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FIRST SPEED2 Z- PINCH DISCHARGES ON SOLID STATE FIBRES 

G.Decker, K.Ga sthau5, W.Kies,M.Mllzig, C. van Calker,G.Ziet.hen 
and A. E . Robson 1' ,J. D. Sethian+ 
Physikalisches Institut I, Unive r sitat Dlisseldorf 
+ Naval Research Laboratory,Washington De,USA 

Abstract 
Solid state fibres(CDz and fro zen Dz, diameter <10- 4 m} 
have been applied to the pulsel ine POSEIDON (500kA,500kV) 
at NRL and recently also to the capacitiv e driver SPEED2 
(1 . 5MA,300kV) at DUsseldorf university in o rder to gene r ate 
therma l Z-pinch plasmas for nuclear fusion. The neutron yield 
(>1010 for POSEIDON and,..." 109 for SPEED2) is mainly due to 
beam- target reac~ions initiated by disruptive instabilities 
that have been found in the POSElDON experi ments to appear as 
t goes to zero. In SPEED2 experiments the pinch is disrupted 
after typically 400ns and 250n5 for CD2 and D2 respectively 
although the pinch current keeps rising up to 1.5MA with CD2 
and 900kA with D2 after 700ns. Early pinch expansion leads to 
too l ow density «1027 m- 3 ) and plasma temperature « 100eV) for 
nuclear fusion. There is evidence that not only initial 
electric field and current rise but also the fibre length are 
crucial parameters for discharge initiation and current 
concentrati on to the pinch - a necessary conditi on for 
high pinch energy density. 

300KV capacitjye driver SPEED2 
SPEED2 is a capacitive driver originally meant as a c urrent 
generator for an initially low inductance dynamical pinch (Z­
pinch, plasma focus) (Decker et al.1986). First discharges on 
a high inductance (15nH/cm) stationary pinch (CD2 fibre) 
revealed that the original voltage rise of this driver 
(4kV/ns) was too low to fast enough initiate the discharge 
along the fibre surface. Therefore a steepening switch was 
integrated providing a voltage rise of 20kV/ns comparable to 
the POSEIDON pulseline (Sethian et al.1987). A pinch current 
maximum of 2 MA with a rise time of 750ns is available for a 
3cm long pinch. 

Pinches for nuclear fusion? 
Pinches are comparatively simple configurations generating 
fusion plasma s (Haines 1982). The energy W coupled into the 
discharge at any time can be given in terms of pinc h 
inductance L, resistance R and current I 

i t 
W(t) =1/2LJ2 + 1/2 jLI 2 dt' + J RJ2dt'. (1) 

o , 

Dynamical pinches efficiently make use of the second term via 
an increasing inductance generating a non thermal plas ma 
component (Deutsch,Kies 1987) t hat finally governs the 
pressure equilibrium (modified Bennett equi librium) 
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,uo 12 /8 ;-: NI"> ~ Wb ) 1-2NkT ( 2) 

where Nb ,N denot .. :: l j ne de nsit i es of the no nthertrJal (be<:l m) 
and t.h ernwl (ta l·ge t ) pl asma compo nents a nd <Wb ), T :-: T.: .:. Tl 
the m8i"1n energy o f fast parti.c le s (typically lOOkeV ) .:"lIId 
the bulk plasma tempe ra t ure, respectively. The se f ast 
pf.lrtl c les have the advantage o f c ausing ma ny beam - target 
fus i o n r eact i ons but the y l imit target density « 107. 6 m- 3 ) a nd 
tempe rature «keV). Unfo 1.' tunate l y, the extrapolat Lo n o f fus Li.l fl 
ef f i c i en(;y o f dynami c al pinche s above break-even- condi ti on ~; 
r e quires t a rge t data (density 10 28 m- 3 , lif e time 10 - 7 sand 
t e mpe r atu r e ) 10ke V) hardly achievable s ince fast particles 
primarily settle the final equil i brium . Furthermo r e, dynamical 
pinches are pro ne t o impurity problems at discha r ge ini tiation 
e s pecially in hi gh power experime nt s (Kies 1986 ) . 

