when' the background plasma i s at rest cvf?J=O), the case 
which fits best t o experiment . In thi s case theory even predicts a fl ow re­
versal for heavy i mpurities when A2 ~2 an effect caused by the coef ficient 
of parallel viscosity and leading to an interesting possibility to prove 
the neoclassical theory . 

II. Experimental observations A transition to a phase of fast accumulation 
is observed a) if one or more pellets are missing during the injection of a 
pellet ser ies , b) after pel l et injection if no density limi t disruption 
occurs and c) in discharges with the central radiation power density 
Prad(O) conparable to the local ohmic heating power p0(0) . This is 
observed in carbonized discharges but mainly in non-carbonized plasmas with 
an intrinsic higher content of iron /1/. A kind of self- triggering of 
accumulation occurs if the q on axis rises to values considerably above one 
due to high central radiation power density . 
Aft er the transition into the fast accumulating state the radiation power 
profiles always strongly peak i n a narrow zone r Sr0 around the magnetic 
axis (r0 S15cm) . Little change in density and temper ature profiles is ob­
served during the transition period . No substantial vari ation of the radial 
inward drift velocity of impurities is thus expected from the neoclassical 
theory (see above) . The postulation of a rapid decrease of t he effect ive 
diffusion coefficient of impurities inside rSr0 and no change of t heir 
inward drift velocity can explain the transition from a slow into a fast 
accumulaticn. 
Sawtooth inversion radii rinv simi l ar to r 0 were found in soft X-ray 
measurements . The onset of fast accumulation in cases a) and b) i nside a 
zone of minor radius r 0 =rinv only occurs if no pellets and no sawteeth are 
pr esent. I n case c) the transition occurs during repetitive pellet injec­
tion in a phase with continuous flattening of the Te-profile , thus rising q 
on the plasma axis q(O). One can speculate that pel lets sti ll trigger saw­
t eeth with q(O) j ust above one in case a ) and b ) by locall y distur bing the 
ne- and Te- prof ile. A further rise of q(O) owing to increasing 
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Prad(O)/pn(O) suppresses the sawtooth activity during pellet injection . 
A simple analytical model is deri ved in or der to estimate the accumulation 
of impurities on the plasma axis . The l i nearised transport equation for 
impurities with charge Z in cylindrical approximation is 

a2n2 dD2 iln
2 

Cln
2 

dVDZ 
-D (r) · r · - -(D (r)+r- ) - +V (r)- r-+(V ( r )+--"-" · r) 

z Clr2 z dr Clr DZ Clr DZ dr 

an z 
nz=-r-

at 

with nz(r , t)•dens i ty , vz(r) = i nward dri f t veloci ty (neoclassical) and 
Dz(r)=effective diffusion coef fici ent of impur it ies Z. 
We define Dz(r) as 
t<O Dz(r)•Di ~ (rsr0 ) Dz(r) =D0 (r0 <r<a ) (r0 • 15 cm, a• plasma minor 
t<:O Dz(r)•Da i/ r adi us • 40 cm ) 

(1) 

Expansion of vz( r ) near the axi s yiel ds Vz• VDl ·r (vo1<0) . Fast impurity 
accumulation starts at t=O and no satur ati on of nz(O, t ) is experimentally 
observed unti l a density l i mit disruption occurs . For a time i nterval 
OStStA (tA is estimated below) we define t he vel ocity for out ward 
diffusi0n at r=r0 dnz(r ,0) 

VoIF = · Dz(r)lnz(r ,O)/r•ro (2) 
dr 

A time tA is defined at which the i ncrease of VDIF at r•r0 is 
6VDIF • VDrF<ro , tA)-VorF<ro ,o> = 0 . 3 · Vz<ro> 
and an experimentally detectable decr ease of the time constant , is 
expected . Equation 1 is simplified to 
* dn2 d\~ iln2 

V (r)"r- + (v*+- · r)n (r t) = - r - (3) 
i: dr z dr z ' Clt 

v~(r) • Vz(r)+Vo1F(r) ~ vD1 (1-Da/Di) · r = v~ · r . 
Starting from a quasi-stationary impurity dis t ribution nz(r ,0) · n0 ·e xp 
((vD1/2Di )r 2 ) (rSr0 ) at t=O , the distribut ion of impurities z evolves as 

exp(2 /v: 1 (l+ I ) t) ( 4) 

Figure 2 r epresents tAho C. 0 « , 10 =1/(2\Vo \) 1•1/2 t v~l )as an up~er limit of 
t al<- Exper imentally we always f ind tA/1>1 1 (Fig. 3) and thus tAho>l . We 
deduce from Fig . 2 the ratio Da/Di to be always less than 0 . 3. The inward 
drift velocity at r=ro is derived from the experimental < as V2 (r0 )• r 0 /2 · ; 
and should always be smaller than the theoretical value. 

The concentration of iron (the dominating metal in ASDEX /2/) on the plasma 
axis is derived from Prad(O) and ne(O) assuming coronal equilibrium . We 
always find a constant , duri ng accumulat ion and no saturation (Fig . 3) . 
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ASOEX tf 1887l. 
ASOEX if 18716 

£.!a:..l.:.. Neoclassical impurity inward 
drifts calculated for iron in a 
typically ASDEX pellet discharge for 
two different rotation velocities. 
Z(p) from corona equilibrium . 

non- corbon12td 
t.:110m'!. 

/ corbonm~d 
I n1=120 ms 

.:.._~H7t • .i 
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10 

al 
0 0.5 1.0 t:Nc, 

1v,1 . . 

~ The increase ~VDIF of the 
difference outward velocity VorF 
related to the i nward drift veloc­
ity Vz(r0 ) during accumulation. 

~ 
#T75!!4: non carbonized pellet 
discharge in o2 . The domi nat i ng 
metal is iron nz(O)-nFe (O) . 
# 18874 : carbonized pellet dis­
charge . The Te-profile i s cons tan t 
for 1 . 5 sStS2 . 1 s 
(Te(0)-780 eV • 30 eV) . The time 
constant t represents an average 
value for iron and titanium. 

Conclusion The t heoretical l y predicted i nward drift velocity at r = IS cm, 
V = 75 cm/s for #187 16 and Vz = I JO cm/s for # 18874 agree well wi th the 
b~lometrical ly detect ed Vz = 43 cm/s for #18716 and V = 63 cm/s fo r 
# 18874. The exper imen t al values of V are always smal fer than t he 

z theoretical Vz . 
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TOROIOAL ROTATION AND MOMENTLN CONFINEMENT IN DITE 

N C Hawkes and N J Peacock 

Culham Laboratory, Abingdon, Oxfordshire, OX14 3DB 
(Euratom/UKAEA Association) 

INTRODUCTION 
This paper ex t ends previous work (1) on damping of the toroidal 

momentum, induced by tangential injection of H0 beams into the DITE 
tokamak . Particular attention is paid i n this paper to t he quantitative 
relation between the s ize of the magneti c field perturbat i on due to the 
bundle diverto r and the degree of rotation dampi ng . Res ults are reported 
for Co- and Co unter- injec ti on of t he H0 beams. An attempt i s also made 
to construct a spat i al pro f ile of the rotation. A re sidual rotation is 
measured in pure ly ohmi c discharges . As in (1) the toroidal plasma 
vel ocity is measured by the spectral shifts of line radiation from central 
ions such as Fe XIX recorded using a spectrometer with electronic read-out 
(2) . The toroidal momen tum i s then taken t o b_e the product of the 
spectral shifts and the average electron density, ne, with an appropriate 
proportionality constant . 

II RESULTS 
Applying the c1ivertor fields part way through an ohmic discharge 

'brakes' any residual rotation and discloses a sliqht Doppler shift in the 
Fe XIX emission otherwise undetectable with our fixed tangential line of 
sight . This shift which has to be taken into account in the beam 
injection analysis (below), corresponds to a rotat io n speed of 
2. 6 x 104 ms-l, directed against the positive ion plasma current. 
Reversal of the plasma current reverses the direction of rotation, i n 
accordance with results from other tokamaks [ 3) . From the force balance 
equat ion, 

oP-
- _, - V!jl.Ba + B<l> .V9 ene or 

(1 ) 

a r adial electric field of - 3000V.m- l is derived from the res i dual 
rotation with the discharge centre negative , although it is recognised 
(3), that the density and temperature gradient terms can not be ignored. 

Wi th the app l ication of neutral beam injection, rotation speeds up to 
1. 5 x lOSm.s-l are observed, in the direction of beam injection. Rotation 
speeds are seen to depend upon plasma density in such a way that at a. 
given beam power the product of speed and density, ie, moment um, is 
constant. It is further found that momentum scales linearly with injected 
beam power, FIG 1, ie, is proportional to the driving force . The slope of 
ti.e momentum-force line gives a value of !Oms for the momentum confi nement 
time in steady state whereas measurements of the rise and fa l l times of 
momentum, taking into account the varying pl asma density, yield values of 
35 and 20ms respectively . Uncertai nty i n t he conversion from central 
rotation speed to global moment um due to a lack of deta il ed knowledge of 
the velocity profiles has led us to i nvest i gate detai l s of V (r) . 
Measurements of t he spectral shi fts of a number of ions besides Fi XI X 
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allow us t o estimate the shape of t he velocity profil e , FIG 2. With a 
s ingl e tangential viewing chord , no deconvolution analysis has been made 
to all ow for the variation of t he toroida l velocity al ong the major r adi us 
(con stant angular rotation). The shape of the profil e is also criti call y 
dependent on the radi al position of Si XII which has bee~ est imated us i ng 
a di ffusi ve transport model. Neverthe l ess, within a factor of two, the 
den s i t y n e ( r ) and V ( r ) pro f i l e s a r ~ s i mi l a r and our method for 
cal culating the global i 1asma momentum, a ne Vt!>(o), seems justified. : 

Because we l ack da ta on the momentum ~rotil es on a routine basis we 
place most confidence on the measurements of momentum decay times . These, 
however, show a signifi cant amount of shot t o shot variation, although 
exhibiting the same trends as the steady state momentum confinement time . 
Thus in the analysi s of t hi s work we use the steady state momentum 
confinement times mul t ip l ied by a fac t or of two to agree with the momentum 
decay tirnes. The rise times of momentum show a still larger shot to shot 
variation and are therefore not used in the analysis . 

The momentum confinement time , 't , at 20ms i s much shorter than 
neocl ass i cal ( 4) which predicts values around 40s for OITE paramet ers. In 
con_strast· and in ag reement with· our results, the gyr ovi scosi.ty t heory of 
(5) gives 22ms for the same par ameters , and with Z =Zeff= 2. 5. 

II I RIPPLE DAMPING 
Data sets of di sc harges were made for divertor current s of 0, 5, 10 

and 18kA whi eh is the full di vertor operat ing curren t. A number of 
discharges are run at each divertor current wi t h var ious neutra l beam 
powers . A plot of 't versus input fo rce , FI G 3, shows a reduction in 't 
with increasing diver t or current, decreasi ng to - 20% of maximum at full 
divertor current. 

The di vertor is bel i eved to damp t oroidal rotdt ion t hrough its 
perturbinq effect on the main tokamak field . According :o the t heory of 
(6), although not stri ctly applicabl e to t he case of a large , local ised 
perturbation such as the bundl e divertor, thi s damping effect should scale 
nearly as the squa re of the perturbati on, ie, as the square of the 
divertor current in this instance . Equation (52) in ( 6) expresses 
momentum decay time as : 

't-1 1. 02(e .VT)2 (!:.)2 (n 6)2 
vi i r R ( n6) 2 +92 vii 

(2 ) 

tiB B 
where 6 = :.::t., e - 9 ne - 2. 5 x 1Ql9m- 3 and n = 1. The divertor field 

B - B' 
perturbat i o~ at 1 8k~ varies from 100% at the outer maj or r adi us of t he 
plasma , at t he null point to - 5% on axis, and lower on t he inner major 
radius of the pl asma. Since the toroidal extent of this perturbation 
extends only over - 0. 1 of the minor ax i s in DITE, the applicabl e value of 
6 is expected to be small ; of order 1%. Th e denominator in equation (2) 
i s domin ated by 92 with e - 6%, thus 't depends nearly on 62 as stated. 

Before making the compari son with theory we must al l ow for the other 
damping mechan i sms present with the divertor off. Assum'ng there is an 
anomalous momentum diffusity causi ng a maximum momentum confinement t i me 
'tanom with zero diver tor current, we pl ot 't -1 - 't-lanom again s t divertor 
current squared in FIG 4, where the poi nts are measurements and lines are 
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the evaluations of equation (2) assuming effective values of o at full 
divertor currert ranging from 0. 4 to 0. 8%. Reasonable agreement is found 
with o (l 8kA) = 0. 6%. 

IV CONCLUSIONS 
In the analysis of toroidal momentum damping in DITE it appears that 

the local oB perturbation due to divertor can be modelled successfully 
using ripple <I> camping theory [ 6] appropriate to the coll i s ion dominated 
r egime . In undi verted di scharges· the magnitude of the damping is of the 
same order as that pr ed icted by gyroviscisity provided Zeff is used 
exc l usively in the express ion s for the damping constants [ 5] . 

v 

t ~l 
3 
4 
5 
6 
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FIGURE 2: Estip1ated velocity 
pi:ofile from obser vations of different 
impuri ty lines. Fe XIX and XVI have 
been localised by previous spatial 
measur ements, Ne IX and Si XII are 
localised through the use of a 
diffusive transport model. 
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FIGURE 3: Showing the effect on 
.momentum damping of i ncreasing the 
divertor current from 0 to 18kA . 
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Poin t s are experimental values of figure 3 and lines a r e evaluations of 
equation (2) . 
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i':QUILIE:nu;,: ;,;;::i STABILITY OF 'l'Ol(A!.:;;;r 

l'MS..J,\ \'/I TH LI!.iITJ\R Cu:lrL~HTS 

\· .. 1 .. Bt:ln!lhov , !~ .. 11 .. BrevnoY , Yu.Y. Gribov , S . V .. Putvins~cii 

I.V, Kurchatov Im:titute of Ato~1i c Energy, :.io::;cow, USSR 

It is knor/l~ tha t electric current passil"J6 between the top 

and bottom limiters influences plasna eouilibrium in tokamak . 

In par~iculf'r , this effect can be irnporte.nt for a fast compression 

alon3 the ma:or radius. Besides, i t is interestinc; to use these 

limiter currents for the control over the discharge equilibrium 

in to!;aiaak . 

Theoretical and e:l:perimental investii:;at.i.ons of th2 plasrna 

equilibrium and stability with limiter curre21ts are described. 

It is shown that in the case with t oroidal axisymmetric limiters 

an addi tiona: f orce j = - fct /Js 'Zd appears. Henc~ , the limiter 

currents inf2.uence both the pl asma equi'li brium and the plasma 

Wit~ the rA11 ~m~~ers new effects arise dcpccdir: c~ ~~= 

voltar;e pola:-ity between the top and bottom limiters . For a 

certain voltaGe pola r ity and sufficient value of the limiter 

current the discharge loses its stability in t he vertical di-

rection. This instability appears in the T- 13 tokarnak as short 

pulses of the limiter currents <} ~ 3KA ) , without any effect 

on plasma parameters. In case of the opposite volt~e polarity , 

the discharge is stabilized in the vertical direction , but the 

lirni t e r curr<mts }~ 60A result in dis ruption. Pass i. ble explana­

tions of the observed phenomena a r e discussed . 
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BIIB"'GY COi~IHZJ.llii'IT IN T-1 3 TOJW.IAIC 

A. V .Ab1'or.iov, V. I.Bclashov, A. V . Bortnikov, 

H . ll . D~evnov, S. N. Gere.sinov 

I. V . Kurchatov Institute of Atomic Energy, I.lcscow, USSH 

At the tokamak T-1 3 has been studie d the energy confinement of the 

electron component for Oh::ric heating regime . Discharge parameters: 

plasma current Jp = 6 ••• 30 kA, < ne) = 3 .1 012 ••• 2. ;01Jcm-3, 

<.Te'> = 75 • •• 11 0 eV, qa~2.9 ••• 1.6, o = 7 • •• 7,5 cm, R = 40 ••• 76 cm, 

BT = 0 . 45 • • • 1T. All results of experiments correspond to linear 

dependence of L.; from < ne) • Three type of regimes 1·Ji th different 

character of the energy confinement 1·1erc f ound out. '.:'he disci:J.a:cge 

current value is the p::i.ro.."'.le t e r th:'\t defines the t ype of regi me . 

The dependence of ;cc ~ 'L~/<h"I' • t ( :1i') , when magni tudcs of q, a 

and R axe fixed, has maximwn at J = 8 ••• 12 kA . I :i' J ~ 6 kA elld 
~ p " p 

Jp)::. 17 kA value of ·cE. 2 - J time less than I:~ ma.x" '.i'he dependen-

ce of ';:'E from plasma discharge pc.rameters o ides with aJ.ca -
· - - . -10 ') 1 '" 

i.u.1.· ""tu..1..1.11~ ~ 'l'-,. ' 1\) .. na-q " - ) . if Jp -:::::: 6 kA and Il!TOR sca:t -

ling equation supplementary muJ. typliE'd at "q" ( ·t.e = 1,; ~ 0 19 < -:" 
a~q) for Jp ":?- 17 kA. 

"' In these both cases "t~ is independent from R. 

:r:'Ol' cu:.:h:ffc d.i.sc.:harge ra:-1gc Jp = 8 ••• 1 2 kA, vie obse;.>vc maximum 

value wi1ich chani;eo with major radj_us as r:2 • Low l evel r.;GD C'.c t :L vj_ ty 

is typi cal for t his regime and experimental results me.y be des ­

cribed by T-13 scoiling : 'l- = 1019 < n "> n 2q 1 ,3n,.- 0 ,3J 
c J. 

[ c , c:n- 3 , cm, G 1 , nhic.:h if in satisfied dimennio::cl analysi s 
r.- ~ 4 r.. n r. n. ~ ,,,~e-~-:-..l i · ..... c, -
L E :;,~ · < <. • • 

dimensi onless line density lr - electron thermal vcloci ty . 
\ Tl-
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CONFINEME.'IT STUDIES OF NEUTRAL-BEAM-HEATED CURRENTLESS PLASMAS 
IN HELIOTRON E 

Y.Takeiri , F.Sano, O.M otojima , M.Sato, S. Sudo , T.Mutoh , K.Akaishi , 
M.Nakasuga, K.Kondo, K.Hanatani, H.Zushi, H.Kaneko, T.Mizuuchi, H.Okada , 
N.Noda , R.Takahashi, M.Murakami* , H.C .Howe* , A.Iiyoshi , and K.Uo 

Plasma Physics Laboratory, Kyoto University, Uji , Japan 
*Oak Ridge National Laboratory, Oak Ridge , Tennessee , U.S.A. 

ABSTRACT 
The effects of t he wall carbonization on plasma confinement a re 

described for NBI currentle ss plasm as in Heliotron E. The wall 
carbonizati on ( in-situ carbon coating) has been applied to s uppress the 
radiative loss of high Z impurities . As a result , t he intensity of iron 
emissions was reduced by more than an order of magnitude. Afte r 
carbonization, quasi- steady plasmas with the volume-averaged beta value of 
about 2 % were maintained , and the gr oss energy confinement ti me became 
longer than that before carbonization. The improvement of the confinement 
time with carbonization is discussed. 

I. Introduction 
Heliotr on E is a helical system characterized by a large rotationa l 

transform , a deep helical field ripple and a st rong magnetic shear [1). In 
the r ecent experiments of high-power plasma heating, the central-chord ion 
temperature (f~om neutral particle analysis) of more than 1.2 ke V was 
ac hieve d with NBI (at ne~2.5x10 1 3cm -J) and 1.6 keV with ICRF (at 
ne-0.6x1013cm - J) , and the central electro~ temperature (frcm Thomson 
scattering) of ' .4 keV with ECH (at f1e~0. 5x10 3cm-J) was also obt ained [2) . 
The NBI system consists of three nearly perpendicular (28° , 11° and o0 ) 

beam lines with the total injection power of S4 MW at the energy of 23- 30 
keV. The hydrogen neutral beams are injected into the target plas ma 
initiated by ECH (53.2 GHz). Last year the wall carbonization was found to 
be effective i n reducing an iron impurity, and , as a result, a high density 
and high ? pl asma wa s maintained in quasi-s teady state. In this paper , 
the effects of the wall carbonization on MHD feature of high p plasmas and 
gross ener gy confinement time are discussed. 

II. Carbonization and High ~ Experiment 
The wall c~rbonization technique was applied in Hel iotron E in order 

to suppress a r~diation loss due to hi gh Z impurit i es such as iron. The 
torus wall was carbonized with DC gl ow dischar ge with methane/hydrog~n gas 
mixture a t room t emperature . The carbon coating rate was around 200 A/hour 
and the film thickness was 300-500 A. Titanium gettering was also performed 
after carbonization. Figure 1 shows typical time behaviour of ne(line­
averaged e lectron density) , Pb01 (bolom eter power) and i ntensity of FeXVI 
and FeIX in NBI heated plasmas at Bh=0.94T before and after carbonization. 
The electro n temperature and density profile s before and after 
carbonization are also s ho wn in the figure . After carbonization, t he 
i ntensi t y of iron emissions was reduced by more than an order of magnitude 
in comparison with that before carbonization. The electron temperature and 
de nsity profiles became broader than t hose befor e car bonization. Before 
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carbonization, in high ~ 
plasmas the bolometer power 
and the intensity of iron \ 
emission were gradually 
increased with time and , ~ 
then, in many cases the lz 
plasma was not sustained f or 
a long time. On the other 
hand, after carbonization, 
the gradual increase of the 
bolometer powe r and the 
intensity of i ron emission 
were not observed and , as a 
result, a long -pul se 
operation of a high-density 
plasma became possible and 
the plasma internal ener gy 

TIME (msec) 

SOO 
T. (eV) 

~~ob ___ ___ _ 
u -

~ " 
z 

0 
0 a 

was increased. The s trong 
recycling on the carbonized 
wall due to the hydrogen 
atoms contai ned in the 
carbon film also contributed 

Fig. 1 Typical time beha<iour 

to sustainoent of the high-
densi ty plasma, and the 
achievable density w~! 
incr~ased up to ~=1.8x10 
cm- at Bh=1 . 9 T in 
operation with combination 
of gas and pellet fuelling. The 
recycling coefficient, which was 
estimated from the time- var iation of 
the de nsity , changed from more than 
1.5 to nearly 1 in one shot. The 
total number of the plasma par ticl es 
wa s estimated to be almost the same 
as the number of hydrogen particles 
absorbed in the top surface layer of 
the carbon film . Th us , at present, 
l o w density plasmas cannot be 
obtained due to the desorption of the 
absorbed hydrogen particles i n the 
top surface layer. 

Since t he wall carbonization 
suppressed t he radiative loss of high 
Z impurities that was the dominant 
loss channel for high ~ plasmas 
before carbonization (J] , quasi­
steady plasmas with the volume­
averaged beta value < ~ > of about 2 % 
were maintained at Bh=o.94 T. Figure 
2 shows the correl ation of the cosine 
coil signals wi th t he density-profile 

and the electron tempe~ature 
and density profiles before 
(dotted lines or open circles) 
and after(solid lines or closed 
circles) carbonization. Bp=0.94T. 
The arrows indicate the timings 
when the profiles were measured. 
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Fig .2 Correlation of the 

cosine coil signals with the 
density-profile peaking 
parameter ri (=~(center 
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peaking parameter 11 (=f1e(center cor d)/n;,(peripheral cord)) (4). The cosine 
coil signal is ·Jbserved to be proportional to < ~ >, and ne (r) beco mes more 
peaked a s t?_ increases . The pl as mas after carbonization a r e indicated by 
the hatched region in t he figure . Afte r ca r bonization, broad density 
profiles were easi l y achieved because of the strong recycling on the 
carbonized wall. Therefore , through the "stable pass" (Q pass) [5 ] without 
causing the pre ssure driven instability ( m=1 /n=1), < {? > was increased . 
However , fluctuations which appeared in the r egion of r/a > 0.8 , were 
observed in the enhanced <~ > plasmas. 

III. Conf'inement Scaling Study 
The data analyses are perfor med with the ORNL-developed transport­

analysis code , PROCTR [6 ) together wi th the ?PPL- developed LOCUS database 
sys tem (7) f or scal ing s t 1t;dies . Figure J s how s the scaling of the gross 
ene0gy confinement ti me 't:'E derived from the profile ana l ysis at Bh=1 .9 T. 
TE is defined as zEG = Wp(plasma inter nal energy)/Pheat(plasma heatin~ 
power) . In this figure , the vertical axis indicatecf the experimental 'LE 
and t he horizontal axis ~ndicates the p0edicted 'Z:'§ 6~ith '.1$1~ustment of tne 
coefficcfent of the TE scaling (TE oC Phe t - · ne O. ) in ref. [ 2 l . 
The TE after carbonizati on was improved by iactor of about · .J compared 
with that before carbonization. 

Next we address the question which is r esponsibl e for the impr ovement 
of confinement with carbonization , t he electron or ion confinem ent . 
Generally the electron confineme nt time (defi ned as the ratio of the 
plasma- el ectron internal ener gy to the total el ect ron-loss power i ncluding 
the radiation-loss power) tends to decrease compared with the ion 
confinement time (defined as the ratio of the plasma- ion internal energy to 
t he total ion-loss power) as the heating power of NBI , Phea t' is 
i ncreased. The carbonization is found to suppress t hi s decrease of t he 
el ectron confine ment time. Fi gure 4 shows t he electron-loss ano~aly factor , 
defi ned as the ratio of the total electron l oss (including t he radiation 
loss) to the neo-classical electron loss (including helical ripple 
contribut i on) at r=2a/J , as a function of t he line averaged C.ensi ty , n . 
The bolometer power (used as the r adi ation power in the profile analysis1 , 
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which seems to increase with an increase i~ t;e injection power , was 
observed to decrease aft<>r carbonization. As shown in Fig.I., the 
electron-loss anomaly factor before carbuniz~tion was higher than that 
after carbonization. On the contrary, at r=a /J the electron-loss anomaly 
f'lctor was almost unchanged between befor.i and after carbonization. This 
result ls ~onsidered to cor respond to the broader profile of the electron 
ttJmperature after carbonization, ll.S shown in Fig.1. Therefore , the 
electron in t ernal energy at the plasm a periphdry (r=2a/J) was increased 
with carbonization. As a result, the electr on conf~nement tlme was improved 
and the gross e nergy co nfinement t i me YE became long e r afte r 
carbonization than that before carbonization. ~t the low field (Bh=0.94T) , 
the similar analyses show thtJ r eduction of t he elect ron-loss anomaly f actor 
at the plasma periphery (r=2a/3), although t he operational space was rather 
narrower. The r eduction of the r ad i ation loss with ca r bonization is 
considered t o be respons ible f or t he decrease of t he electron-loss anomaly 
factor (inc luding t he rad ia t i on loss) at the plasma periphery (r=2a/3 ) 
after carb~nization. 

VI. Summacy 
We have described the effect of the wall carbonization on plasma 

confinement in ne utra l - beam heated currentless plasmas. The wall 
carbonization in Heliotron E was effective for improving the gross energy 
confinement time and obtaining high pressure plasmas . As a result , t he 
quasi-steady plasmas with the volume-averaged beta value of about 2 % were 
sustained. However , low density plasmas were not realized at present due t o 
the strong recycling. The profile analysis showed that the improvement of 
the gross energy confinement time with carbonization was ascribed mainly to 
the reduction of the radiation loss. 
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LOW-ASPECT-RATIO T ORSATRON REACTOR 
AND ATF-Il S TUDIES* 

J. F. Lyon, B. A. Carreras, S. L. Pain ter and J. S. Toll iver , Oak Ridge Nation al 
Laboratory ; and I. N. Sviatoslavsky, University of Wisconsin, Madison 

OllNL stud ies of stellarator reactors and of a large next-generation stellarator 
experiment (ATF- ll ) a re focused on low-aspect-ratio e = 2 torsatrons. The most 
developed reactor concepts studied elsewhere have R = 20- 25 m with plasma as pect 
ratio A = R/a 2 12 and coil aspect ratio R / rcc·il = '1.4-6.6. We have studied 
stcllarator reactors one-ha lf lo one-t hi rd this s ize in ord er to extend the opt ions 
available for an attractive reactor. T he renctor cases fo und have R = 8-11 m with 
R/a = 3.9-7.8 and R / rc.,il = 2.5-4.5. The potential atl van tages of a 111orc compact 
reactor arc: smaller size, weight and cost; smaller size of components; belter access 
for fabrication , assembly and maintenance; and h igher power density. The main 
phys ics concerns are electron transport at low collisiona li ty and equilibrium beta 
limits, wh ich can on ly be resolved by experiment. 

The magnet ic configurations were chosen to be similar to that of ATF with a 
magnetic well and t'(O) '°' 0.35 , i: (a) ""' 0.95 because this allows high (/3) and operation 
in the second stability region. The three coil configurations s tudied are shown in 
Fig. 1. The increasing distance between the coils for plasma and maintenance access 
as R /rcoil is decreased is evident in t he figu re. Cases ·1, 2 and 3 lrnvc m (number 
of field periods) = 12, 9 and 6; R / rcoil = 4.49, 3.2'1 and 2.50; R/a = 7.78, 4.66 and 
3.87; a nd ti = Rf /::,. = 9.50, 8.64 and 6.62, respectively, where /::,. is the plas ma edge 
lo coil center distance. 

Configuration Studies. At low aspect ratio, beta limits are expected to be set 
by equ ilibrium limits and frag ility of Oux s urfaces rather than by s tability limits. 
The conventional wisdom indicates a critical beta value f3c ex: A s ince f3c ex: 1:

2 / A 
and /: ex: A. However, our calculations using the stella rator expans ion and constant 
helical pitch show that f3c only varies from 0.15 to 0.21 as 1:

2 /A varies from 0.11 to 
0.5. 

The most important issue relating to the equilibriu m beta limit at low A is 
the fragility of the magnetic s urfaces. T he method of Cary and Hanson has been 
used to determine t he winding law for the HF coil which gives the largest plasma 
radius for the m = 6 and m = 9 cases. The resu lting winding laws,</>= (l/ m)(O -
a si nO) + L, fin s in(nO) where the modulation a is t he dominant term (a ~ 1/ 2) , 
have approximately constant pitch in a toroidal coordinate system . Combining an 
ou tward shift of the magnetic axis with the HF coil optimization for the m = 6 
case leads to configurations ranging from A = 3.4 for 1:0 = 0.88 and a = 0.795 to 
A = 3.7 for c

0 
= 0.94 and a = 0.446. A s imi la r optimization has been performed 

by distribu ti ng currents in a po loidal field coil set. The effect of shaping the cross 
section of the torus on wh ich t he HF coils are wound has a lso been studied and is 
found to be s imi lar to t hat caused by changing the HF coi l winding law. 

Equi librium beta limit calculations have been performed using t he stellarator ex­
pansion method and the more accuraf,I' 3-D VMEC and NEAR codes for them = 6 
con figu ration . The stellarator expansion calculations assumi ng flux conserva t ion give 
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equil ibrium beta limits (fJ) ""' 5- 7%, depend ing on the pressu re profi le. The 3-D 
calculations with approximate flux conservation ind icate a. higher equi librium beta. 
limit, (fJ ) ""' 10%, based on the increase of the toroidal shift with bet a. 

Transport Studies. A major concern for low A torsa.trons is t he sea.ling of electron 

transport losses in the l / v regime where x. oc £~/ 24 oc 1/ 11 2 . WHIST 1-D transport 
code ca.lcula.tions have been performed for the m = 6, 9, and 12 cases for a. variety 
of assum ptions to study these losses and t heir sensiti vity to various parameters. 
The transport calculations assume the electric-field-dependent neoclassical model 
for ripple-ind uced losses form ulated by Sha ing for ions and e lectrons, the Hinton­
Ha.zeltine value for axisymmetric neoclassical transport multipl ied by two for ions 
and twenty for e lectrons, and twice the neo-Alcator anomalous transport value for 
electrons. Fixed radial profiles for the plasma density and electric field a.re assumed 
because of the large uncertainties in particle transpor t and in the self-consistent radial 
electric field. 

Figure 2 shows the results for an rn = 9 case where contou rs of constant aux­
iliary power input, fusion power produced, and volume-averaged beta a.re plotted 
in a. (n) - (T ) plane. Here (n) is the volu me-averaged electron density and (T) is 
the dens ity- averaged mean plasma temperatu re. This reference case assumes: D-T 
plasma, R = 10.25 m, ii = 2.2 m, B = 5 T, Gaussian external power deposition 
profi le e - C•/ b)' with b = a / 2 an d a. fraction / i = 0.7 to t he ions, a potential 
profile </> = </>oil - (r/ a)Pj with p = 2 and </>o = 2 1~(0), and density p rofiles 
n oc [1 - f(r/ a)2 jq with f = 0.9 and q = 2. The light lines indicaie a uxiliary heat­
ing powers ranging from 200 MW to 0 (the heavy ignition line), the dark lines indicate 
the thermal ru naway contour (to the right of which BP / BT < 0) and the 4000 MW 
fusion power (1200 MW electric power) contour , and the dashed lines indicate con­
tours of constant (fJ). A path to a 4 GW operating point a.t (n ,) = 2 x 10 14 cm- 3 

requir ing "°" 30 MW auxilia ry heating is indicated by t he dotted curve. At the oper­
ating point s hown , 1';(0) = 10.4 keV, T, (O) = 11.1 keV, (T ) = 9.4 keV, (fJ) = 6.3%, 
and nr = 3 x 10 14 cm- 3 s. Compared to the reference R = 10.25-m m = 9 case, 
the R = 8.01-m m = 6 case requ ires about the same power for ignition but achieves 
it at a higher value of temperature and beta, whereas the R = 11 .02-m m = 12 
case requ ires about ha.If the power to reach ignition but again at a higher value of 
tempera ture and beta. 

Sensitivit ies to the parameters R, ii, B, b, f,, </>o/T, (0), p, f and q have been stud­
ied in detail fo r t hem = 9 case. For the base case ign it ion occurs at (T ) = 10.1 keV 
fo r (n} = 1014 cm- 3 and (T ) = 7.1 keV for (n) = 2 x 10 14 cm- 3 • Ignition does not 
occur , or on ly a t h igher densities with large auxiliary heat ing powers, if the potential 
if zero or the density profi le is broad (q ;S 3/ 2). Less margin for ignition occu rs if 
the fie ld is reduced (B = 3.5 T ), the edge density is increased (! = 0.8), </> is linear 
in r (p = 1}, or a ll the aux iliary power goes to the electrons (!; = 0). T he igni­
tion margi n is increased if the density profile is more peaked , t he field is increased 
(B = 7 T), the potential is increased (</>0 / T, (O) = 5) or is broader (p = 4), the edge 
density is red uced (! = 0.95), or the reactor is larger (by 25%). There is little effect 
if t he auxiliary heating profile shape changes (b = ii or ii. / 4) or al l the power goes to 
t.he ions (!; = I). 



355 

Engineering Feasibi li ty Studies. The minimum size form = 6, 9, and 12 reactors 
is d etermined by constrain ts on plasma-wall separation , coil sh ielding req uirement 
and material, dewar and coi l case thickness, and current density and e longation for 
thehelical fie ld coils. The largest reduction in reactor size results from two measures 
under the inboard (small R) portion of the helical fie ld coils: the use of tungsten 
rather than stainless steel for coil s hielding and the elimination of the trit ium breeding 
blanket at these locations . The mi nimum s ize is given by R = 0.25o2 IE + {E2 + 
4x/0) 1f 2 12 where E = l7rB0 /2µ 0 mj(wc,,;1 / dcoi1)1'/2 and x is t he constant plasma edge 
to coil edge distance, most or which is due to coil shielding. Assumi ng 8 0 = 5 T, 
Wcoil / dcoil = 2, j = 5 kA / cm2 and x = 0 .92 m (2% cooling power fo r coils, 3 x 
1010 rads/ 30 years, and 8 year coil anneal) gives R = 11 .02 m, 10.25 m and 8.01 m, 
wi th a= 1.42 m, 2.20 m and 2.07 m, fo r the three cases . Increasing t he coil shieldin g 
by a factor of 10 only adds 0.98 m to R for the m = 9 case. Decreasing j to 3.5 kA /cm 2 

only adds 0.52 m to R for this case. 
An engineering analysis gives the fol lowing parameters: neutron wall loading of 

3.40 MW / m 2
, 2.42 MW / m2 and 2.85 M "IV / m 2

; reactor core mass of 8,444 tonnes, 
10,683 tonnes and 9,160 tonnes; net electrical output (ass um ing 36% electrical ef­
ficiency and 1.58 blanket energy multiplication factor) of 5.90 GW, 5.85 G W and 
5.86 GW; and a mass utilization factor (kWc1.c1./ton ne) of 251 , 197 and 230, res pec­
tive ly, for th i> m = 12, 9 and 6 cases for •I G W fusion power. This st.udy indicates 
that all three cases look attractive as reactors and that there is margin to relax some 
of the constraints. 

Figure 3 s hows a sketch of a reactor cross section for the inl.ermediate (m = 9) 
case with R = 10.25 m. As presently envisaged the reactor would be contai ned in 
an evacuated toroidal enclosure which has fixed vert ical walls and rot.alable lids with 
hatches. The HF coils, shield , blanket. , etc. are supported on th e massive fixed 
cylindrical vertical s ides. The coi ls are supported at the out.er midplane perimeters 
by co ld/warm struts which are flexible enough to make allowance for expansion and 
contraction. Service lines a ll penetrate t he vacuum chamber lhrough t.l:e side walls 
and are recessed out of the way for vertical extraction of blanket modi:les. During 
maintenance periods, th e li ds are unsealed and rotated about t he reactor ax is s uch 
that the access hatch indexes over the area to be maintained. To remove a blanket 
segment, vertical motion has to be accompanied by rotation in order to extract the 
segment from between the coi ls . 

ATF-11 Studies. There are many more options available for an ATl"-11 ( H vs 
D vs D-T operation , copper vs su perconducti11g coi Is, pu Js.,d vs stC'ady-state opera­
tion , physics goals , etc.) than for a rearlor. D-T versions of an ATF-11 have been 
studied using the W HIST transport cod<' and s how similar rPs ults to that. for the 
larger (reactor) cases. For example, a coppr.r-coi l rn -= 9 IJ-T burner wit h R = 4 m 
and B = 5 T requires ::e ID Mv\/ of auxiliary heating powN to reach ignition at 
(T}::::: 20 keV whcrl' ::e LOO MW of fusion power is produced at (11.) = 5 x 10 13 cm- 3 . 

# Rese;i rch sponsored by I he Office o f F11~ion Energy, U.S. Ocpart111c11L of E11crgy1 under ('out.r ad No. 

DF'rAC'05-~40R21'100 willi Mortin Morictto Energy Syslc111", Inc. 
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STAT US OF THE ATF TOltSATR ON P ROGRAM 

.J. F. Lyon, B. A. Carreras, T . C . Jernigan , R. L. Johnson, !VI. Murakami and 

G. H. Neilson representing the ATI" design, const ruction , and operating groups. 

Oak Ridge National Laboratory 

The ATF Lorsatron ( l ) will be the world's largest stellarator when it starts 

operation in the Fall of 1987 and the first larg<' devir.<' of' this type in the U.S. since 

the Model C Stella.rator shut down in l!JG9. A sket<:h of ATF is shown in Fig. 1. 

The ATF device and plasma parameters arc: ll 2.1 111 , rc~ol -= 0.46 m, a = 0.3 m 

(R/ a = 7) , VP 1 = 3.7 m3 , and B 0 = 2 T for a 5-s pulse and I T steady stale. ATF 

has 10 m2 of port area, inclurling twelve 0.6 z 0.9 111 ports, for healing and diagnostic 

access. The standard magnetic configuration characteristics arc: e = 2, m = 12, 

c(O) = 0.35, c(ii) = 0.95, and 0.7% vacuum magnetic well depth. The helical field 

coil set was optimized to permit di rect access to the second stability region and 

has the potential for stable volume-average (/]) ~ 8%. Th<' two helical fie ld (HF) 

windings and the three poloidal field (PF) coil sds allow study of a large variety of 

stellarator configurations including those with helical and bifurcated magnetic axes. 

Magnetic configura tion parameters can be varied O\'er a. wide range: c(O) from 0 to 

U.5, c(ii) from 0.8 to 1.2, 6.c/'i: from 0.65 to 2, 6.V' /V ' from 5.2% well to~ 20o/.· 

hi ll , and rhelicat/ii from 0 Lo 0.75. 

T he ATF program studies include: sea.ling of beta limits and plasma. behavior 

in the second stability regime; transport scaling at low coll is ionality and the role 

of the ambipolar electric field; control of plasma density and impurities with pump 

limiters / divertors and pellet fueling; plasma heating with NB!, ECH and ICH, 

magnetic configuration optimization; and long-pulse to steady-state operation. High 

power heating is being provided to meet these objectives: 3-4.5 MW, 0.3-s, 40-kV 

H° NB!; 0.4- MW cw ECJ-1 al. 53.2 GHz; and 2 MW cw ICH at 5-30 MHz. 

ATF performance can be estimated from scaling laws derived from Heliotron­

E data by t he LHS design te;un. The LllS scaling laws (2) used a re 

r1E(s) = 0.21n0 (10 14 cm - 3 ) o .GG80 (T)0
·53 P(MWJ - 0 ·53a(m) 2 R(m) and T2E(s) = 

0.17(n, ) 0·69B~·89P-0·58a2R0· 75 . The estimates for B0 = 1.9 T , P = 4 MW and 

high density (Ii,= 2 x 1014 cm - 3 ) are Tg = 3'1-42 ms, nTE = 1-1.3 x 1013 cm-3 s, 

and T0 = 1.7-2.1 keV for parabolic profiles. Higher temperatures are obtained at 

low density (n., = 2 x 10 13 cm- 3 ): T,. - '.l.5-~.7 keV. High ((3) is obtained at high 
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n.(2 x 10 14 cm - 3 ) and low B0 : \/3 ) - 3.i-5.8% for B0 = 1 T and 7.5-14 .9% for 

Bo= 0.5 T. 

The physical mechanisms behind the LHS scaling laws need to be clarified . 

There are uncertainties in t he power deposition for near-perpendicular neutral beam 

injection for fast ion orbit losses and in the size scaling, and the confinement could 

be affected by resistive \Ip-driven turbulence, magnetic braiding due to error fields, 

low-m, n MHD activity, impurities, and electric fie lds. These mechanisms may 

be different in ATF: ATF has tangential NOi and la rger a wi th larger plasma­

wall sep aration; t heory predicts that the beta self-stabilization mechanism in ATF 

should stabilize low-m, n MHD activity and reduce resistive \7 p-driven t urbulence 

so that confinement may improve with increasing {J; and control of impu rities and 

e lectric fie lds may differ in ATF. WH IST 1-D transport code calcu lat ions have also 

been d one using the Shaing neoclassical electric-field-dependent ripple transport 

model for ions and electrons, Hinton- Hazeltine axisymmetric neoclassical transport 

(with multipliers of 2 and 20 for the ions and e lectrons, respectively), and a Neo­

Alcator anomalous Xe· The 1- D transport code results depend sensitively on how 

the density profile and the electric field are determined. The WH IST predictions 

a re generally higher (up to a fac tor of 2-3) than the LHS scaling would ind icate for 

both fixed density and potent ial profi les or profi les determined by the ambipolarit1 

condition . 

The two helical field coils shown in Fig. l each consist of 12 iden t ical segments 

(J 80° in poloidal extent) connected by bolted joints and supported independently 

of t he vacuum vessel. This a llows parallel fabrica t ion and testi ng of t he ATF com­

ponents: the HF segments, the PF coils, the struc tu ral shell segments, a ll of which 

were s uccess fully manufactured to the required high accuracy (- 0.1%), and t he less 

cr itical, he lically con toured, thin (6 mm) vac uu m vessel, which had some problems. 

Anomalous shrinkage in the - I km length of welds connecting the ::: 1200 shaped 

pieces composing the vacuum vessel led to too small a major rad ius a nd a long 

repair process , now successfully completed. Completion of the ATF construction 

is expected in J uly 1987 and fi rst plasma operation at l T with 0.2 MW ECll in 

September 1987. 

A tentative program plan fo r the first two years is shown in Fig. 2. The Phase I 

operating periods (I- A and 1-B) are aimed at commissioning the facili ty and es tab­

lish ing the basic capabilities needed for the main program. The fi rst experi menta l 

plasma will be produced with ECH at the second harmonic (Bo = 0.95 T) . A brief 

1 a rget plasma phase (1- A) has been plnn nrrl : " permit a preliminary characterizati .. :1 
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of the ECH plasmas. Between Phases I-A and 1-B, many of the basic confinement 

diagnostics will be installed, and magnetic surface mapping studies will be carried 

out in order to verify the accuracy of the ATF magnetic configurat ion. Neutral 

beam heating will be initiated in Phase 1-B. Two tangential beam systems, one co­

and one counter-, will be commissioned in this period. Physics objectives include 

initial assessments of global confinement properties with high-power heating and 

of currents and momenta. resulting from balanced and unbalanced tangential in­

jection. With the machine , heating, diagnostic , and analysis capabilities in place, 

more detailed studies will begin in Phase ll, starting in early 1988. 

*Research sponsored by Lhe Office of Fusion Energy, U.S. DeparLment of Energy, under Contract 

No. DE-AC05-8401l21'100 with Martin MarietLa Energy Syst ems, Inc. 
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A UNIF LW THEORY OF RIPPLE TRANSPORT IN ST l·: LLARATURS, AND 
A SELF-CONSISTENT CALCULATION OF STELLARATOR TRAN SPORT . 

w. N. G. Hitchon, C. D. Beidler, w. D. D'Haeseleer and J . L . Shohet 

To r s11 t r an I Ste L la ra t or Laboratory 
University of Wisconsin-Madison 
Madison, Wi sconsin 53706 U.S.A . 

r. Ripple Tra nsport 

An expres sion fo r the transport due Lv particles t r applng nnd cletrap­

ping in the stellarator fi eld 

which i s valid fo r all l ow collision freque ncies 
tot ic limit) has been obta ined by power ser i es 
averaged ki netic equation 

(not just in some rt ~ym p­

solut ion of th1~ hounce-

a f aFM 
-nE as + " d sine ar 

_ v _ _ ___ _ a_ A(k2) ~ 
2Eh A' (k

2
) ak

2 
ak

2 
(I) 

for f, the perturbe d portion of the dlstribut 1.on funct i on . ln the above 
equa tions, Et(Eh) i s the magnitude of the t o roidal (helical) 1~1gne~lc 

f ie ld ripple, .n": is the poloida l precessional frequency due to the E x B 

dri f t, vd is the \IB d ri ft velocity , v Ls the nlne t y-degre e defle c ti o n fr e ­

quency and k2 is a particle 's pi tch-angle variable defi ned by 

K/ µB - 1 - E case + eh 
k2 = 0 t (2) 

2 £h 

wi t h K t he kinetic energy of the pa r ti.cle and µ it s magnetl c moment . Par­
ti c les trapped in loca l helical ripple wells satisfy 0 < k2 < I. The ex­
pressions A(k2) and A'(k2) r epr esen t functions of complete e llipti c inte­
g rals whi c h have k 2 as their a r gument. l n particular A(k

2
) = 

E(k)-(l-k2) K(k) and A'(k2) = dA/dk2 , where K(E) is the complete elltptic 

integral of the first (second) kind . 

The me thod of solution fo r the kinetlc equation begins hy assuming 
that the per t urbed po r tion of the distributlon function may be wrlt t en 

aFM 2 2 
f = (a;:-) (X(k ) case + Y(k ) s ine) • (3) 

Given this assumption, th e kinetlc e qua tlon separates into a pair oE cou­
pled, partial differential e quatio ns. lt ls fur the r assumed that X and Y 
may be e xpanded as power serles l n k2 , X = y~ X (k

2
)n a nd 

Y = l~=O Yn(k 2 ) 0 a nd that A(k2)/A'(k2 ) ~ k2 . The sotGt~on11 i s given by 

X(k2) X
0

h - Y0 g - vd/nE (4) 
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where 

h I (-1)" [ k
2 

n l J 2 (-;-) nnTT 
n=O v 

k2 
l (-1 )n ((k

2
)n I )2 g A ..-- nn+ITT 

v n=O v 
(5) 

wlth v _ v/2£hnE . 

To complete the solution , ho1111d:iry conditions at k2 = I (the In ter­
face between locally trapped particl es and those particles which ;ire no t 
ripple trap ped) must be a pplied to obtaz1n X

0 
and Y

0
• To do so, one passes 

to §he c~ll ~sionless limit, where af/ak (k2 = 1+) may he wri t ten (-af/ae) 
(ak /ae) Thi s expression i s then evaluated at e = " s ince particles 
detrapplng on the ou tside of the device r et r a p almost immed iate l y , due t o 
the very short length of their t o roida lly blocked orbits, and he nce ;ire 
the mos t co llt slonless . This, as well :is symmetry conslrle rations, re­
quires that Y(k2 = I) = O. Calc11la tfng af/ak2(k2 = L- , e = lT) :111d re~ ui r­
ing con t inu i ty of the derivative o f f at t his po int yields a second bou n­
dary condition, ax/ak2 (k2 = I) = - 2c X (k2 = J) /E , a llowing one to ob-

h t 
tain X0 and Y0 and there by complete the solution. 

To t est the validity of this solution, pa rticle dif f usio n coeffi­
cients were obtained by the appropri a te numer i ca l Integra tion <Jf f a nd 
compared with res ults ob t ained computa tionall y from (I) a "hybrid" bo un ce­
averaged guiding center Monte-Carlo numerl ca l simulation , and ( 2) a numer­
ical Drtft Kinetic Equation Solver (DKES). These r es ult s are shown i n 
Figure I. Solld lines represent the ripp l e cont ribu t ion as obtained by 
applying the results of the serles solution outlined in this wo r k anrl th e 
purely axisymmetric portion obta ined fr om a n expression of Rosenbluth , 
Hazeltine and Hi nton . The dashed line ls the sum o f the two s olld lines . 
Open ci r cles enclosing plusses ;1nrl o pe n, emp t y c ircles denote Mnnte -C::i r l o 
numer ical points for Er > O and Er < O, r espect ive l y . So l id cl rclP~ de­
no te DKES numerical points (the fo rmirl a t ion of DKES , J ike the fonn11l ;it!.on 
o f the analytic theory, does not diffe r entiate be twee n th e signs of the 
radial electric field) . The inse rt s hows t he rn11gnltude o f n '1long " f i e l d 
line. It l s evident from the f i g ure that the agreeme nt l s excel l e nt be ­
tween the analytic prediction and the nnmedcal data po ints • 

... 
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II. Self Consistent Transpor t 

The goal of this research is the self-co nsistent computatlon of in­
teresting " observables'' s u ch as transport f l uxes, parallel flows, Pfirsch­
Schlute r and bootstrap currents and the ambipola r electric field, Ln the 
l ow collision frequency r e g imes in stella ra tors. We are solving the prob­
lem numerically and utilize ideas employed in a bounce-averaged transpor t 
study done by Mynick and Hitchon, (M/H) and concepts based o n the moment 
formal ism developed by Hlrshman. The moment approach points ou t the 
importance of the " parallel viscous fo r ce de ns ity" (B • V • n> ln that Lt 
is the quantity that gives rise t o the bootstrap cur rent and the so- ea lied 
"axisymmetric flux" . In order to f.i ncl (~ • 'i · :'!>. two i mportant r equire­
me nts must be satisfied : the co llision o perator- must be momentum conserv­
ing and the distribITtion funct ion mus t have the correct variatio n a l o ng a 
field line. The first poi nt necessitates adjustment of the collision 
operator in the M/H code, which uses a Lorentz operator.. For non­
helical ly trapped particles mome ntum balanc lng terms in C must be added . 
This requ ires non-trivial adjus t me nts in the MH code. (The DKES coclc 
developed by Hirshman et a l ., computes the paralle l viscosity only 
approximately, for the same r eason . The error introduced by usi ng onl y a 
Lorentz operator l s of the order of fT ' t he fraction of trapped 
pa rticles . Since fT - ffi and£ - O. l, this migh t not be neg llglhle . 
Both codes , M/H and DKES, find the dlstrlbutio n funct ion l n 
stellarators. Both codes should be considered as c ompl e mentar y lwc<'luse 
eac h makes certain approximatio ns to make the computation numerlca l ly 
trac table.) The i ssue of varl;itl. o n along t he fi eld line of thR <11.strlbu-

t lon function requires in terpretation. The bounce -averaged outpu t f n f 
t he M/H treatment is averaged over the helical ripples , but 111Jt nver the 
"tokamak- l ike " varl at .i o n of the B-fielrl . The e<Ju;itt on s o lve d for t o r o i ­
dally blocked and passing particles Ls t he same a s th'lt i_n ~ tr,k'lm'lk . It 
is impo r tant t o r ecogn ize ho weve r tha t t he bo undary co ndi t l ons are tot'll ly 
diffe r e nt: collisi onal and co llisi onless e n- and detrapplng are p roper ly 
included. There Ls a co ntinuous f l o w in phase space itc r oss the t r~pping 

boundary k2 = (k2 ls the ripple-dep th parameter) . Ile n e<> t hlr; f does 
contain i mpor tant par ts of <B • V • :'!>. if no t all of them (f\lven tlrnt 
C(f) is mome ntum conse rving ). Th e rll~ec t cont ribution to th e vlscoslty of 
the ripple trapped part icles ( and the hel f c<1 l ripple Lndnce d per t•ir batirrn 
on the "tokamak-like" blocked particles) is evide ntly not lnc l nrlerl . [ts 
importance is expec ted to be small , but examinat i on of this i ssue ls 

c alled fo r . 

To find the highe r orde r corr.ec tlons t o <_I!_ • '[]_ ·_,g>, we 11se the 

bounce-averaged to calculate the non-bounce averaged f wh l e h •loc>s in -

elude the mod-B rl pfle ~aria tions along a flelrllln e . We set f • f.+f , 

where f << f s ince f - vd r F~/veff o r v F' /w which Ls the wl.dth of a 
dr M 8 

" superbanana", whereas f - vd r FM' Tb helng the wldth of n s m'l ll helic.11 

banana . The equat lon for t he non-bo 1111ce- averaged f f ol l ows fr om suh t r ,, ,_, _ 
t ing the bounce-averaged equation fr om the total one . For ri pp l e trnp perl 
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partic les :his leads t o 

Of + - FI + - ~ = C( f) 
v n at v dr M wo ae ( 6) 

In t hi s eq uation f is known , and smaller terms like we ay~e, c(f) and 

C(f)nba h ave b_:en_ neglected as a flrst approximation. C(f) c onsis ts of a 

Lorentz part CL ( f) and two momentum balancing parts going like v n and 

which we re present by 

v n (V(v) + R(v)) (7) 

The first order cor r ection for the viscosity i s 

(B J.. :> _ - <Bf d 
3

v mv n[v n !.!_ l > 
a~ 

(8) 

<Bfd3v 
2 

mv
1
(U(v) + R( v) )> 

Yet higher correcti ons ea~ be fou~d _!:IY re iterating the part of t hat 

comes from the vdr FM, we af/ae and CL(f) terms. To find the contribution 

of the passing particles a similar equation to (6) mus t be cons ide red. 

At present the numerical work i s being i mplemented. Flrst adjust-
ments to the M/ H code have been made. The present code uses po l oi.da t 
flows of forward and backward s moving particles which differ somewhat from 
the free s treami ng pa r t ( as it should phys i cally) . The r es ulting di s t ri­
bution is shown in Fig . 2 . 

Fi gure 2 
Constant f 

k2 9 phase 
contours in the 
space. 

; 

' 

.·~ 

* This work was s uppo r ted by the DOE Gr a nt Nos . DE-FG02-86ER5320 l a nd DE­
FG02-86ER53 2 t 6 . AOOO and ORNL Grant No. l9X27434C . 
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VERTICAL FIELD AN D IHVERTOR EXPERIMENTS IN TH E lMS sn:LLARA':"OR * 

D.T. ANDERSON, F.S.B . ANDERSON, R. P. DOERNER, P.H. PROBERT, 
J.L. SHOHET, C.A. STORLIE, J.N. TALMADGE AND P. K. TRUST 

Introduction 

Torsatron/Stel l;irator l"'boratory 
University of Wiscnnsln-Madlson 

Madlson , Wiscons in 53706 U.S .A. 

IMS is a modular, seven field period , ~=3 stella rator whlch has oper­
ated to date at a central magnet lc flel<I of 2.6 kG (Bmax = 6 kG) . A 7.27 
GHz ECRF source of 3 kW is used to creAte And sustaln the plasma fo r up to 
10 ms durat ion. Plasma density profile s Are charncterize<l by ho! low pro­
files over a wide range of plasma and ope rAtlng parameters. Recent exper­
imental and theoretical efforts have centered upon understanding varia­
tions in the plasma profiles, modul«r dive rtor st r uctu re and particl e 
flux, and fluctua t ion levels, as A flln c tlon of applied verticAl mrtgnetic 
field strength. Attainable vertical ma11netlc field strengths introduc e a 
magnetic well into the central regions of the device, but Are nut suff i­
c ient to create a well at the q=2 surface near the sepa ratrlx o f the de­
vic~. Global plasma parame t ers (T., - l fl·-12 eV, Ti - 5 eV , n1• - 2 x 1n 11 

cm- , T (particle confinement tlmc} - .6 -l .2 ms) do not change s l gnlfl­
cantly Btth the application of the vertl cal f l eld . 

Hollow Density Proflles ln IMS 

Density profiles of hydrogen ECR produc ed And he.1ted plasm"s without 
ex ternal applied ve rt ical magnet le flelcl Are clrnrActerized by p~aks in thP 
edge region and centrally depresse d v:i l ues. The ratlos of the erl1~!" t•) 
central density can vary between J and 10 depending upon the loc~tf on of 
the electron cyclotron resonance l ayer, wlth lower values of the r11tlo at­
tained with the resonance on the inboard si.de and largest v'1l11~ s wher\ thP 
resonance is in a relatively flat reglon of fleld strength on the o utbo;irrl 
side of the device. Hlgh energy tails o f the electron dlstrlbutlon we re 
observed with the ou tboa rd resonance by the radiometer, Thomson sc;i tteri.ng 
system, and through use of probe-mounted gr idded energy analyzers. Bulk 
electron temperature measurements showed no evidence of large temper;it11re 
grad i ents, although the error ba rs on these measurements do uot rule out 
this possibility. Maps of space potent i.al have been ob ta i nee! using :.in 
emissive probe and reveal variations in the potentiAl on mag neti.c surfaces 
which could provide the convection necessary to ma intain the hollow pro­
files in a steady plasma. As a first step to understanding the mechanism 
which produces the observed profiles, experimental lnvest l.t,:tt I ons .111<1 

modeling ef f orts into the transport in LMS KCRH plasmas have been under­
taken. 

The hollow dens! ty profiles in IMS under ECRH can be accurately 
modeled by i ncluding a radial convection t erm, V, in the partlcle h~lance 

equation 

!1:!.=-'l•(-D'ln+Vn)+yn (!) at 
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I n this eq uation, n is t he de nsity , D Ls the rltffusion coefflclent , V Ls 
the convection veloci ty and y Ls the l on l z;itlon rate. BecausP. the d i s ­
cha rge Ls fairl y constant over the 10 msec period of ECRH, t he particle 
balance equation may be solved in a steady st,.te with~ D 0. Due to the 
high neutral dens ity and fa i rly flat electron temperalture prof lli?, the 
ionization rate y = n

0 
(av) can be "Prroximated as consta nt th r o ughout the 

plasma. 

The result i ng equat i o n i n cylindrical coordinates, with vu riatlons 
o n ly i n th~ radial direction, is 

0 = ~ + [.!. - ':!..] dn + [1. - ':!.. • .!.] n (2) 
2 r 0 dr 0 0 r ' 

whe re we ~fave taken V a nd D as constants i n the p l ,.sma . The equat l on l s 
solved numerically a nd a bes t -f lt trJ an ex perimen ta ll y measure<! de ns ity 
profile Ls ~alculated . A bes t - f it solu t i on a l ong with the experlment" l 
rlata points a re shown in Fig . L. Notice from Eq. 2 tlrnt this solu t i o n 
does not give unique value s of V, o. and y hu t rather V/D a nd y/U . 

Becau s e t he steady st,.te ana l ysis does not define V, D, "nd y inde­
pe nden t ly it is necessa ry to determine one of the t h ree terns thro ug h <1 n­
othe r met hod . The two r emalnlng terms may be eva luR ted hy the reL1tlons 
f ound through the equil i brium equations . A tlme depe ndant pulse pr op,.ga ­
t ion expe riment pr o vides us with the addi tiona l i n fo rmation. A L;i ng1n 1.1 l r 
pro be i s pos i tioned at t he plasma ce n t e r and Ls pul sed to Lon sa tu r ation 
with a square wave, mod ulated at lkHz . A second probe , whi ch c,111 he moved 
r a dial l y, is main tained at ion s atur:it lo n and can de t e c t t he pert urbqt I.on 
a s Lt p r opagates t hroughout t he plasma . The input and de t ection sle n;ils 
are analysed using a Fast- Fou r i er transform rontine to d e t ern l ne the phase 
shif t as a f unction of harmo ni c numbe r at various rad i al posit i ons. 

Analytically o ne can solve for t he phase sh if t as a f11n-: t lo11 of 1l ls­
tance in slab geome try in a manner s imi l ar to t ha t of J a hns et :il • 1 h)' 
expanding the pe rturbation de nsity l n ;i F'o11 rier se ries a nd s ubs t i tut lng 
t hat expression i n t o Eq. 1. The res ult Ls ; 

M = X s i nY 6x 
2 2 2 2 

X [(v -40y ) + ~) 1/4 

l6D
4 n2 

Y 1/2 tan-I ( ~Dmw J 
v - 4Dy 

whe re (]) 

In t he above expressions , m ls th e harmon i c number and w i s the mod u lAtlon 
frequency. It should be noted t hat since V a11d y are a lways co11 p l crl to­
gether as v2 - 4Dy , on l y D can he determined un ique l y . However, by com­
bin ing th e steady sta t e solu tion with t he pul se p r opagatl. o n r esult s , all 
three t e r ms can be determ i ned . 

The mechani s m fo r the r adia l cnnvcc tlon is bel i e ve d to be 11 pol•,Ld;i l 
e l ec tri c field . The ex i stance o f th L' flP. ld c:.i11 be s e en fro ru sp;icc r•>t e n­
t i al mea s urements o f the p lasma , ( Fit~ · 2) . The so lid c u r ves s huw equi­
po tential su r f aces, t he <Jotted ones show the magnetic su r fa c~s . lt 1·;rn h i? 
observed that o n a mag netic surface th.,,re exlsts :111 e l ec tri c fi e ld th<1t 
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produces an E x ll drift ln the radial direction. Calcul;it l on of the clrtft 
velocity averaged over a magnetic surface results ln a net outward flow o f 
partic l es. 

Thu s , we are able to calculate a radial convection of pl,.sm.~ hy two 
methods. From the equilibrium/pulse propag11tion e xperimen ts we fl.nd con­
vection velocit i <.es approx imate l y 300-800 cm/sec. These ;ire c<J nsfstant 
with the values found from the E x ll drlfts d11e to po l oid~l electrlc 
fields where V is found to be approxima tely 300-500 cm/sec. 

Dlvertor Structure and Particle Fluxes 

IMS possesses a series of discre te bundle diver tors as a natural con­
sequence of the magnetic topology o f the devl ce .2 Recen ~ experlme nt11l e f­
f or ts in the dive r to r area have f ocussed upon measu r i ng the effects o f ap­
plied vertical field by monitoring the ne t par t i cle fluxes to neutr11llzlng 
plates located outside the coll minor radius 11t the emergent flux h11nd 1 e 
locations. Modeling o f the clive rtor s tructure through a fleld-line tr>1 c.:­
ing techni que3 predicts 11 signlflca nt focussing of the divertor5 t o the 
inboard side of the device with appllc;itlon of a vertical fi eld which 
s hifts the surfaces inwarrl. This effec t h11s been confirmed expe rimentally 
with div e rtor fl uxes to t he ou t board s i de of t he dev l ce rerl uced sevenil 
orde rs of magnltude from the case of no vertic;ol f i e l rl . The dive rto r 
modeling a l so predicts a reilucti on of the inboa rd dlvertors wlth tlw 
application of a ve r tical field whl c h shlfts t he su rfaces outward ln to a 
mag netic well conf i gurat i o n. 

Diver tor shield blas ing experiments have been performed ;.,hi le mo1il­
toring the particle flux to a g ridded energy a na l yze r (GEA) arr ay ln c;o ted 
in one of the outboard divertor r egions. Pa r tlc l e currents could he re­
duced by as much as 707. and increased by as muc h as 307. t o the GEA through 
applicatons of bias on the order of 3 kTe t o divertor shlelds up to h;olf­
way around the torus from the GEA torold;il t oc.: ;ition. Mensureme nt s of the 
floating potent.Lal contours in one of the dlvertor loc;itlons show.:> <! a ro•­
glons of high electric field in the c enter tJf the <llve rt u r wf t h l o w-field 
reg ions surrounding the central core. The f loat l ng pote n t la l .1t th<' t•>p 
and bottom of t he divertor are of opposite s ign, consistent wlth a st r ung 
curva ture force acting on t he pa rt le Les as t hey enter the d ivertur . 

Fluc t uat ions and Vertical Flcld 

The use of a multl-probe to examine the denslty fluctu;itl.<11 t l t>vc l ' In 
UIS as a function o f position and vertl.c:il mag netic field h:1s s ho•m " 
marked decrease ln amplltude l n edge fl uctuatlons under m;ir,ne t l e we l I rrrn­

dltlons. The fluct uations were f ound t o he c onsistent wl th a mlnur rndL1l 
eff lux of plasma. Dramatic density decrea ses i n t he lnte r lor re1!l•><t n f 
the profiles (50-707. density drop over n I Q micrnsecond period occu rring 
a t l n tervals of 50-200 microseco nd s ) are a ssoci at ed with dens it y i nc re;is Ps 
ln both the o uter regions of the pro fil es and in th e diverted par ti cl <! 
f luxes . The reductio n in fluc tuatio n ampl lt1ule for the magne ti c we ll c;ise 
i s accompanied by a sharp reductlon ln the hollowness of the 1len~I Ly pro­
flles as well. 
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FIGURE l FIGURE 2 
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'Ihe generalised energy pr i nciple w = Jf fd 3x[82/2µo+pq/(r-1) J is 
devised for magnetic confinanent schanes that have anisotropi c plasna 
pressure. fb r an adiabatic index r > 1, W i s positive defini te which 
guarantees that the minimun energy s tate corresponds to a magnetoh}dro­
dynamic (MHD) equilibri un. 'Ihe parallel pressure is expressed as 
Pu =M( p)(d~/dp)r( l+p)/<l+p>r, where <p> represents the flux surface 
average of p and p is the coordinate that l abels the flux surfaces . In 
systems with a coord i nate of symmetry $ , the vanishing of the MHD force 
balance F can;:onent along the magnetic field lines yields the relation 
_!". = -( oiu/op )~+!5_x~ and danonst rates t hat the energetic species contri­
bution p to the pressure has the functional form p(p , B). 'Ihe energy W i s 
minimised with respect to an artificial time paramet er t in such a manner 
that the mass function M, the magnetic flux functions <I> and 'l' , and the 
magnetic flux coordinates p , 9 , and $ remain invariant. '!he variation of 
p i s per formed through its dependence on 8. As a result , we obt ain for a 
fixed boundary calculation that dW/dt ff f dpdad.p( FxoX/ot + 
Fy0Y/o t+F>._o>..fot), where Fx = lg!YX!$•£/h and Fy = lg!$~X·£/h are 
the canponents in the covariant representation of tne fo rce balance F i n 
the ro tating cartesian frame (X,Y,$) that appropriately describes systems 
with helical S}rnllletry . The Jacobian of the transformation from the 
(X ,Y,$) to the (p ,9 ,$) coordinates is denoted by l g and h i s the helical 
p i tch. The function >.. (p ,9) is a periodic renormalisation parCflleter that 
determines the optimal poloidal angle 9 which minimises t he spectral 
width o f the Fburier series expansion of the quanti ties that are required 
to adequately represent the equilibriun s tate [ 2]. 'Ihe corresponding 
angle that str aightens the magneti c field lines is 9+>... The minimisation 
of the binormal force canponent F>,. =-lg(d~/dp)~x~ ·Y82 makes the 
f unction a8.p a flux surface quan tity, whe r e the anisotropy fac tor i s 
a = 1/µ0+(P.cPi )/82 and 8$ is the axial magnetic field in the 
covariant representation. A pr escribe'.! effective current algor i thn is 
inclooed by noting that in the equilibriun state F = O, so the vector 
~ : !x(a~) satisfies the properties ~·~ = ~·! = o--: 'Ihe effective axial 
current I(p ) = f fdpd9lg( K• ll;) is t hus defined and reduces to the actual 
current in the 1 imi t Pu -;; P.1 . [ 2] '!he absence of induced currents i n 
stellarator configurations makes I (p ) = 0 a natural choice . Jln acceler a­
ted s teepest descent procedure is applied to iterate the Fouri er ampli­
tooes of the inverse coordinates X(p,9) and Y(p,9), and the funct ion 
>..(p ,9) to minimise the total energy of the systan till the force 
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amplitlrles vanish within some tolerance l evel. [ 1] W? are thus able to 
generate anisotropic pressure helically s~etric MHD equilibria, which 
can be diagnosed by examining the radial force balance condition 
lgvexv~ · F = 0 that corresp:>nds to the anisotropic helical Grad- Schluter­
Shafranov equation.[3] 

I I. APPLICATIONS 

'Ihe scheme that we have described is applied to ol::tain straight 
scalar pressure TJ-II and anisotropic pressure EIMO Snaky torus nunerical 
equilibria with <H>/dp = p and h-1 = 0.375m. Five different p:>tential 
TJ-II configurations that can be generated with the coil system as 
presently envis ioned [4] are examined with M( p) = M(0) ( 1-p2)2 prescri­
bed. 'Ihe flux surfaces at a beta (f!) value of 15% for the three most 
distinctive cases are shown in Fig. 1, and as can be seen, the reference 
case A has the largest average minor radius. 'Ihe remaining tw:> cases have 
similar shaped cross section as A, but with smaller minor radii. In the 
vacuun state, al l five equil ibria have a global magneti c well that ranges 
fran 2.5% for case A to almost 8% for case E which has the largest inden­
tation. As we increase fl > 20%, we find that the rotational transform 
( t = d'¥/<H>) is approximately conserved in case A and can vary signifi­
cantly in the more indented examples. 

0 .30 0160 0.20 

(A) (0) ( E) 

018 0 96 0.12 

0.06 0 32 004 

-006 -0.32 -0()1, 

-0.18 -0.96 -o 12 

-0.30 -0160 -020 
0.00 012 0.21. 036 0074 0138 0202 0 266 006 0.14 0.22 030 

x x 

Fig . 'Ihe flux surfaces for three TJII configurations at 13 = 15% . 
Note t hat the scales on the axes vary fran case to case. 

'Ihe E!ID Snaky torus equilibria are obtained with a trapped hot 
electron canp:>nent that is modeled by p(p ,B) = Ph(P)[BM(P)/B]L, 
where 8M is the minimum value of B on each surface , Ph(P) i s a 
Gaussian profile of halfwidth 6 centred about a chosen flux surface near 
the plasna edge, and the integer L is the anisotropy parameter. '!he 
conditions at zero thermal pressure with ....tiich the energetic electron 
layer induces a localised magnetic well on the outermost flux surfaces 
are investigated as a function of L and 6. '!he hot electron beta ( l3h) 
that is required is insensitive to L, but increases with 6 . fbwever, we 
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find that f3 h < 1% for 6 < 0 . 2. To generate equilibria with finite 
thermal beta (i3th), we tailor the M(p) profile so that the pressure 
gradient is concentrated in the region where the magnetic well prevails 
in the vacuLJTI state and is non exist ent in the region o f magnetic hill 
(which is susceptible to MHD instabil ities) . It can be observed in 
Figs. 2 and 3, respectively , that the JX>Sition of the magnetic axis and 
the region of magnetic hill do not vary significantly with increasing 
f3 th because the pressure gradients are snall throughout the plasna 
bulk . 
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* Universidad Catolica de Oiile, Casilla 1140, Santiago, Oiile 
+ oak Ridge National Laboratory, Oak Ridge , TN37831 , USA 
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DISSIPATIVE f,1QDE STABILITY IN A FINITE- PRESSURE PLASl.lA 
OF AN 1=2 TORSATRON 

V, V. Demchenko, P.V. Demchenko*) , A. Ya . Omel ' chenko 

Kharkov Inst i tute of Physics and Technology , the Ukr.SSR Academy 
of Sciences, 31 0108 Kharkov , USSR 

The confinement propert i es of a finit e- pressure plasma in 

s tellarator- type currentless traps are determined by the stabil­

ity condition ol' small-scale MHl) modes [ 1]. The stabilization 

of small- scale ballooning modes in the ideal - conductivity plasma 

takes place with t he plasma pressure growth. For ideal mode sta­

bil~zation the plasma stability depends on the buildup of re­

sistive f.l!ID- modes . In the plasma pressure- linear approxime. tion [ 2], 

the destabilizations of the gr avity- dissipative mode (g- mode) 

are determined by the value of the vacuum magnetic hill, whose 

influence can be compensated by the s tabilizing effect of the fi -

nite magnetic shear, 

In this report we study the influence of plasma pressure 

cubic components on the g- mode stability in an 1=2 torsat:-on. 

The stability criterion which demonstrates the destabilizing 

effect of the finite plasma pressure due to the magnetic hill 

increase has been derived. 

The gravity-dissipative mode stability analysis was carried 

out usine the general-geometry criterion i"/ - A2 > 0 [3] . 
The quantit ies ii and A2 , which denote the magnetic nell and 

the finite plasma pressure effect , respectively, can be found 

usine the method or [4, 5] · 

*) Kharlcov State University, Kharkov , u~:rn 



374 

k and ~0 are the curvature and torsion of t he magnetic axis, 

~ is the displacement of the magnetic surface centre relative 

to the torsatron geometric axis caused by plasma preasure , ~ is 

.• $' the magnetic surface ellipticity , Jo = ~.v + £ 0 R , j.\ = IC(>' • 

V" In relations (1)-(2) J-!u and VAC denote the vacuum rotational 

transform 

and the magnetic hill of the straii;ht atellarator 

" Re~ r '1Q2 -1 ) 4 l '2 
-' 1 1 lbm !t>R )I 

Vv"~= ~rm~oq ~ll -o:i- .. N)+lzU-h:P\.K.o. + mo.?, -~, (4) 

1·1here Ed. is the ratio or tl1e helice.1-to-toroidal mai;nctic field 

ratio for the 1=2 toraatron , ~ is the number of hellcnl ma~netic 

fie ltl. periods over the torus length. 

l"oi· an arbi trury pla::ir:m pressure profi l e the :; "ability 

cri ter io11 l::J rather cumbersome . i~or this reason , nc rn~~ l.r .i c ~ 

ourselves to the ann ly:;is oi stability for Llte pc.rnbol i .:: i.~r; 
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o.r plasma pressure di strillu tion P = P 0 < 1 - 0.
2 
I o:~ l. _1 n this 

caoe the illHD stability criterion ol' Lhe g- motle in the 1=2 lorss-

r1here e,e = Jo ~2 
J e:>-ou--·J.12 

In (5 ), t~e effects of finite plasma pressure are described 

by the terms proportional to p~ ; therefore , to calculate these 

terms , it was suffici ent to determine the displacement of 

the magnetic surface in the pressure- linear approximation : 

ol.. -~;i.Pe \<.£)_~- ~<-J , and the magnetic surface elli ptici ty 

· th d · t · J.;; __ ,~-:-11,7-l·/o.\2 in e pressure-square approxima ion : v ~.lo~' .1 In 

the low plasma pressure limit , where the effects of finite 

plasma pressure can be neglected, the g-mode stability criterion 

transforms to t he corresponding expression of [ 31. If the current 

of helical conductors is assumed to equal zero , then the stabil­

ity criterion of the gravity- dissipative mode (5) goes over to 

the criterion of the gravi ty- dissipative mode stability in fi ­

nite plasma pressure of the magnetic trap with a helical mag­

netic axis [ 61. 
The stability criterion analysis shows that the effect of 

the components cubic with respect to the plasma pressure on 

the g- mode stability is determined by geometric and physical 

parameters of the magnetic trap. The stabilizing effect of J>e -
linear components shows up in the central part of the pl asma 

column f.51, while at the plasma periphery (a-, 11,J5 0 0 l the g­

mode is unstabl e in the 1= 2 torsatron. In the centre of tte plasma 
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1.00lwnn, as tile plarnna pressure gr ows ( j)~~ tn ) , the J>l) - nqn­

linear componenLs involved in the stability criterion (5) become 

comparable in magnitude with the linear components nnd produce 

a destabilizing effect on the plasma stability. \'/ith a further 

plasma pressure growth and the fie vnlue becoming greater than 

( m c ~ I KO. ) 213 , the components , cubic with rcspecL Lo plasma 

pressure , play a predominant role in the g-motle tlesLablliza tion. 

LeL us employ the obtained results to de terminc the gr avity-

dissiputive mode stability in the designed torsatron "U- 21.1" with 

the parametero : U/R = 0.176; (:,2-= 0. 375 , Svac : 0 . 2 , m = 2. 

\'le obtain that for <J»~ 7% the effects of finite plasma pressure 

destabilize the g-mode in the central part of the U- 21.i torsatron 

plasma column. 
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THE NEW FINITE-DIFFERENCE CODE POLAR-JD AND RESULTS OF ITS 
APPLICATION TO CALCULATING THE MHD EQUILIBRIUM AND STABILITY 

OF PLASMA IN JD CLOSED CONFIGURATIONS 

Degtyarev L.M. , Drozdov v.v., and Poshekhonov Yu.Yu. 
Keldysh Institute of Applied Mathematics 

USSR Academy of Sciences , Moscow 

1. The POLAR-JD code is based on the approach developed in ~1 , 21. 
According to it the ideal magnetostatics equations 

(v,_e,.(~"(~a))\~o.\_q, = cAPlo.)/c\o. , (1) 

'J·B=O, (B·'Jo.) = 0 1 'V·(B"'-V'o.)= 0 , (2) 
where a(r) = const are magnetic surfaces, can be reduced to a system 
of three equations for the scalar functions that determine the magne­
tic field vector B. The mixed representati on of the field (in terms 
of the external poloidal flux 't' (a) and the current F(a)) has the 
form 

(J) 

When substituted into (1) it lea ds to the JD generalization of the 
Grad-Shafranov equation, and the flux representation 

ei= v'i'i<..'17'$"' + 'V<t>xV'e'f' 
is traditionally used in the JD codes [3,4] • Here the 
and (8"'1 5"') are such that each summand in (J), 
all properties of the field (2). 

(4) 

pairs (Bi' ,B'I') 
(4), satisfy 

2 . A discrete model on an arbitrary nonregular grid is based on 
the finite-difference analog of the variational principle , which has 

the form 
S' ~ ( B 'l. I i - P) d.'"' ::: 0 

The model is constructed so that on the grids adapted to the magnetit:' 
surfaces it admits reformulations corresponding to different repre­
sentations of the magnetic field , and as a result an adequate appro­
ximation of the original equilibriwn problem (1), (2) can be obtained, 

The POLAR- JD code yields a result in the form of the rr.agnetic 

surfaces parametrization r(a' e ' ? ) ; it has high performance in ac­
curacy and speed of calculations , and operates i s essentially JD con-

figurations with large values of ~ , The code usage is restricted by 
the condition of nested magnetic s urfaces, of which the external one 
is supposed to be given. In s ymmetric systems the code operation i s 
identical by the result to its 2D predecessor POLAR [ 5] which has 
proved be good in various applications . 

J. ·'-'' the resul ta shown in Figs . 1-2 the plasma configuration 

is given parwnetrically in the cross- sections formed by the planes 

1 = c.on.r,l 
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u(a,,, ..... 1 9 ,~)= ~(w..,e -b'~i.h'l-8) 

u-la. ... Ol'l.,e,)) =. lig1i.h.8 ' e e [o,'t-'Ji) 
where ~ , r:/.. , o are the characteristic dimens i on, elongation and 

triangu~rity, respectively, while s_u, V- , 1 ) _!ire the local coordi-

nates ~(u,v-,f) =~c.(~)+ U · ~c.\1) + V-·~ .. (1/ with 
the geomet:-ic axis of the system '1..c:.(~ )as an origin. A~ ~c.(~) 
we choose -;he left "helical" line that winds kw times on the torus 

of major radius_ R0 and minor radius ~ and Yi..e (:'l} is the external 

nonnal to it , ~c. ( ~) ~ ( d ~c. I d ~ ) x Yi..c • The flux variables 

(et • E1 I~ ) are such that cA~ I Jct ::. e.on~t I and the e = 
= canst are the straight lines in the plane ( u , V' ), Other nota.-

tions are as follows : e )--i 
~= 2.)pd~tt. / ~P/r.P'I- , i('l')= - ( 1::-a1.ct.ic'l') / o\'1' , 
M('t')= c.oMt· -l- 4- (J-L;J'Y)~(0.'25'+Jl,·o\.P/di'1') 

is the function that determines the stability of l ocalized modes 

\ M ( 't') ~ O is the necessary Mercier criterion). Fugures 1 and 2 

show the results on the grid 12x24x32 for kw = 1 , 2, the pressure 

profile dP/d.'t' = canst and the zero longitudinal current 1(.'f) = o. 
If kw = 2 the instability zone can be observed ~ ~ 4%, and further 

on the configuration is stable by the Mercier criterion up to ~~25% 

due to the self - stabilization. If kw = 1 the stability zone is con­

tinuous on the interval 0 .::; ~ ~ 20%. 
4, CoLclusions. The POLAR-3D code is an effici ent tool developed 

to calculate the plasma MHD equilibrium in the 3D systems. Rather 

simply shaped magnetic traps with a spatial axis are obtained, where 

the Mercie r criterion shows f avorable values up to ~:::::.20-30%. 
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MAGNETIC FLUX SURFACES DETERNINATlON IN THE TJ-2 FLEXIBLE llELIAC . 

INTRODUCTION 

SIMULATION RESULTS . 

A.L. Fraguas , M. A. Pedrosa and A.P. Navarro 

Asociacion EURATOM/CIEMAT 
28040 Madrid, SPAIN. 

TJ - II is a f lexible heliac device to be built a t CIEMAT. : his device 
will have the capabi l ity to change its rotational transform : n a wide 
range, -<a :0.8 - 3.2, and in a much less reduced range, its profile going 
from shearless up to moderate shear cases (1) . In almost all the 
configurations magnetic flux surfaces have a pronounced bean shape (Fig. 
1). 

In the goa: to scan the -r s pace for experimental determinacion of the 
most adequate conditions for plasma conf inement, it is important to have 
diagnostic techniques that provide the magnetic flux structure and its 
variation along the discharge . Due to the expected high plasma 
temperatures, i nternal probing is not possible and it is necessary to 
develop techniques to infer magneti c s tructure from external measurements . 
The most gene~al approach would be to use t hese data as i nput for an 
equilibrium code, adequated t o the TJ-II configuration , but this is too 
time consuming and rules out any on-line time evolution study . 

In this paper techniques are present to address this problem using 
approximations to reduce the computer time requirement so they can be used 
as moni t or of the evolution of the plasma magnetic structure along the 
discharge. One technique is based on the simulation of the TJ- 11 by sets of 
filamentary currents (2), deduced from the mode analysis of the magnetic 
signals. This t ecnique could provide the outermost magnetic s urface in the 
device . Going deeper i n the magnetic recons truc t ion is not possible with 
this technique due to t he dis t ortion coming f r om t he presence of the 
virtual currents. So, to get a total reconstruction wit hout using an 
equilibrium code, a possible approach is to develop an analytical model for 
the magnetic field in the TJ-II and deduce its parameters from the 
adjustment of the outermos t magnetic surface of the previous method or 
directly f r om t he magnetic array data . Figure l shows a typical set of 
magnetic coils in a poloidal sector of the TJ-11 device. 

SIMULATION \HTH FILAMENTARY CURRENTS 

In order to s imulate t he TJ-11 magnetic structu re, iccluding the 
plasma contr ibution, a set of six circul ar conductors at fixed posit ions is 
assumed. Current s in these conduct ors are dete r mined from the resol ution of 
a linear equation system. The coefficients Cmj are the Fourier components 
of the magnetic field produced at t he magnetic coil array by 1 kA current 
i n each conductor, and the independent terms 5rn are given by the Fourier 
component of the magnet i c field measured at that array . Signal s were 
simulated using the Ba component computed fer the real TJ-11 conductor 
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Sm = r Cmj I j 
J 

Figure 2 shows both the measured transverse field in t he array a nd the 
reconst r uction obta i ned wi t h the s i x curren ts deduced with t tis technique . 
In Figure 3 the outermost transverse magnetic field contours are s hown . 
They a re r elatively insensitive to the conductor locations . Table I 
present s t he currents and locations for each conductor in this case. 

Net cu r rent in t he plasma can be deduced from the sum of these 
current s or by the S0 mode amplitude . Reconstruction time is less t han a 
minute for a PDP 11/44 plus t he d i splay time. 

TABLE 1 .-Conductor locations and currents 

R (m) z (m) I (kA) 

1. 5 0 . 0 314 . (HC) 
1.7 2173 0.0 -1572 . 26 
1.72173 - 0 . 01 327.84 
1.82173 - 0 . 01 163 . 78 
1.82173 0 . 0 589 . 03 
1.82173 0 . 01 163 . 78 
1.72173 0 . 01 327 . 84 

SIMULATION WITH AN ANALYTI CAL HODEL FOR B 

The mode l we have assumed i ncludes the lead i ng fie lds presen t at the 
flexib l e he liac configuration . As a vacuum f ie ld , the B field can be 
derived from a magne tic potential , wri t ten as, (3) : 

whe re : 
J$T = Boz i s a cons t ant toroidal field which desc r ibes t he average 
toroidal field exist i ng in t he devi ce . 
p., = b.,9 i s the poloidal field produced by t he hardcore c u rrents . 

p ... 1 = a 1 I , <hrlsin<S-hz) is t he l=l field associated t o the helica l 
awing of the toroida l field ~oils . 

PM2 = b 1K 1 <hrl sin<8-hz) i s the l= l f i e ld produced by the hardcore 
helica l winding. 
z is proportional to the toroidal a ngle and h is t he he lical p:tch . 

The model assumes helical symmetry and uses cylindrical coo rd ina t es 
with the circula r hardcore as axis in t he inf inite as pec t r atio limit. 

Bo value i s the average t oro ida l fie ld in the magne t ic axis of the 
real configuration . 

The remaining parameters of the model a , , b 1 and b ., are determined by 
a l eas t squa res fit to the simulated B field a t points located on circular 



383 

arrays defined by the experimental s~tting shown at Figure 1. 
Due to the 3D properties of the actual configuration the results of 

the fit are dependent on the toroidal position of the array . As an example 
fitted parameters are shown in Table 11 for arrays placed at toroidal 
angles f/J = o 0

, 22 . S0
, 4S0 and 67 .s0 ,in all cases at 0.33 m away from the 

coil centers. The most suitable parameters have been determined by 
averaging those fitted values. 

Flux surfaces obtained by field line integration of the model magnetic 
field computed by this mode l for those parameters are shown in Figure 4. 
The CPU time in a VAY.. ll/78S is about 10 sec . to fit the data and SO sec . 
to trace S magnetic surfaces. 

The model reproduces 
qual itative features of the 
inwards about 0 . 04 m and the 
reference value of 1.46. 

reasonably well flux 
configuration . However, 
transform value results 

s urface s hapes and 
the axis is shifted 
to be ~.= l. 35 for a 

Magnetic f ield reconstruction from inner input data , (array at O. LS m 
from the center) , notably improves the ax i s position and t value. Hence, a 
fair configura~ion description is expected if field values coming from the 
modal method are used as input data. 

TABLE 11 .-Model parameters 

"' 
oo 22 . s0 4S0 67. s0 

a1 S . 2 10-2 7.6 10- 2 1. 3 10- l 7. 6 10-2 

b1 i .o 10-3 1. l 10-3 1.) 10-3 1. l 10-3 

bp S.6 10-2 s.s lo-2 S. 8 10-2 s .s 10- 2 

SU~U·IJIRY 

Magnetic structure determination for TJ-11 flexible heliac , from 
signals in pick-up coils located around the plasma, have been addressed 
with some approximations in order to ge t time resolution in the analysis 
between discharges. Modal analysis, using FFT , can provide the outermost 
magnetic contours and the net current in the plasma. Analytical B modeling 
makes possible t o deduce the complete magnetic flux structure when the 
signals at different toroidal locations are averaged. 
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TOMOGRAPHY TECHNIQUES FOR THE TJ-11 FLEXIBLE HELIAC 

INTRODUCTION 

J.Vega and A.P.Navarro 

Asociacion EURATOM/CIEMAT 
28040 Madrid, SPAIN. 

The TJ-II Flexible Heliac is a stellarator to be built at CIEMAT to 
study the effect of helicoidal magnetic axis on plasma confinement at 
different t values (1) . The device incorporates the capability to change, 
in a wide range, its rotational transform value ,{ i/N 0 . 2 to 0.5) and, in 
a minor range , its profile (2). In any configurati on, the plasma will have 
a bean-shaped magnetic structure that rotates poloidally when one moves in 
the toroidal direction (Fig.l). 

~ 

Nr-~~~-:=-~~~~, 

m 

0 

ii 
o.1----~...:::::0-----~~-j 
'l.:30 l.66 1.11 I.US 1.91 

R. (a..U.) 

FIG . l TJ-II REFERENCE CASE 
a) Top view b) Poloidal section. 

To deduce local values for those diagnostics measuring magnitudes 
along a chord in a plasma with this shape requires inversion techniques 
much more complicated than the usual Abel inversion, applied in circular 
plasmas (3), or the modified one for displaced circular or elliptical 
plasmas (4). In this paper three different techniques are considered for 
TJ-II : LOW ORDER MODE APPROXIMATION (LMA), GENERALIZED FOURIER TRANSFORM 
(GFT) and MAXIMUM ENTROPY (MEl-1), in order to determine its aplicability and 
computer requirements . Line integrals for soft- X-ray emissivit y (in the l 
to 30 Kev range) were simulated for different detector arrays, assuming 
emissivity proportional to poloidal flux to some power (between land 3). 
These array signals were used as input for the different algorithms to 
deduce local emissivity values, comparing them with the initial 
distributions used in the simulation process. 
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LOW ORDER MODE APROXIMATION 

In this method (5) the local plasma emissivity is considered as : 
M-J. 

E ; f(r , IJ) ; L (f;n(r) cos m IJ + gm(r) sin m (J) ll 1 
M~O 

so , signals in the detector arrays can be expressed by: 
M- ! 

S 0 (B); ~ (F.n(B) cos m(O+B) + G""<Bl sin m(o+B)) L2J 
1'11:.() 

where (3 is tl:e angular position of the detector in the array and o is the 
angular position of the array itself (Fig. 2a) . Once F." and G111 are deduced 
by solving the linear equation system [2], in a number of harmonics equals 
to the number of arrays, it is possible to obtain the f,~(r) and grrl(r) by 
modified Abel inversion and reconstruct the plasma emissivity using [lj . 

For the expected plasma shapes in TJ-II, harmonics up to order 3 could 
be enough, so in the · simulation process three different arrays have been 
considered with 10 detectors each. Us i ng this setup , we obtain 
recons t ructions as that one shown at Fig.2b. Computer time requirements for 
these conditions in a PDPll/44 are one minute plus the display time. 

:.·.A.ll+Y Ii: iii 

l \" 

"' D. 
1 ~0.1.a 

FIG , 2 LOW ORDER MODE APROXIMATION 

O. tO 0.30 O.Gl 

~ ( 0.. (), J 

a) Detector arrays position b) X- ray emissivity reconstruction 

Reconstructions fail at the plasma edge where the bean shape is more 
pronounced. This can be due to a need for higher order harmonics, that 
implies more arrays and development of inversion formula for them, or to 
the fact that X- ray emissivity is very low at those points, where n and T 
decreases drastically. We are here assuming the TJ-II reference case with 
Teo; 700 ev and ne

0
; 1.3 · 10·.L'I m-~. with parabolic profiles. 

GENERALIZED FOURIER TRANSFORM 

Based in the projection slice theorem, this technique (6) does not 
make assumptions on the number of harmonics to include in the 
reconstruction, so we can avoid , i n principle, the limitations of the 
previous method and check if reconstructions improved at the plasma edge. 
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The technique uses arrays with the detectors looking through the plasma 
along parallel chords (Fig . Ja), and comput ing its DFT, obtains a sample of 
F(wi , w~), DFT of the two- dimens i onal distribution to be reconstructed 
(Fi g.Jb) . With M equally spaced arrays located in a poloidal section we can 
deduce M s lices of that distribution and , by interpolation , deduce the 
complete F( wi , wL). I nverse Bidimensional Fourier Transform will provide 
the local emissivit y distri bution. Fig.Jc shows the result when only J 
parallel arrays with ll detectors each, are used. Computer time 
requirement in a VAX-785 was l minute, plus the display time . 

.;··..---------

R la..~.) 

FIG 3. GENERALIZED FOURIER TRANSFORM RECONSTRUCTION 
a) array set- up b) F(w.1 ,w,_ ) polar raster c) Reconstruction 

Res ults with this me thod shows a better reconstruction for the plasma 
edge. Its poor quality is due to low number of F(w1 ,w~) slices for the 
interpolation process . Never theless to improve it will require a higher 
number of arrays , which is impossible, not only for the high cost but also 
fo r t he requirement in access t o the plasma due to the need f or parallel 
arrays . Also t he computer requie rements make very difficult to obtain 
sever al recons t ructions fo r a discharge. 

MAXI MUM ENTROPY METHOD 

Trying to de t ermine sharp varia t ions in the emissivity 
distribu tion without the need for a high number of detector arrays , we have 
considered an algebraic approach, where no mode consideration is implied. 
For that purpose the MEM technique has been chosen. It is based on the 
assumption that the emissivity dis tribu tion corresponding to a particular 
set of chord meassurements is t hat one with the maximum entropy , given by 
two terms: one defined by t he objec t spatial entropy and the othe= f rom t he 
noise. Maximizing t his t otal entropy with the constraints of the detector 
array signals , enissivity and noise for each cell in the assumed grid are 
given by (7): 

~,\,[ - ·1 - µ 
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where P~ \and µ are multipliers t o de t ermine, S,cc: t he system point spread 
f unction "and f the object to the noise entropy ratio. With the additional 
constraint that the noise follows a X;z. distribution, a new set of 
equations is obtained (8) . We are using this technique for simul ation of 
two pa r a l lel arrays, 26 detectors each, one a t the t op and the other at the 
s ide of t he davice. Reconstruc tions using formu lae from (7) do not app roach 
enough t he i ni tial di stribut ion for cpu t imes of several minu tes i n a 
VAX- 785. So it i s not possible to use this technique to obta i n mo r e t han 
one frame ima5e between discharges. A possible approach to speed up the 
technique could be to use as s t arting point for this method a LMA solut ion, 
but i n this case t he gene rality of t he method could be lost. 

SUMMARY 

Three d i f ferent me t hods have been cons idered for tomography 
reconstruction in the TJ- II Flexible Heliac. The LMA is the most 
res t rictive in assumptions but can aproximate TJ - II case . GTF and MEM 
me thods could improve the analysis but they require a larger amount o f 
detector and computer time. 
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EFFECTS OF MAGNETIC AXIS SHIFT ON TJ- II HELIAC 

J. GUASP, J.A. FABREGAS 

JEN, Madrid . Spain 

ABSTRACT: 

The position of magnetic axis in TJ- II heliac [l j can-be controlled by 
means of the vertical field coil currents. Around the usual reference case 
a l cm axis shift can be attained by changing the VF coil cur rent 237. with 
inward shift corres ponding to an increase in the current value, this 
relation mantains a remarkable constant value up to 6 cm excursions. 

Under these shi fts average radius decreases for either shift sign, and 
other magnitudes change too, mainly the magnetic well depth, each magnitude 
reaching an optimum for some shift value, usually different for each one. 
The limits of attainable shift , be fore substantial loss of average radius 
or magnetic well happens falls around 3 or 4 cm . 

Anot her observed effect is the disymmetry on t he magnetic surfaces 
between the out er part (zero t oroidal angle) and the inner one (half a 
period further) , two characteristics have been considered : the difference 
in t he elongation of the magnetic axis and the difference i n equa t orial 
diameter , both magnitudes show opposit e behaviour: the firs t one i ncreases 
with outer shifting , t he other one decreases. In consequence the magnetic 
surface c ross sec t ion shape changes too . For the usual coil current 
se ttings adopt ed a compromise between bo t h magnitudes is taken , so as to 
maximise t he available plasma average radius. This leads to s i milar shapes 
for magnetic surfaces that are separat ed by half a per i od. The trajectory 
of this " optimal" point in the helical versus circular coil current diagram 
when rotational t ransform a t axis vari es is a n almost s traight line. 

Never t heless this "optimal" compromise does not optimises usually the 
magnetic well depth that ins tead point s to ano ther shift choice. 

In addition magnitudes of paramount importance, as well for equilibrium 
as for stability, are the Pfirsch- Schlue ter currents . The optimization of 
the synunetry between magnetic surfaces can be contradictory with the 
toroidal current minimisation given the different curvat ure radius of both 
surfaces. For t his reason the effect of axis shif t upon P. - s. current s has 
been analysed confirming that disynunetry minimisation can be contradictory 
with toroidal current minimisation that leads to different optimal shift 
choices. 

As TJ-I I is being designed t o have the possibility for VF current coil 
variations it will allow experimental tests of these effects . 

ltJ . TJ-II and ATF Group. 12th EPS Conference. Budapes t 1985, Vol. 
9F-l, p . 44 1 
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RELATIVISTIC AND FINITE LARMOR RADIUS EFFECTS FOR 2nd 
HARMONIC OF X-MODE ON MICROWAVES ABSORPTION FOR 

TJ-II DEVICE 

by Francisco Castejon and Jose Guasp 

E:JRATOM/CIEMAT ASOCIATION. ~\ADRID (SPAIN) 

TJ-II device is an helical magnetic axis stellarator of 
Heliac ty?e to be built at CIE~IAT in Madrid, whose main 
charateristics are high flexibility, high potential beta and 
bean-shaped plasma cross-section [1]. 

ECRH is the intended first stage for plasma heating in 
TJ-II (allowing a volume average density about 1.6El3 cm-3) 
while later neutral beam injection will be used. In this paper 
we analysethe microwave injection problems in this helical 
configurationat about 56 GHz in order to heat the B=l T region 
and using the 2nd harmonic of X-mode (0-mode absorption is 
negligible at 2nd harmon ic as it has been verified) . 

As it is well known the problems of accesibility and 
heating lie on the situation of cut-offs and resonances in the 
plasma . Resonances must be reached by the waves bef~re than 
cut-offs to get plasma heating. In our case, we want to reach 
the Electronic-Cyclotronic-Resonanc e (ECR) at 2nd harmonic of 
X- mode . To elucidate this fact, we must study the signs of 
Re(N'2) and Im(N'2)(N: refractive index): Wave propagation will 
be possible if Re(N'2)>0 and absorption will occur if Im(N'2)>0 . 

Regarding the results f or cold plasma [2], the best 
situation for heating happens at toroidal angles of about 17 
deg. and poloidal angle about -67.5 deg ., injecting from the 
low field side. The highest volume average density at which it 
is possible to achieve heating is about l .57El3 cm-3, and the 
local one is 1 . 94El3 cm-3; when X-mode cut-off reaches the ECR 
area . The upper hybrid resonance appears always inside the 
X-mode cu~-off layer . 

The model which has been used, proposed by Bornatici, 
Cano, De Barbie r i and Engelman [4], i s useful to study the 
absorption and propagation near harmonic f :ecuencies, for a 
weakly relativistic plasma and taking in ass~unt f inite Larmor­
radius ef:ects up to lst . order . ! n t 'i::; ·-·~ : l· •·1e have limited the 
study to cuasi-perpendicular propagati on . ~i sper sion relation is 
given by : 

- bN ~ + (2b (1<.1.- l<x l - K .1. ) N1 + ( t<. 'J: - k.:1) : 0 
where : 

I (Wp)"2 . b::- - - F~, (11 ) 
Z We IL 
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..., Wp\ (u.lc1c. ) 
K,.:- L - ..---­

k w-.-~\; u.J 

k: ions , electrons 

"I. ~~ 
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f o l"t'\-
n : density 

. 
) 

391 

dielectric tensor for col d plasma. 
w;., 

k',.1.::1- ... "Z. 

~ uJl.-utK ) 

From the dispe rsion re l ation we can see that there exist 
two branches of the X-mode . One of them resembles t he branc h of 
the cold X- mode which p ropagates for cens ities lowe r t ha n uppe r ­
hybrid resonance (X-mode) , and t he ot~er o~e (Z- mode) resembl es 
the othe r b r anc h of cold X-mode ( this notat ion has bee n taking 
from [ 5]) . Far from t he resonances, t he real c a rt of r e fractive 
index is closely aproximated by co l d pl asma dispersi on re lation. 
Mode conversion is possible where the real pa r t s of incex of the 
two branches c oinc i de and this happens a round the upper- hybrid 
re sonance , which can be reac hed only by tunnelling, si~ce it is 
beyond the cut-off . 

In Figure 1 we can see th e ma gnetic a nd density p rofiles 
of TJ-11 device along the inj e ct i on l ine . 

I n Fi gure 2 we have pl ot t ed Re(N"2) and lm(N "2 ) of the 
two branches against incident f r ecuency ( for electronic-T=l Kev , 
B=l T a nd n=lE1 3 cm-3 ). Both branches a r e absor bed at 
frecuencies nea r and below 55 GHz (cold 2nd harmonic ECR­
fre cuency for B=l T). The z-mode can propagate only in a narrow 
range of fre cuencies . So, hot plasma effects make resonance 
appear at some lower frecue nc i es than 56 GEz . To study the 
behavior of ref ractive index against the frecuency is j ust the 
reverse of studying it aga in s t magnetic fi eld . Refractive index 
deppends strongly upon magne ti c fi eld near t he resonan ce . 

I n Figure 3 we have plotted Re ( N"2) and I m(N "2 ) of t he 
two branches aga inst de nsit y ( f or electronic-T= l Kev , B=l T, and 
Fre c =55 . 93 GHz). We see t hat x- mode is s trongly absorbed . 

Figure ~ is t he plot of Re(N "2) and lm(N"2) f or the two 
b ranch es against the distance to the bardco=e ( central a nd 
helical c onductors), in a range c l ose to the area of B=l T. We 
have taken for th is the calculated prc:il:s ~f magnetic field 
and dens i ty of TJ-11 device . We hav! t1~e- e~! ct:onic-T=l Kev, 
mean density equals 1E13 cm-3 and ~re s=55 ~~3 . 

As we inject f rom the l ow fiel~ &~~! - ~~!v X-mode r eaches 
the re sona nce , because Z-mode wou lc st~:~ ~:~~~~~ ting in the inne r 
part.This i s only possible by mode co~· ·5:i~~r. ~~ t tha t does not 
happe n at thes e densi ti es a~d f r ecueccies .So. for this mean 
density, on l y X-mode is useful for heatin~ and not z-mode . We can 
see also that the abso rpti on occurs so~e centimeters inner than 
the B=l T layer, and th~t i t is localized ~n ' narrow layer of 
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about 2 centimeters width. 
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L, GARCIA 

Universidad complutense . Madrid (Spain) 

The three-dimensional na·ture of ste llara tor geometry :nake s 

HHD equilibrium analysis complicated. The s tellarator expansi~n 1 re 

duces the equi l ibrium problem to a two-dimensional Grad- Shafranov 

equation. However , it assumes in the lowest order axial synunetry, and 

is , therefore , limited to systems with nearly planar axis . 

Koniges & Johnson2 have developed an asymptotic expansion for 

helical axis systems, in which the l owest order is given by a con­

stant t oroidal field and the rotational transform is order o, being 

o, the expansion parameter, the relati ve strength of the helical field 

to the toroidal fie ld. 

Here, we develop an expansion which takes as lowest order a 

helically symmetric vacuum field with finite rotational trans:orm. An 

analytical model corresponding to the TJ-II f l exible heliac is compared 

with numerical calculations . 

1
J .M. Greene and J . L. Johnson . Phys . Fluids 4 (196 1) , 875 . 

2
A. E. Koniges and J . L. Johnson . Phys . Fluids 28 (1985), 3127 . 
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MHD Mode Sfodies for a Topological TJ-II 

A. Varias* 

Division de Fusion 
CIEMAT 

Madrid {Spain} 

A modified version Ill of the spectral stability code HERA 121 is used to study the 
MHD stability of a straight (helically symmetric) model of TJ-II 13]. The equilibria are 
calculated in the flux coordinate representation of the MOMCON code 141. The helically 
symmetric equilibria are constructed according to the prescription used in 151. 

To investigate the influence of the basic stabilizing mechanism of Heliac equilibria on 
the eigenvalues w2 of the internal modes with poloidal mode number m, a sequence of 
high < f3 > equilibria is generated by varying the curvature tt = Rh2 /(1 + R2 h2) of the 
magnetic axis between tt = 0 and tt = 0.17, the last value close to the actual values in 
TJ-II. (Here R is the distance of the magnetic axis from the symmetry axis and h = -0.40, 
where 27f / h is the helical pitch). The rotational transform per period at the axis Lo and 
at the boundary LE varies between Lo = 0.26 and Lo = 0.35, and LE = 0.16 and LE = 0.41, 
respectively. The occurrence of unstable modes will be discussed taking the topological 
constraint of 4 periods into account. 

ll] A. Varias, IPP internal Report (1987) 
IZJ R. Gruber et el., Comput. Phys. Comm. 21(1981) 323 
13] A. Perea, J.L. Alvarez Rivas et el., 12th Eur. Conf. on Contr. Fusion and Pl. Phys., 

Budapest 1985, EGA Vol.9F, Part I, 433 
141 S.P. Hirshman and D.K. Lee, Comput. Phys.Comm. 39 (1986) 161 
[5J J. Niihrenberg, R. Zille and S.P. Hirshman, this cpnferencc 

* Present adress: Max-Planck-Institut fiir Plasmaphysik, IPP-EURATOM Association, 
D-8046 Garching bei Miinclien 
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ltir''..UENCE OF RADIAL ELECTRIC FIELD ON THE CONFINEMENT OF 

FAST IONS IN A NBI HEATED HELIOTRON E PLASMA 

K.Hanatani , F. Sano, Y.Takeiri , K.Kondo, H.Zushi, H.Okada, O.Motojima, 
R. Takahashi, H.Sato, S.Sudo, T.Hutoh , K. Akaishi, H.Kaneko, 

T.Mizuuchi, N. Noda, S.Nishimura, T.Aikiyo, A.I i yoshi and K.Uo 

l . INTRODUCTION 

Pl asma Phys i cs Laboratory , !:yo t o Univer s ity, 
Gokasho, Uj i, Kyo to, JAPAN 

Fast neutral beam i njection in both Wendelstein VII - A and Helio t ron E 
showed effective heating of plasmas /1,2/ even though ne arly perpendicu l a r 
beams were used in these devices. Reasons for the effective heatings in 
the t wo devices, however, have been considered to be differe n t. I n WVII-A , 
the reason is attributed to the enhanced confinement o f beam ions as well 
as of thermal ions due t o the effects of large r adial electric field , Er . 
In He l iotron E, by contrast , Er f i eld has been conside r ed to have only 
small effect on beam ion orbits . The purpose of t his paper is to extend 
the p revious work on the fast-ion confinement in Heliotron E /3,4/ and to 
clarify the in:luence of Er field. Our recent particle orbit calculation 
in nonaxisymmetric plasmas has shown tha t r esonance cau sed by ExB dr if t 
affect s t he confinemen t of supra thermal ions /5/. In this pape r , we will 
first describe t he orbit theory on the ExB drift resonance and its effect 
on t he fast-ion orbit loss in Heliotron E. We will then describe an 
experiment which was carried out to ver ify t he theore tical predic tion about 
the resonant orbi t loss in t he pe rpend icular NBI experiment on Heliotron E. 

2. E x B DRIFT RESONANCE 
I n nonaxisymmetric plasmas with Er field , confinement of a grou p of 

particl es in t he velocit y distribution function deteriorates when t he ExB 
drift cancels t he poloidal motion of these particles . This condition is 
called "resonance". Two different resonances were confirmed numerically 

/6/ . One is toro idal r esonance ( tv11 /R + Q ExB = 0) and t he other is 
helical r esonance ( Qh + Q ExB = 0). The toroida l resonance affects 
helically-untrapped particles when ExB drift resonates with rotational 
tra nsform c. The helical resonance affects helically trapped part icles 
when the ExB drift cancels Q h due to helical field ripple eh. Either 
ions o r e l ectrons are affected by t he he lical resonance depending on t he 
polarity of e lectric potential f, . The numerical calculation showed that 
" resonant supe rbanana" orbits, which are much harder to be confined than 
transit banana orbits, a ppear near the condi t ion of hel ical resonance . 

The relevance of the t wo types of ExB resonances depends also on the 
magnetic field configuration--in particu lar on eh. The conf ining mechanism 
of pe r pendicularly injected f ast ions in WVII-A was explained by the sh ift 
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of toroida l r e sonance in the velocity space /6/. On the oLhe r hand, the 
helical resonance can have important influ ence on drilt orbits in 
Heliotron E because i t has a deep helical ripple; e 11 (a) = 0 . 3 . In the 
Heliotron E experiment, the effect of the helical resonance wa s discus sed 
/4/ as a possible reason for up- down asyuunecry observed in charge- exchange 
out fl ux of fast ious in a low energy regime ( E ,:S3- 11 keV) . 

3 . VELOCITY SPACE LOSS REGION WITH Er FIELD 
The loss region of fas t ions in the velocity space is an infor mat i ve 

diagram for interpreting the performance of NBI heating. vur conce rn here 
is to see the influence of positive and negative po t en tia l on the loss 
region in Heliotron E. In the calculation , we assumed parabolic potential 
profile , {J • •

0
(1 - lJ!/ lJ!b) . Figure I (a) shows the velocity space loss 

region for 6
0 

= +lkV. As was already reported /3/, the loss region in 
Heliotron E split into two parts, indicating the containment of deeply 
trapped particles. The loss region with the • o = +lkV po tential was 
narrower than that withou t potential. When we assumed an negative poten­
tial (6

0 
= -lkV), however , the two part s combined in to a larger loss region 

(Fig.l(b)) . Confinement of deeply trapped (vu ;;;- 0) particles deteriorated 

Fi g . l Potential de p­
endence of velocity 
space l oss region in 
Heliotron E. 
Calculated at T: I a = 

0.5 out side of the 
torus . 
(a) {Jo 

(b) •o + l kV , 
-1 k\'. 
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near the condit ion of the helical r esonance, Eres~ -qi>
0
/eh(a), owing to ~he 

resonant superbanana orbi ts . In contras t to the l oss region in the WVII- A 
Stellar ato r /6/ , the toro idal resonance found to have little effect on the 
loss region in Heliotron E. I t must be emphasized that presence of Er 
fie ld is not always favor able to the fast ion confinement . If a large 
negative po t entia l is created in the Heliot r on E plasma and if the resonant 
ene rgy , Eres is close to t he injection energy , E

0
(=27keV), no substantial 

hea ting by t he perpendicula r injection is expec ted. 

4 . POLOIDAL ROTATION MEASUREMENT 
Since the possibility of the r esonan t superbanana loss depends on the 

polarity of potentia l , it i s important to know the Er field i n the plasma . 
To obtain the information about Er f ield, we measured poloidal rotation 
velocity VP of plasm~s in the experiment. Doppler shift of impur ity line 
emission ( C V; 2271A) was measured by using a Czerney- Turner cype visible 
spectrometer. The NBI heated plasmas (iie-;:;- 6xl0 13cm-3) were found to 
rota te in t he direct i on of elect ron diamagnetic drift, indica ting the 
presence of negative ( inwardly 
pointing) Er field . Figure 2 shows 
t he measured VP for various PNBI 
(port through power); circle for 
B = l . 9T , diamond for B = 0.94T. 
The maximum rotation speed was about 
(4-6)xl05 cm/ s at ~/a-;:;- 0 . 7 . The 
rotation speed was much slower than 
that measu red in t he WVII-A Stell­
arator . In ECH plasma ( iie-;- 0 . 6x 
to 13cm-3), the direction o f poloidal 
rotation was opposite to that of the 
NBI plasmas . 

5 . CHARGE-EXCHANGE ENERGY SPECTRUM 

-E 
u ........ 

5 

0 0 

0 0 

1.0 2.0 3.0 

P NBI (MW) 

The poloidal r otation measurement sugges ted the presence of negative 
potential in the NB I plasma . Although negat ive (>

0 
corresponds to the Er 

fie ld which cen cause helical resonance of i ons , the magnitude of (>
0 

est i mated from VP is so small ( - I kV < 6
0 

< 0) that the resonance does 
no t directly affec t fast ions near the injection energy E

0 
(=2 7 keV) . The 

i nferred small potential is consistent with the previous observat ion of 
confinement of perpendicularly injected beam ions in the high ene rgy regime 
/5/ . The estimated potential (>

0 
suggests that the he l ical resonance will 

occu r in the low energy regime (Ti < Eres < Ecrit) . Here , Eerie• 14 . BTe 
is t he so- called critical energy . This means that fast ions suffer the 
resonant-orbit loss afte r they slow down bel ow Eerie . As a result , the 
helical resonance can r educe the ion heating efficiency of NBI . 

ln order to verify the ex istence of t he resonant superbanana loss of 
fast ions in the He.lio tron E expe riment, we have examined the charge 
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exchange energy spectra i n the l ow energy regime. Figure 3 shows t he 
energy spectrum of perpendicularly injected fast ions. The neutral 
par t icle analyzer was or iented also pe r pendicu l ar to the fie l d lines so as 
to det ec t the energy spectrum along v~ axis in the veloci t y space. Around 
the expected resonant energy Eres ;;- 3 keV, we found a depletion of fast 
ions in the distribution function. The relative dip i n t he B = 0 . 94T 
spec t rum compared with t he r e ference (B = l.9T) spectrum is interpreted as 
been due t o shorter 
toroidal drif t t ime 
of resonant ions i n 
the l oss region . 
Note that scat teri ng 
t ime is unchanged. 

Fig . 3 Charge-exchange 
energy spectrum of a n 
exactly perpend icular 
beam. Open symbols 
for B = l . 9T, closed 
symbols for B= 0.94T. 
External parame t e r s 
were fixed except 
magne t ic f i e l d , B. 

6 . SUMMARY 

= 

-

0 3 6 
ENERGY 

I 

-
-
-

-

-
-

' 
9 1 2 15 

(k eV) 

In this paper, we have investigated the ro l e of ExB dr ift resonance in 
the conf i nement of helically trapped fast ions in Heliotron E. Instead of 
the toroidal resonance, which plays ma jor role in t he beam-ion conf inement 
in the WVI I-A device, the helical resonance become s i mportant in the 
Heliotron E device . The poloidal rotation measur.,men t of NBT plasmas 
suggested the presence of small negat ivt! Er field, which can cause the 
helical resonance of fa s t ions in t he low energy regime. The cha rge 
exchange energy spectrum showed a correla t ion with the predicted helical 
r esonance in the He l iotron E con figura t ion . 
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DEVELOPMENT OF C I RCllLAR I ZER 

FOR E~ lll. ESS MI RROR Df.Vln: \llTll 1=2 HELll.'~I. S~STE'1 

S. I he2a11a. T. Ya111a 211111 i. Y. Tai, i. S. Takeda. S. ~" ·"·au 

Depar I.men L of E le<:! ron 1 (. Eni: 1 neer i nr.. 

Chu uu University, Ka suga i 4H7 . .laµan 

To bui l d t he t' ndless mirror devic<' uf 1·a"1'irac1, type lhaL has 

hP I 1 ra I sys t.Pm as the cur vP I 1 near part . i L 1 s i mpor I.ant to ::onnect. t he 

mai:ndic surfaces between the heli cal and I.he mirro r parts . The four 

c1 r ru larizers ( lhe l eng th L ) • 11h1ch are mounted uy space'~ at I.he 

mi rnir ends • hav<· some t i mes lar?.f' pi Leh me rompar cd with that of t he 

hel 1cal sys tem ( m=4 ) . The aspect ratio R/a=4. 5 kef'11s cons tant.(R=45cm). 

In I.h i s paper we wi I I report here I.he design of the c ircularizer of 

length L . cu1· re11t le , pi ch me anrl 

space \I. 

F i g . I shows the wind i ng of t he 

co il i n the endl ess mirror. I n the 

cali cu l aLion . the toro idal 

magnet i c field Bt=2. 5kG at the 

cent.er of mirror , t he heli cal 

current lh=IOkA and the verti ca l 

cur r ent lv=O .BkA keep constant. 

Fig.2(a) , (b ) and (c) show t he 

magnet i c sur faces i n case of Lhe 

circularizer currents l c=O . 5 and 

IOkA , respecti ve ly. \lhen l c=OkA 

(Fig.2(a)) • the magnetic fields 

Fig . I Wind i ng of coi l 

cannot co mpose t he magnet i c surface , because Lhe magnet ic f ields are 

resonant and become magnet i c island. When lc=5kA (Fig.2(b)) , the 

resonance does not occur and t hey can compose the magneti c su rface . 

However, as the le increases unti 11 about IOkA (F'ig.2(c)), the magneti c 

fi e l ds begin to be di sturbed and do no t co mpose the magnetic surfaces. 



-

. , _. .,,. 
" . 

• ·1 : .. ,·· ... ·t . : I 
·+-- !.--· l--··r·· 

(a) 

401 
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fig.2 ~a g ne Li c surface aL center of mirror ( mc=2•m . L=30cm . W=2cm) 

The plasma volume 1·onfined is depend on the cross section ( S) of 

the most. outside magnetic surface. It. is hoped Lhal. Lhe conf inement 

cross sec tion is controlled to be large . because the KeneraLion of 

fusion energy ouLpuL i s proportional Lo Lhe vo lume . 

With regard to fig.2 , we have computed the effecL of le , L . me 

and W on s. Fig .3 shows t he relation between le and s. The other 

parameters keep co ns tant ( L=30cm , W=2cm ) . In cases of mc=2•m , mc=3*m 

and mc=m , the cross sect ion S of magnet ic surface become ma xi mum around 

lc=3-lll<A. In Fig.II , the relation bet11een Land S is plotted. In cases 

of mc=21m and mc=31m , there the maximum S at L=30cm. But when mc=m the 

re I at ion is reversa I . Because when mc: =m , t he magnetic surface is 

disturbed. Fi g. 5 shows the relation between me and S. When mc=21m, S 

becomes max imum in lc=3 -llkA. fig . 6 s hows that S does not depend on the 

space w. 
We summari zed Lhe parameters of the ci rcularizer of the maxi mum cross 

sect ion of magneti c surface in Table.2 , for the basic endl ess mirro r 

dev ice (Table .I ) . 
Now we discuss the comparison between our results and the others 

[1 ,2] . Fr iman et al .[t] proposed the circulari zer first in C-Stellara to r 

device , and Gavrlov et al .[2] carried out Lhe experi ment for 1=3 . They 

presen ted the formulation of the bes t conditi on for the circular izer , 

I 
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as fol lows ; 

La c:: n I I. I h/ a =K I cl a c , - -(1 ) 

Where a=2rr/Lh and a c=2rr/Lc ( Lh: the length of hel ical coi l and 

Le : the length of circularizer coi I ) . They a lso ob tained the relation 

K=2 .2 for 1=3. llh i le in our case , L=30cm . Lh=l88.9cm , Lc=1 22 .4cm , 

60 

~55 .L\ m.: 

without if~~ 2< m 
Circularizer~ ·····-· ···-·· - ·;t·············~- ~:~ 

2 3 
le (kA) 

4 5 

Fig . 3 relation between le and S 
( L=30cm ) 

60 o le= 2kA 

b. Jc= 3kA 

Cl le= 4kA 

60 

me= 

~ A/ ''m 

'~~·~:::.~ ~::: 
Fig . 4 

500 10 20 30 40 
L (cm ) 

relati on between L and s 

60 

( lc=3kA ) 

ffi.:; = 

0---0------0--- 2 x m 
~3xm 

o--o---0---0 1 xm 

without ~- · · · · 
Circularizer 

without 
Circularize~ 

2 3 4 
m e ( • m) 

Fig .5 re lation belwPen me and S 

( l.=:!Ocm ) 

50'---......_~'---~~--'-~ 
3 5 7 

W(cm) 

Fiz .G rela ti on between II and S 

( lc=3kA • L=30cm ) 
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1=2, lh=IOKA. lc=3KA are substituted into eq.(I), then K=5.I is 
r 

obtained • wher e Lh denotes a qua~tcr length of one turn hel ical winding 

as the four c ircu l arizers are mou nted in our racetrack devi ce . 

Nex t , the Pfrish - sch l~te r current in herical part may disturb the 

magneti c surface[3] in the recti l i near mirror part , so t hat the 

Dracon 's condition that the current does not fl ow into the mi rror part 

must be satisf i ed[4] by the circu l ari zer. 

Tab l e.I Basic Parame t ers of 

Endless Mi rror Device 

He I i ea I Co i I 

pair of co i I 

pitch 

current 

Vertical Coi I 

current 

Toro idal Co i I 

2 

m = q 

l h=IOkA 

lv=0.8kA 

magnet i c f i eld Bt=2 . 5kG 

References 

Table.2 Paramet ers of 

Ci r cular1zer Deve l oped 

pair of co i I I = 

pitch me= 

2 

8 ( 

l ength L =30cm 

space I,/ = 2cm 

current le= :~kA 

2*m ) 

I. E. Friman et al . • The Proposed Model C St.c l Iara tor Faci Ii Ly proj f'd 

Ma t terhorn. Ch . N. NV0-7899. p. 78. 

2. B. I. Gavari l ov . F. V. Karmanov . and G. P. Maks imov. ThP Opera t ion 

of The Cyl inclerizer in The St.e l larator. At . enPrg .. 18 . 273 ( l ~)li~). 
3. Yu. ~1. Loktionov and \I . P. Sebko, (lµerat1on or Slrl laral.or 

Circula rizers in ThP Presence of an Axial Curren t. AL. enf'rg .. 

Vol. 28, ~o . 3 . p.263 - 265 (1970). 
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DESIGN STUDIES ON COMPACT HELICAL SYSTEM (CHS) 

M. Fujiwara, K. Matsuoka, K. Yamazaki, K. Nishimura, 
T . Amano, T. Kamimura , H. Sanuki, J . Todoroki 

Institute of Plasma Physics, Nagoya University , Nagoya 464, Japan 

I. Introduction 
In helical systems , toroidicity introduces two con tradic ting factors 

each o t her, that is , MHD s t ability beta limit BsT a A- l (here Ap i s aspect 
ratio) and parti:le confinement which is better in a rarger Ap device . The 
recent developme~t of theoretical research on hel i cal systems presents the 
possibility to O? timize the configur ation for stable confinement of plasmas 
by the effect of ambipolar potential , and the localization of helical ripple 
to reduce transport in a low aspect ratio device (the works developed by 
Mynich , Boozer, Kovrizynykh and a series of ATF-1 design studies). 

On the other hand, the experimental research at present is carried out 
in large aspec t ratio devices H-E (Ap = 10- 11), W7A (Ap = 15-20) and L- 2 
(Ap = 9-10) except JIPP T-II (Ap = 7- 8) . ATF-1 will be tested near future 
to prove the possibility of plasma confinement in a lower aspect ratio (Ap 
= 7) helical system . In this report we present the design study of a more 
compact helical system (Ap = 5) CHS based on the recent theoretical and 
experimental results. 

The CHS device is now under cons truction and will be in ope r ation in 
1988 at the Institute of Plasma Physics, Nagoya University. 

II. Configuration Studies 
Sel ection of configuration is carried out from several key points 

listed as follows : (1) Plane axis helical systems are torsatron/heliotron 
and stellarator types. The later configuration needs helical coi~s and 
toroidal coils except modular coil systems , but the former ones compose of 
helical winding and poloidal coils t o cancel the vert ical fields onduced 
by hel i cal coils . From the viewpoint of s imple structure t o keep good 
accessibility , CHS employs torsatron/helio t ron type configuration . 

The pole nurr.ber 1 of helical winding is determined to be 1 = 2 in 
order to keep the rotational transform angl e on the magnetic axi s t(O) 
finite (t(O) = 0 i n 1 = 3 systems) from the viewpoint of low axis shift for 
finite B plasma and good confinement in the central core region. To reduce 
the aspect ra t io without lowering t(O), the pitch of helical winding y = 

mah/1R0 , where m, ah and R0 are the toroidal period number of helical field, 
minor r adius of helical winding and major radius of the torus , is around 
1 . 25 which i s lower than the values of H-E, ATF-1 device . 

(2) Pitch modulation of helical windi ng is also employed for the forma­
tion of clean and large magnetic surface without the bifurcation in a l ow 
aspect ratio helical system . Accord i ng to Cary-Hanson's theor y , the 
modulation includes multi-harmonic helical fields for the ideal case , but 
CHS device uses a s imple winding law e = (m/1) $ + a*sin(m/1)$ (here e, $ 
and a* are poloidal and toro idal angle and the constant value of t he pitch 
modulat ion factor) to build a real experimental device with a high accuracy . 
a* is selected 0.3 (~ ah/R0 ) . The positive a* is effective not only to 
form clean and l arge magnetic surfaces but also to reduce the ver tical 
fields induced by helical windings by a factor 2/3 . 

i 
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(3) CHS device is a l so equipped with t he main vertical coils and the 
additional co ils called SF whose role i s sha ping the averaged magne tic 
surface by con t r olling the component of the quadrapole f ields . The maj or 
parameters o f CHS are lis t ed in Table 1. The top view o f the device i s 
s hown in Fig . l. The magnetic sur faces at different toroidal angl e , t he 
radial pro f ile of the rotational transform t(r) and the well depth are s hown 
in Fig.2 . 

MHS s tudies are also carried out for CHS configura tion by using H­
APPOLO code, which uses an averag ing method, for the equilibrium/ballooning 
s t ability and H-ERATO code for stability . The a value is not limited by 
the stability but is determined by the destr uction of equilibrium in a fat 
helical torus s uch as CHS. One example of computer results is s°hown in 
Fig . J which indicates the magneti c axis shif ts as a function of the a ve raged 
B for th ree different fixed vertical fields . MHD equilibrium c;a~culation 
for CHS carr ied out by dif fe r e n t codes s uch as VMEC for NEAR (ORtlL) pre­
sented consis t ent resul ts with those in Fig .J. The maximum B is es timated 
to be around 5-E %. 

Confinement t imes a re also evaluated by various me thods s uch as the 
point model of neo- classical tra nsport , 1-0 transport WHIST code by ORNL 
people and the empilical scaling obtained by H-E group. The energy conf i ne­
ment time i s J-10 ms for t he plasma parameter of ne = 1-5 x 1013/cc and Te 
= 500- 1000 eV . The role of ambipolar electric field is found to be extreme­
ly important for plasma confinemen t in a low a spect ratio helical system . 

III . The Expe r inen tal Program 
(1) After the device construction, ECH of 18 GHz/30 kW (B = 0.64 T) 

and 28 GHz/200 kW/75 ms (B = 0 . 5 and 1. 0 T) a r e tried to s tudy the bas i c 
confinement characteristic of CHS device. The RF plasma heat ing i s a l so 
tr ied to produce a hi gh dens e plasma (ne ~ 1013/cc) in var ious magnetic 
field strength (B = 0 . 3-1. 5 T). The devel opment of RF a nd production 
heating makes it poss ib le the B dependence of confinement, high B studies 
in a low magnetic field case , and prepa r a tion of ta rge t plasmas for a neu­
tral beam i nj ection. 

(2) In 2nd phase, high power NB! heating (30- 40 keV, 3-4 MW) and high 
powe r ICRF are planned to study t he confinement of a finite B, high t em­
perature plasma. Higher frequency ECH (60 GHz/200 kW/100 ms) i s also 
carried out in this s tage . 

( 3) CHS device will be up- graded to be operat ed at B ~ 2T by changing 
the powe r supply sys tem of coils. 

(4) The helica l windings (1 = 2 , m = 8) o f CHS can be operated a t 
differen t coil currents, so t he helical axis like configuration can be 
s tudied in the late r stage of t he experimental program. 
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Table 1 Major paramete r s of C . H.S 

Major radius R 

Helical coil rad i us ah 

Avarage plasma radius ap 

Plasma aspect ratio Ap 

Multipolarity l 

Number of field period m 

Pitch parameter 

Pitch modulation factor 

Field strength on axis B 

Central transform 

Edge transform 

Pulse length 

Access port diameter 

Neutral beam power 

ECH 

ICRF 

1 . Orn 

0 . 313 m 

0 . 2 m 
5 

2 -
8 

1 .25 

0 . 3 

1 . ST-2. OT 

0.33 

0.8-1 .0 

2s at 1.ST 

30 cm,50cmx38cm 

3 - 4MW/40keV/1s 

30 KW/18GH
2

/CW 

200KW/28GH /75ms 
z 

200KW/60GHZ/100ms 

500KW/6-28MHZ/10ms 

2MW/20-40MHZ/30ms 

Fig.1 Top view of CHS device . 

J 
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Fig . 2 Magnetic surfaces and vaccum field characteristics. 
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( 13> 
Fig . 3 Pos itio ns of t he magnet ic axis as a function of <~> . 
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ABS'i'RACT 

J.btveevn E. A., Pustovitov V. D. 

EFFECT OF THE PLASi.L\ ELONG1~TIOH o;r EQUILIBRIUlI Ill STELLJ\RATORS 

In this pc.per -~he effect of tiic bow1L.ary si12.pe of plasr..c. on 

the j -va lue, . the eeor.ietry o:l intern:il mat;netic surfaces end the 

rotnt i onul trunsforra profile)"{ ajin odinc.ry stellurators ( \"1ith 

planar circular axis ) is investise.ted . Averaged r.1agnetic surfaces 

ere cle:;icri bed by three parameters- toroidc.l· shift LJ , elonc;e. tion I< 
and triun.:;ul nrity d . The values of J< and Ll on the plasma 

bouncl:J.ry e.rc specified e.s initi::>.l date.. Tl'10-dir.1ensiona l equilibri-

urn equ(l·~ ion is :iolved numericc.lly using the r.icthod of electrodynGmic 

monents . 

It is sho;m th~\t in stellnrc.tors with shen~· elonc;ution of the 

avcrac;ed boundc.ry r;i ves rj.se to si.::;nificun·~ increase of the ellipt i-

city of the internal r.in.:,net ic surfaces, L!.nd , correspondinGlY , to the 

c.onsiC.er;i.ble increase of J ~ ( 2+2, 5 tine:i for ro.ther moderate 

K i _:;:;,~.;~.I:-: ='~ell.:-.:·:.'.::::·:; ·;;i '.:!:o·,;,'.; :;:-;.:..:.~- ~!;::.:; .:.::: :.:..:.~ :;..; ' ",;,.;;; 

1·1ec.ker . The dcnm1dence of j .eron K f is the so.r.1e c.s for tl-ie 1:0-

!:aJ ;;t( ~~)2~:rm (c·~J·r:n( 51;.~~: -f j) • ( ~~/r_i) ~ 
In thic ·;1orf c.ntiitic:o.l dependence o:rjl (Q)on .:;eornetric p:lrn-

'j/{a }~ "'J;,~: f}i~'°'~;?!},P ff,~ ~'1 rz,,Y/;) 
X ( / - ,::; (le -'+I) --::Z- J' wi't h. 

It :iolJ.o·.rs t l'i::·~ '•)1C fl -profile control in stollar~<tors"">si1e::-.r is 

in y,:&.·i.1Cl).'!l ;'onzi bYc U:• elou~:;.tin:; of the n.v crc.,sed t!'l.,Snctic [;ttri'r·.-

•:;:i.-::! no:i_- zcroj3 nc;) .. 1.ti·.rc zhco.x- re:;i o1~ c.l·::~~:,'s c::i::'t~ c.r:d , bc~irlcz , 

~ ( 0.) :.~:·o:l,;:'..:1 tlc)~,1~S upon pre::;::;ure di:::-~:ciou-~.i.0-'1 f(a) ( ~::ro::!1 
D.' ) . i."o~·- :.;::.,-. ( 1) , o;,';._:i. ::Q(: ::'.n !" ~ Cou.;--f :::I:;;:-o;::ir.·.:.-~io~ , i::; in 

::oo:~ 
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HIGH-~ EQUILIBRIUM IN A STELLARA.TOR 

L.M.Kovrizhnykh , S.V.Shchepetov 

General Physics Institute, USSR "cademy of Sciences 

D.P. Kostomarov, D.Yu. Sychugov 

!,!osc ow State University 

As a .·ule, in analyzing plasma equilibriwn in magnetic confine­
ment systems, it is not a.priori c lear, what i s the topology of 

the magnetic surfaces. The presence of a f inite pressure or the 
curren ts flowing in the plasma, in particular, lead to the appea­
rence of magnetic islands or separatr ix.aere the problem of stel­
l arator equilibr iwn is numerically solved and the topology of 
magnetic islands is studied . The case of fixed t otal current 
flowing in t hfl plasma is considered as well as that of stationary 
plasma equilibriwn in a stellarator with a zero-current, flowing 
through the cross section of each magnetic surf ace . ~nalytical 
estimations are given. 

Using the system of averaged !.IHD equations , which reduces the 
problem to study axisymmetric case 1, i t is easy to obtain the 
equation for the poloidal flux of a magnetic field \' : 

-s<i·'t•):[-~ t~'t ~~ .. J<~-111">=[ 't.2~ ·t~~v> c1• t~)1=~ js < 1 ) 

where p is t he plasma pressure, I('!i) is the poloidal current, 
B0- is the longitudinal magnetic field at the axis of the system. 
The dependence of '\J• (r,z) and B:(r,z) functions is governed by 
the type of helical fields confining the plasma and we shall 
consider it t o be given in our case. In numerical calculations 
we use the Cartesian coordinate system (r,s,z) where s is the 
angular coordinate along the axis of the torus. Later on we 
shall consider that at p=O, Js=O level lines in the cr oss­
section s = canst are concentric circles, at the same time 

c cP. • " "\' :(!10 J_p° ,p-C d.P , where .t, is the r otational transform produced 

I .NR-~ r.P •ti" ' -i_, . by helical windings, B: B0 =· 0 Jo (.f:,,-) Jl o,P , N is the period 
number of helical winding, C is represented in a fo:nn: 

21(-i 
~·~L..C11.X ,, X=jl/j0 , CK ">0. 

k~i 
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Here J>
0 

is the minor radius of magnetic surf ace 1 Jl = fCz- 'i.,f,. '1..2 
'. 

For the sake of certainty we shall consider later on that plasma 
column is bounded by an ideally conducting shell with a major ru­
dius tt0 and minor f'o . In numerical calculations we used the 
L- 21.! stellarator parameters ( General Physics Inst . )2 : 

S' = J'o/Ro = 1/6 , ~1 = 2C2 = 2C/5 = 0.22, ck>J = o , H = 4. 
At p'~ const I 2 ( '\I )uV~ , n =O, 1 Eq . ( 1) may be solved analytically 

the toroidicity being arbitrary . Here we shall limit ourselves 
to the case BZ/B0 <:<. 1 that seems to be optimal for reachinB 
maximum ,. J : 

Let us name the properties of the solution to Eq.(1) at n=O : 
1) when the current flowing through the crosssection of "!:he plasma 
column is fixed and nonnegative, 'i' cease to be a non- negative 

function at a certain value of fomax = 2pmax/B6 :;. j!>Ck. • This value 
of the parameter fo is the maximum one since ~ <0 corresponds 
to a physically meaningless negative pressure ; 
2) when c1,zi! o, Ck>i = Oat '\11~0 the system has a single axis; 
J) when c3 ~ 0 the number of magnetic axes may vary depending on 
the value of 1' . At low J:> values , the configuration with a 
single axis is realized, while J:> value grows the configuration 
with three axes appear - two elliptical axes and one hyperbolic 
axis ( See Fig.1 ); 
4) when~· is growing arbitrary function of x the number of axes 
does not exeed three , at an arbitrary ?- and Ill~ o 

Ommiting straightforward algebra let us formulate the follo­
wing properties of solution to Eq.(1) at n = 1 : 
1) non-negative solution for '\\' exist at 0 ~ J> ""~ ~ oo ; 

2) when c1 F O, Ck>1 = o, that corresponds to a shearless stella­
rator, the magnetic configuration has a single axis; 
J) in a stellarator with large shear, magnetic islands may appear 
and the number of magnetic axes does not exeed three; 
4) when _e. value continue to grow, the magnetic islands may dis­
appear due to the decrease of "ii value on the inner circuit of 
the torus. 

Now let us consider a stellarator with zero current flowing 
through the cross-section of each magnetic surface. We shall 
show that under this condition the solution to Eq.(1) cannot have 
a local minimum surrounded by a local structure of smooth or 



408 

piecewise- smooth s urfaces, assuming -6"'\i"' ;; g(r, z) > O, Suppose 
by contradiction that thepe i s a local minimum at a certain p oint 
!.I in t he inner region, surr ounded by closed level lines iy = canst. 
For t he level lines located sufficiently close to the point M, 
the inequality';!~0~0 ;,. \J"o.tW. , where n0 is the inner normal to 
the level line. In a currentless regime , integrating Eq.(1) 
over the regi on S'l e bounded by one of these level lines , and 
transforming the left- hand side according to the Hauss- Ostrograd­
skii formula we come to the contradictions 

o ~ S t~~o~e =SS ~('t,'l)t"1 d S >o 
'l.ll. £ St e. 

The maximum poss ible number of axes in the case of compl etely 
currentless stellarator is, thus , equal to two, 

The numerical calculations show that for n = 1 the second 
magnetic axis is f ormed at very high pressures fom'*-2.t~ , which 
are unli kely to be of practical interest. 

" The lower value of the parameter j!. max ' = ~ , at which the 
system has the s eoond axis in the inner region, is obtained for 
the pressure profiles , whose gradient maximum is reached a t l ow 
C"P/~,...,,,.._) , that may be explained as follows . Since t he f i nite 

pressure c~uses the shift of the magnetic surfaces , a l igned with 
the major radius increase , and the value of poloi dal flux on the 
inner circumference decreases the maximum value of the Pfirsh­
Schluter, which is negative there-' is located in the region, 
where confining field BP =[ v '\l•Aes1t" is small. 

The discussion above is ill ustrated by Figs , 2 a,b which 
present the calculation results for the pressure profiles : 

~ \ ~ 
p'°p .... oi<J f(~)d~/J fC~)d~, F"(~)=~Kp[- l~-'t,o)/') , \i""'Wlw ... u 

0 0 

the maximum of pressure gradient is located at y = y0 , cl = 0 .1 . 
The minimal value of j. parameter nt which the system forms an 
additional axis is reached at ~ .... o.2 • The calculations s how 
the plasma to be stable against the interchange modes in the 
vicinity of a zeropoint of a poloidal magnetic field . 

1. L.i.!.Kovrizhnykh and s. V. Shchepetov , .l''iz . Plazmy .§., 976 (1980) 

[ sov. J,Plasma Phys. 6, 533 (1980)] • 
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2. I.S . Danilkin, O. I. Fedyanin, I.S. Shpigel, L, JA,Kovri zhnykh, in: 
Pr oc. US-USSR Topica l Meeting : Magnetic Conf igurat ions, Equi­
l i brium and Stabil ity of Stellarators , l • Rep .1 (1986), 

3, L,M, Kovrizhnykh, S. V. Shchepet ov, Usp , Fiz . Nauk .11§.,637(1986) , 

t sov. Phys. Usp. £2, 343 ( 1986)] • 
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ESTi i1L\'rION OF PRESSURE RADIAL PROFILE AlW EHEHGY 
CONFINEMENT TihiE IN STELLARATOR-REACTOR WITH THE LARGE SHEAR 

A. V.Komin, A.B.Mineev 
D.V.Efremov Scientific Research Institute of 

Electrophysical Apparatus, Leningrad 

I.S.Danilkin, L.li!.Kovrizhnykh, S. V. Shchepetov 
General Physics I nstitute of the USSR 

Academy of Sciences, Moscow 

Abs t r act 

Mothod /1/ of estimati on of the energy confinement time 
?;;£ in tokamaks has been applied to describe the 'i:E behaviour 

and pressure profile in a l arge shear stellar ator. 
Approximations for finite beta plasma displacement in stel-

larator have been given, which correspond to the data of 

works . 

ot her 

'!'he t:J!D plasma stability criterion /2/ in stellarat ors has 
been analyzed . When the plasma pressure increases, the plasma 
region on periphery , where pressure profile is defined by stabi­
lity criterion , decreases. Thi s situation allows to conclude 
that in stellarators , unlike tokamaks /1 / there must not be 
essential confinement degradation due to plasma instabil ity. 

The pr obability of energy confinement improvement in low 

coll isionality region of stellarator has been stud~d. It has 
been shown that if r adial prof iles of particle and energy sour­
ces coincide within c omplete neoclassical system of equat i ons 
13/ , the essential improvement of confinement i s possible. 

/1/ J . l'/ . Connor , J . B. Taylor, 1.1 .F.'furner Nucl. Fusion v . 24 , no . 5, 

p . 642 , 1984 . 
/21 L. t.,.Kovrizhnykh , S . V .Shchepet ov Uspekhi Fiz, Nauk, v.148 , 

no .4 , p . 637 , 1986. 
/3/ L.M.Kovri zhnykh Nucl. Fusion v . 24, no . 4, p.435 , 1984. 
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MODULAR STELLARAT ORS WITH IMPROVED CONFINEMENT PROPERTIES 

E. Harmeyer, F. Herrnegger, J . Kisslinger , A. Montvai•, F. Rau , and H. Wobig 

Max-Planck Institut fii r Plasmaphysik, D-8046 Garching, FRG, EURATOM- Associat ion. 
• Guest from: Central Research Institute fo r Physics, H- 1525 Budapest, Hungary. 

Abstract Vacuum fie ld properties of st ellarators with modular coils are compared 
in order to select the configuration with optimum confinement, small bootstrap current, 
and prospects to achieve a high beta value. 

In an effort to select an optimized configuration for application to Wendelstein VII-X, the 
next step of the Garching stellarator program, vacuum field properties of three types of 
stellarators with modular coils and reduced secondary currents and a modular Heliac system 
are investigated: 

(1) : a system W VII-X- l D with 6 elliptically shaped coils in each of the fi ve fi eld periods, 
otherwise similar to that of the forthcoming Garching Advanced Stellaralor Experi­
ment Wendelstein VII- AS; 

(2) : a Bean-shaped Advanced Stellarator configuration BSX clerived from item (1), wi th 
some indentation of the flux surfaces at particular toroida l positions, realized by 9 
elliptical coils per field period and otherwise similar to a system described in / l /; 

(3) : several Helias systems with 4 to 6 field periods, HS4, HS5 and HS6, with topologies 
similar to those published in / 2/ or / 3/ , realized by 10 to 12 coils per field period; 

(4) : a modular Heliac with 5 field periods similar to those published in / 4/ . 

T hese types of modular s tellarator configurations were discussed in a recent 'Workshop on 
Wendelstein VII- X' / 5/. Examples of coil shapes and magnetic vacuum fields are given in the 
five columns of Fig. 1. The coils of W VII- X-lD and BSX 5- 2 are centered along planar 

curves R('P) = R0 (1 + c5cos(5'P)), with R0 =S m and c5 = 0.016 and 0.075, respectively. 
The coil bores have elliptical minor cross section. This would ease the maintenance of a 
future reactor. Indeed, W VII-X-l D is a downgraded version of ASRA6C, the reference 
configuration of a recent s tudy / 6/ of critical issues of Advanced Stellarator reactors. The 
Helias configurat ions studied so far require coil contours matched to t he shape of outer flux 
surfaces. In the modular Heliac identical coil shapes should be possible. The coils for the 
Helias (Heliac) systems are arranged along spatial curves with moderate (large) values for the 
vertical excursion and coil t ilt. Consequent ly, the magnetic axes follow also spatial curves, 
whereas W VII-X- lD and BSX have nearly planar magnetic axes. 

A typical dependence of the electromagnetic forces in such a coil systems is visualized by 
the effective force Fr•• shown as arrows in the top part of F ig. 1. These forces are largest 
near the 'corners' of the coil systems, they point radially outwards in BSX 5-2 a t the middle 
of the field period, and they are spiralling in the Heliac. Other engineering aspects of the four 
types of s tellarators are also investigated, like the support of local electromagnetic forces and 
the resulting stresses and strains. Reinforcement of t he coils is required , by some coil housing 
and by intercoil structural elements. The stored magnetic energies amount between 0.3 and 
1 GJ at a field B 0 = 4 T on axis; the maximum fields at the coils are below 7 .5 T. 
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The rotational transform t of modular stellarators depends strongly on the coil aspect 
ratio and can be varied in double layer coils, utilizing different current densities in the inner 
and outer coil parts / 7 /. The above configurations have low shear and a magnetic well, 
l!i. V' /V' < 0, in their vacuum fields of aspect ratio A = 11 to 16. T he aspect r atio raises 
with t and also with the number of field periods. The magnetic well can be deepened by a 
large number of coils per field period (on the expense of the access between coils, however), 
and also by a lowered c-value in W VII-X-l D and BSX. Configurations with a magnetic hill 
are excluded from this study because, at vanishing or low shear, they would lack interchange 
stability. 

In order to est imate the stability behaviour of the above configurations from their vacuum 
fields, in Fig. 2 the quantity J* = ((B~/ B 2

) • (1 +Un/ h)2 )) is shown, which enters the 
stability criterion of resistive interchange modes. Here { ... ) is the average over a fl ux surface, 
a nd in a nd iJ. a re the parallel and perpendicular current density, respectively. T he ratio i n/ iJ. 
is derived from the poloidal variation of J dl / B taken along one field period. In the Helias 
and BSX configurations typical reduction factors of ~ 3 are seen for t he parallel currents, 
as compa red to values obtained in a standard stellarator like Wendelstein VII- A , which are 
characterized by lin/i.11 - 2/ t. Low values of J* indicate good reduction of the parallel cur­
rents, a small Shafranov-shift at fi nite beta, and low t ransport losses in the P firsch-Schluter 
and pla teau regimes. Resist ive interchange modes are studied for Helias configurations in /8/ 
at finite /3, a nd stable values up to an average /3 of 9 % are found. 

Guiding center orbits of circulating and t rapped charged particles have been smdied in 
the absence of electric fields. Trapped particles usually are lost in local mirrors between two 
adjacent coils. In the Helias, BSX and W VII- X-lD configurations the radial offset of d rift 
surfaces of circulating particles normalized by the Larmor radius, l!i. / p, is improved by a 
factor up to 3, in comparison to values of a standard s tellarator. The latter scale - 1/ t. 
In the Heliac t he deviations of drift surfaces a re small, which is d ue to its large rotational 
t ransform t ~ 2. 

For a further quantitative comparison of the different systems, in TABLE I the factors C pi 

and cb are calculated from Fourier-coefficients of IBI. T hese factors describe the plateau 
diffusion coefficient and the bootstrap current normalized to axisymmetric values / 9/ of an 
equivalent configuration with the same rotational t ransform t and aspect ratio. Reduction 
factors Cpl between th ree and fo ur a re found in BSX 5- 2 and the Helias configurations with 
4 and 5 field periods; C ; is lower by a factor of four in BSX 5- 2 , and nearly vanishes in the 
modular Helias HS4-8 with four field periods. Transport losses in the long mean free path 
regime increase with t he magnetic ripple and the effective drift velocity. Following the theory 
of / 10/ an equivalent helical ripple Eequiv. can be calculated which includes the reduction of 
the radial drift velocity of trapped particles. An optimum behaviour is obtained again for 
the case of HS4-8. An equivalent ripple amplitude is roughly 0.5 %. This configuration has 
a considerably small radial dependence of Bmin on the radial coordinate r •! f , see F ig. 3, 
which implies that deeply trapped part icles have a rather small drift velocity. ---

Conclusion : From the above s t udies, summarized in TABLE I , preference is given to the 
Helias type configurations. The number of field periods is not yet definite, although the low 
coil and plasma aspect ratios, as well as the small value of C p1 and the vanishing Cb favour 
the four period system. If possib le, the toroidal invariance of the coil bores, a characteristic 
feature of BSX 5-2 , should be incorporated in the definition of Wendelstein VII- X. 
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Fig. 2 : Dependence of J* on the rotational 
transform c for modular systems with re­
duced secondary currents. 

Fig. 3 : Dependence of minimum and max­
imum induction Bmin , Bma: on the effec­
tive minor radius for HS4-8. 

~: Characteristics of different WVII-X approaches . 
Major radius R0 = 5.0 m , magnetic induction B0 = 4.0 T 

rp[mJ rc[mj t. AV'/V'[%j J* t::./p Cpt 

WVII-X-lD 0.45 1.22 0.45 -1.7 7. 1.7-2.4 0.75 

BSX 5-1 0.40 0.90 0.41 -0.l 3. 
BSX 5-2 0.30+) 0.89 0.49 -0.1 2.3 0.3-0.9 0.22-0.3 

HELIAS 4-1 0.44 -1.0 2.6 0.3- 1.0 
HELIAS 4-5 0.44 0.80 0.51 -0.4 2.2 
HELIAS 4-8 0.45 0.90 0.55 -0.7 2.4 0.27-0.3 
HELIAS 5-3 0.38 0.72 O.i2 -0.4 1.6 < 0.6 0.3-0.35 
HELIAS 6-1 0.34 1.03 -0.l 1.3 < 0.4 C.61-0.8 

HELIAC 5-1 0.45 0.85 1.99 -0.l 2.5 0.;!- 1.0 2.4-2.5 

+) determined by preliminary vacuum tank, separatrix r, = 0.38 m 
rp, re: minor plasma and coil radius, respectively; c0 : rotational transform on axis 

References : 
/ 1/ F. Herrnegger, F. Rau , 131h Eur. Conf. Schliersee, 10 C/I, 307 (1986). 
/ 2/ J. Niihrenberg, R. Zille, Physics Letters 114A, 129 (1986). 
/3/ J. Niihrenberg et a l., gth Eur. Conf. Comp. Phys., Eibsee, 10 D, 57 (1986). 
/4/ J. Kisslinger et al., 121h Eur. Conf. Budapest, 9 F / I , 449 (1985). 
/5/ Workshop on Wendelstein Vll- X, Schloss Ringberg, FRG, Ma rch 1987, 

EURAT OM Report EUR 11058 EN, to be published (1987). 
/ 6/ G. Bi:ihme et al., Studies of a Modular Advanced Stellarator Reactor ASRA6C, 

!PP Garching Report IPP 2/ 285, to be published (1987). 
/7/ E. Harmeyer et al. , 141h Shmp. Fus. Techn ., Avignon, France, 2, 1631 (1986). 
/8/ W. Dommaschk et al., ll 1 IAEA Conf. Kyoto, paper D-I-3 (1986). 
/ 9/ E. R. Solano , K.C. Shaing, Phys. Fluids 30, 462 (1987). 
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STABILITY OF LOCAL MODES IN TJ-Il 

J. NUllRENBERG, R. ZILLE 

lvfax-Planck-lnstitut fur Plasmaphysik 
IPP-EURATOM Association 

D-8046 Garching bei Munchen 
and 

S. P. HIRSHMAN 
Oak Ridge National Laboratory 

Oak Ridge, TN 97891/ USA 

The TJ-Il four-per iod heliac [lJ derives its flexibility largely from the replacement of 
an axisymmetric toroidal heliac current [2J by a combination of this current with a 
helix-like one twisted around it [3]. Two key parameters, the rotational transform 
and the magnetic well , can be controlled in this way. In this paper, various TJ-II 
configurations are ar.alyzed with respect to their local mode stability properties [4J, 
on ly resistive interchange stability results being described because they are very close 
to Mercier stability results for heliacs. 

Vacuum field calculations approximating TJ-Il configurations are performed with fixed 
TF coil line currents, fixed VF coil line currents, and various circular-coil (cc) as well as 
helical-coil (he) line currents. A selection of configurations from the TJ-II operational 
space is obtained with the following prescription for the cc and he currents: 

Ii.c [kAJ = -2.l(Icc [kA] + 257.2). 

Figure 1 shows configurations of this type; the rotational transform per period Lp is 
in the range t.:SLp;S~; the magnetic well W is given by O;SW;S0.06; deep wells and 
large rotational transform occur simultaneously. For these configurations, magnetic 
surfaces inside but close to the boundary of the confinement region are selected as 
plasma boundary for the VMEC fixed-boundary 3D code [5J. Such a surface is Fourier 
analyzed in a form suitable as input for VMEC. Figure 1 shows these boundaries 
which approximate the original magnetic surfaces sufficient ly well. Improvement of 
the representation is still necessary for the very indented case. 

Case III is described in some detail. The currents (Icc, Ihc) = -(200,120) kA result 
in LO (at the magnetic axis) = 1.58, L1 (at the boundary) = 1.592. The boundary is 
chosen such that V " ~ O, and the overall magnetic well is W ~ 0.03. This boundary 
lies just inside the Lp = ~ resonance. Use of the VMEC code with approximately 
102 Fourier amplitudes and 25 radial grid points yields LO ~ 1.63, Lmin ~ 1.58, i1 ~ 
1.598, and W ~ 0.038 for the {3 = 0 case. While these values are fairly accurate, 
the fictitious increase in twist near the magnetic axis artificially introduces the ~ 
resonance. Calculation of a finite {3 equilibrium with a bell-shaped pressure profile, 
which is close to the optimum (for stability) because of V" = 0 at the boundary, 
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Fig.1: Five TJ-Il configurations characterized by the relation between he and I,, given 
in the text and for 
case I: Ice = - 163 kA, lo = 1.90, lE (last flux surface shown) = 1.90, WE = 
0.064, 
case II: Ice = - 175 kA, lo= 1.81, lE = 1.82, l1 = 1.79, WE= 0.05, W1 = 0.036, 
case III: I,, = - 200 kA, lo = 1.58, lE = 1.61, l 1 = 1.59, WE = 0.03, W1 = 0 .03, 
case IV: I,, = - 240 kA, lo = 1.15, lE = 1.24, l 1 = 1.22, WE = 0.006, W 1 
0.008, 
case V: Ice= - 257.2 kA, lo= 0.92, lE = 1.05, WE""' 0. 
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yields a stable equilibrium at ((J) = 0.01. At this value of (J the change in rotational 
transform is negligible; u,j I jl) ~ 2 at Lp = Lmin1 where the ~ resonance is not impor­

tant, and becomes large at the boundary owing to this resonance. At ((J) = 0.015 the 
stability condition becomes approximately marginal; at ((J) = 0.02 the equilibrium is 
unstable over most of the plasma cross-section. If the resonant contribution to the 
parallel current density is neglected, i.e. only the non-resonant part of the parallel 
current density drives the interchange instability, the equilibrium is stable. It has been 
verified that this behaviour leads indeed to stability at ((J) ~ 0.02, with resonances up 
to order 10 being taken into account, if the configuration is carefully adjusted between 
Lp = i and Lp = ~- · 

The results for the other cases shown in Fig. 1 exhibit the same basic features. Case 
IV, for example, avoids low-order resonances, but Lp = fo occurs. Without taking 
this res~ce into account, the stability boundary is ((J) ~ 0.01, with t his resonance 
slightly lower. As expected, these results verify that deeper magnetic wells and larger 
transforms yield larger stable (J values if low-order resonances can be avoided. 

A sequence of TJ-Il-like equilibria is defined as follows. Suppression of small Fourier 
amplitudes of the boundary and symmetrization of those which are non-vanishing in 
helical symmetry yields a neighbouring boundary (see Fig.2). With the aspect ratio 
of the period fixed, the number of periods N can be used to obtain the limit of helical 
symmetry by taking N -+ oo. Figure 3 shows (J-values obtained in this way. 

Fig.2: Flux surfaces of a TJ-II and a symmetrized TJ-II configuration. 

Fig.3: (J limit as a function of the number of periods. 
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FIXED- AND FREE-BOUNDARY n ~ 1 MODES 

IN TOROIDAL I = 2 STELLARATORS 

1. I ntroduction. 
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D-8046 Garching bei Miinchen 

T he magnetohydrodynamic equilibrium and stability properties of toroidai I = 2 stel­
larator configurations of large aspect ratio A (A = RT/ a = 10 to 20 as for the WEN­
DELSTEIN VII-A device, RT is the major torus radius and a the mean m:nor plasma 
radius) are accessible to the asymptotic stellarator expansion procedure STEP 1•2•3). So 
this is an adequate tool to study some characteristic equilibrium and stability proper­
t ies of s tellarator configurations without longitudinal net-current, which also apply to 
Advanced Stellarators 4). Results of a mode analysis of Heliotron-E configurations using 
the three-dimensional BETA- code are given in Ref.5, and in Ref.6 ideal and resistive 
n = 1 modes are studied for that configurat ions based on the average MHD equations. 
In the present paper a classification of unstable free-boundary modes occurring in toroi­
dal I = 2 stellarators is given. The normalized eigenvalues of fixed- and free-boundary 
modes with mode numbers n = 1, 2, 3, .. in toroidal direction and various radial node 
numbers of the eigenfunctions are given as functions of the position of an electrically 
conducting wall the mean minor radius of which is denoted by b. 

2. Asymptotic Equilibria. 

The I = 2 equilibrium configurations consist of M = 5 field periods of period length 
Lp/a where the aspect ratio A is related to the period length by A = MLp/ 27ra = 
M/ha. The value of the twist (angle of rotational transform divided by 27r) at the 
boundary is kept below 0.5 for the finite-beta magnetic field configurations. For t hese 
equilibria, t he lowest-order resonance condition n/m = 1/ 2 = t is not satisfied inside 
the plasma region (m is the poloidal mode number of the dominant Fourier mode). 

The vacuum magnetic field is given by B = Bofez + (6/h)\7 I2(hr) sin(20 - hz)] in the 
pseudo-cylindrical coordinate system (r, O,z), where the Bessel function I2(hr) appears 
in the solution of the Laplace equation tor the straight system (Bessel model); 6 describes 
the amplitude of the helical I = 2 field. The asymptotic value of the twist on magnetic 
axis is given by t = M62 / 16 for the vacuum field. The 1>-profile of the vacuum field as 
function of the mean minor radius r of the magnetic surfaces is approximately given 
by t(r) ~ t 0[1 + (hr) 2 /2 + 7(hr) 4 /96]. At finite (J, the 1>-profile is changed as shown in 
Fig.1. The local shear rt! /t (~ (hr)2 in leading order) of these configurations is rather 
small compared to Heliotron-E configurations because of the long period length. The 
pressure profile p = Po(l -1/1) ~ Po(l - (r/ a) 2 ) is approximately a parabolic function in 
r (1/J is the normalized poloidal flux). The aspect ratio is A~ 7.7. 

Figure 1 shows the twist t and the normalized specific volume (V' - VJ) /VJ as functions 
of r / a and (r / a)2 , respectively, for two different (J-values and vanishing longitudinal net 
current. The corresponding vacuum fields have a large average magnetic hill meaning 
that (V' - VJ)/VJ > 0. By superimposing I = 3 fields with the same period length 
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Lp or half of that, vacuum fields with a magnetic well can be obtained having more 

favorable stability properties 7
). 
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Fig.1. Twist a nd normalized specific volume Fig.2. 
(V' - VJ) / VJ as functions of r /a and 
(r/ a) 2 , respectively (A::;:; 7.7). 

Eigenfunction and di~placement vec­
tor of a free-boundary n = 2 mode 
with one maximum (t0 = 0.43, tb = 
0.49). ~ 

3. St ability Results. 

For all stability computations the equilibrium mass density p is assumed to be p ~ JP 
except for the results in Fig.4. The eigenfunction T/ of a free-boundary n = 2, mm = 4 
mode is shown in F ig.2 as function of 1" together with the corresponding displacement 
vector. The eigenfunction assumes its maximum at the boundary. The equilibrium 
configurations have been chosen so that the n = 1, 2, 3 and m,.. = 2n (n/ m,0 , = 1/ 2) 
modes are not resonant to t inside the plasma region. As shown in Fig.3, the free-
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boundary n = 1, 2,3 (mm= 2n) modes are unstable if the conducting wall is at infinity 
(a/ b = O); as the wall approaches the plasma boundary (a/ b > 0), these modes are 
completefy stabilized at a finite but small wall distance (b f a~ 1.05). So fixed-boundary 
modes of that type have not been found. 

The scaling of the eigenvalues with the wall distance depends weakly on the equilibrium 
mass density pas shown in Figs.3,4, but the threshold value of a/b for marginal stability 
is not affected. In Fig.5 the normalized eigenvalues of unstable modes are computed for 
/Jo = 1.9% showing that the absolute eigenvalues increase and that the stability margin 
of a/ b is changed. 

Other classes of unstable modes with one or two main extrema of the eigenfunct ions 
inside the plasma region are shown in Fig.6 for n = 4, m,.. = 2n + 1 fixed-boundary 
modes which are resonant to t inside the plasma region and are rather localized around 
the resonant surface. The location of the resonant surface can be seen from Fig.6. In 
Figure 7 the eigenvalues of n = 4, 5, ... fixed boundary modes are p lot ted, the absolute 
eigenvalues increase with n. If unstable fixed-boundary modes occur, the corresponding 
free-boundary modes will also occure. 

0.03 mres= 2n modes 
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Fig.3. Eigenvalues as functions of (a/b) 4 

for n = 1, 2, 3 free-boundary modes. 
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Fig.4. Eigenvalues as functions of (a/b) 4 

for n = 1, 2, 3 free-boundary m.odes 
(p = 1). 
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Eigenvalues as functions of (a/b)1 

for n = 1,2,3,4 modes with m,., = 
2n (f3o = 1.9%). 
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STUDIES OF THE MAGNETIC SURFACES IN THE STE LLARATOR WEGA 

H. Hailer , J . Massig , F. Schuler , K. Schworer , H. Zwicker 

I nstitut f ur Plasmaforschung , IJniversitat Stuttgart 
D-7000 Stuttgart 80, rRG 

Abstract: Following its reassembly , the vac uum magnet ic fi eld of the s tel­
larator WEGA is investigated. The magnetic field lin es are tra~ed by an 
electron beam . T:> detect the e lectron beam various methods are Jsed , in­
cluding a new method t o take high- quality pictures of drift s urface cross 
sections. At rational va l ues of the r otational transform magnetic islands 
are obser ved . Exper i mental data are compared to numeri cal resul t s . The fea­
sibility of eliminating the magnetic islands by add i tional magnetic fields 
is tested . 

The toroidal device WEGA , formerly a joint undertaking of the CEN Grenoble 
and the IPP Garching , has been transferred to the I PF Stuttgart and reas­
sembled in i t s stellar ator version (see e.g . [1 ] , [2]) . This stellarator 
has 40 equally spaced toroidal field coils allowing for B

0 
up to 1.4 T and 

1·2, m=5 helical windings mounted on the shell of the vessel . The najor and 
minor radii of the vessel are R

0
=0. 72m and a:0.19m , respectively. The resi­

dual gas pressure in the torus is about 2x 10 7 mbar . 

The structure of i ts vacuum magnetic fie l d is i nvestigat ed experimental ly , 
feed i ng the toroidal fi eld coils and t he helix ~4i ndings independently by 
highl y stabilized power s uppl ies (bet t er than 10 ) produci n g a magnetic 
field of about 0. 06 T and values of the rotational transform up to + ~ 0. 6. 
The magnetic field lines are traced by means of a l ow- energy electron beam 
(from 30 eV up to 120 eV), pulsed or de , using various detection methods. 

To beg i n with , a well known technique was used ([3] , [4] , [5] , [6]): The 
inter sect ion point s of t he electron beam with a meri dional (poloidal) plane 
are detected point by point with an electric point probe . If the beam is 
pulsed , by this way the rotational transform can be evaluated , t oo, via 
time- of- flight measurements. This method is accurate but very tine consu­
ming. rig. 1 shows dr i ft surface cross sections mapped this way at ·1alues of 
the rotational transform +

0 
sligh tly below 1/2 ( l a) and next to 1/2 (lb), 

unveili ng two large i s l ands. I n Fig.1 b t he i nner c l osed s urfaces have van­
ished totally . Moreover , these t wo pi ctures i ndicate the sensit i vi t y of the 
islands to t he ratio of t he toro i dal fi e l d c ur rent t o the helix current 
(ITF/IHF is 0 . 4401 in F ig .la a n d 0 . 4373 i n Fig .lb). 

Much f aster detection of the electron beam transit points is achieved by 
using a fluorescent mesh as has been done in HELIOTRON E [7] . Our mesh 
(s t ainless steel , wire diameter 0.8 mm , spacing 5.8 mm) has a transpar ency 
of about 74.3 %, slight l y h igher than t hat used in HELIOTRON E. This value 
proove d to be much too low , result i ng in a rapid decrease of the beam in­
tensity at consecutive transits and leaving, for example, after 100 tran­
sits a relative beam intensity of on l y 1.3 x 10- l 3, Fig. 3 shows two ex-
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amples for this method , a nearly elliptic drift surface at t-0 = 0. 118 (3a) 
and islands at +0 =1/2 (3b) . Only small parts of the two islands can be 
identified because of overradiation at the first transits and rapid de­
crease of beam intensity. 

Calculations o r electron trajectories indicate that some 50 to 200 beam 
transits are needed to identify magnetic islands properly. If after 100 
transits a remaining beam intensity of only 1 % s eems to be acceptable , the 
average transparency of the mesh has to be higher than 95.5 % resulting in 
a wire diameter of less than 0. 11 mm at 5 mm spacing giving·a rather poor 
spatial resolution . 

Optimum spatial resolution as well as minimum beam interception are 
achieved by noving a linear fluorescent detector, e .g . a thin coated rod, 
across the beam path, while imaging this detector on a photographic film or 
on the target of an electr onic camera and exposing for at l east one sweep 
time . This is a fast method producing high -quali ty pictures of electron 
drift surface cross sections (Poincare plots), and it is especially suited 
for the detection of magnetic islands. Multiple exposures with varying po­
sitions of the electron gun, practicable because of the high spatial reso­
lution, give pictures of groups of adj acent drift surfaces , and thus fast 
surveys of actual magnetic field configurations can be obtained . Fig. 4 
displays results obtai ned by this method . rig . 4a (+

0 
= 0. 118) and r i g.4b 

( +
0 

= 1/2) correspond to the neighbouring rig.3a and 3b taken by the 
fluorescent mesh. In addition , F"ig .4c shows island formation at t-

0 
= 1 /3. 

Parallel to the measurements electron guiding centre trajectories have been 
calculated using an up- to-date version of the GOURDON code (8 ]. The drift 
surface plots of F"ig. 2 are obtained for the experimental para11eters of Fig. 
1a , i.e . toroidal field current Irr = 404 . 5 A, he lical fi eld current IHF" = 
919.1 A, electron energy E - 30 eV , EJ. • 1 eV , and assuming a displacement 
of 1.5 mm between the main axes of the hel ix and of the toroi dal field coil 
ar rangement to be the only perturbation. Size and direction of this displa­
cement have been deduced f r om geometrical as well as magne t ic field measu­
r ements . The good agreement between the measured (F"ig.1a) and the calcu­
lated (F" i g. 2a) drift surfaces , although the contours of the i slands are 
highly sens i tive to the parameters, indicates that the isl ands shown are 
predominantly caused by this displacement. F"ig . 2b shows the same drift 
surfaces at the position of the fluorescent detectors , thus corresponding 
to r i g. 3b and rig. 4b . 

This helix displacement has not yet been corrected, in order to conti nue 
studying its effects and to check the feasib i lity of compensating such de­
fects by add i tional magnetic coils. A substantial reduction of the size of 
the islands has already been achieved. 
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Pictures: The s cales of al l pictures are equal . Rel ative to t he position of 
the e l ectron gun the toroidal position of the f luorescent detectors is 
cpF = 1 /2 x 21T and the pos ition of the point pro be is ~P = 4/5 x 21T. 

Fig . Fi~ . 

la lb 

170 

Fig. 1: El ectron drift surfaces at t • 1/2 mapped by means of a point probe 
Parameters: I HF • 919. 1 A, E = 30 eV and a) ITF = 404 .5 A, 

b) IT F = 401 . 9 A 
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Fig. 2 : Cal culated electron drift s urface cross sections. Parameters corre­
s pond to Fig.l a . a) Cross section• at the position of the point probe 
to be compared to Fig. la , b) Cross sect ions at t he position of the 
fluores cent detect ors to be compared to Fig.3b and Fig.4b . 
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TOROIDAL HELICAL FIELDS 

M.Y. Kucinski ~nd I . L. Caldas 

Instituto de F1sica, Universidade de Sao Paulo 

C.P. 20516, 01498 Sao Paulo,SP, Bra zil 

ABSTRAC T 

Using the conven'f.
1

ional toroidal coordina t e system 

Laplace's equation for the magnetic scalar potential due to 

toroidal helical currents is solved. The potential is written 

as a sum of an infinite series of functions. Each partial sum 

represents the potential within some accuracy. The effect ·of 

ihe winding law is analysed in the case of small curvature. 
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