Stationary pinc hes are supposed t o generat.e purely t he rma l 
plasmas avo iding ion runaway and acceleration mec hani s ms. 
The plasma is generated 'on axis' a nd 
ohmically heated si nce the second term of eq. (1) vanishes 
and eq . (2) reduces to the normal Be nnett - relatio n. For a 
gi ven temperature (e. g. lOkeV) the line d e nsity c an be 
matched t o the pinch current availab le from the driver. 
However, there is hardly an ab initio s t able pressure 
equilibrium maintaine d beyond current maximum (more than 
700ns in our c ase). Initially pinch expans i o n i s ve ry 
likely because of effective ohmic heating whil e later 
dUring the discharge when t he plasma resistance i s l ow 
rapid contraction (localised) may happe n so that fast 
particles can also be generated. The r efore, not only line 
density but Rlso initial density profile and especially 
initial voltage and c urrent rise are important parameters. 

SPEED2 stationary Z-pinch experiments 
Based on experiments carried out on the pulseline POSEIDON 
first Z- pinch di scha rges on CDz and frozen Dz fibres 
(diamete r 70~m, length 2 to 4c m) have been investigated at 
SPEED2. Experimental set-ups have been chosen such that 
initial condi tions (vacuum 10- 5mbar, initial voltage rise 
20kV/ns , electric field at breakdown 105 V/cm j initial c urrent 
rise 3kA/ ns) are compara ble to the POSEIDON experiments with 
the exception of cu rrent rise time (130ns -) 700ns) and 
current maximum (500kA -) 1. 5MA) . 
Figure 1 shows image converter and X-ray pinhole pictures . 
The v is i ble pinch struc tures ( 400n5 (a) and 200n5 (b) after 
discharge initiation) can only be identified in the X- r ay 
picture (behind 10pm Be) in the case of CDz but not with 
Dz where only the anode edge and copper plasma are seen. This 
means that the plasma temperature is low «100eV) and that the 
n e utrons « 109 f o r CDz and )109 for D2) are not of 
thermonuclear origi n but dU;; to fast deuterons accelerated by 
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(a) lOmm (b) 

Fig.l: Image converter (upper,lOns exposure) and X-ray pinhole 
pictures (lower, time integrated) of Z-pinch dl scharge s 
on C02 (a) and frozen D2 (b) fibres 

pinch disruption5typically taking place 400n5 and 25005 after 
discharge initiation for C02 and Dz fibres respec tively 
although the pinch current is steadily rising up to 1.SMA 
(C02) a nd 900kA (02) . Pinch expansion by a factor of"" 10 
occurs and the curren t is not totally conce ntrated to t h e 
visible pinch. The different pinch behaviour in the POSEIDON 
expe r iments (expansion less than twice the initial radius) is 
h a rd t o understand since the only obvious difference is the 
pinc h length ( POSElDON 5cm). (Le ak discharges develop only 
after the curren t maximum thus not affecting the pinch phase). 
We consider a collisionless moving electron bei n g accelerated. 
Starting i n the cathode region at radial position rand 
gYrating in the self magnetic field B it can only be prevented 
from directly c r ossi ng the gap if its larmor radius is much 
smaller than the pinch lengt h lp. This yields a conditi o n for 
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the pinch voltage 

U « (e/me) (Blp)2 (3 ) 

where e and mE) are the electron charge and mass, respectively. 
This means that first electr ons released by field or secondary 
emission never reach the axis since initially the magnetic 
field is zero . (Equation (3) also says that the same initial 
breakdown conditions with different pinch lengths are not 
available.) These electrons hit the anode causing X- ray 
emission. According to eq. (3) this can only be stopped by 
satisfying the condition 

lA » (103/2) (r/lp )/UkV (4 ) 

whicb gi~es an estimat~ for i if it is r egarded as a con stant 
( I =J ldt-It). However, 1 tends to drive the discharge off axis. 
Since pinch inductance is almost fixed by pinch length l~u. 
Even i f condition (4) is satisfied high e lectr ic fields can 
also cause ax i al ion runaway in l ow density regions where 
electrons are magnetized but ions are not. The necessity that 
initially the radial E x B drift s hould exceed the axial one 
can also give an upper limit of both initial electric f i eld 
and c urrent rise. 

Conclusions 
SPEED2 Z pinch discharges on solid state fibres show that 
there is no straightforward extrapolation from low to hi g h 
curren t stationary pinch experiments. Initial voltage and 
current rise, pinch length and radius have been identified as 
important parameters the optimum values of whi c h have n ot yet 
been experimentally determined. Parameter e s timates based on 
equilibrium condit i ons are uncertain since initial pinch 
expansion is unavo idable. Fast stopping of this e xpansion a nd 
subsequent contraction needs higher initial current rise 
()3kA/ns) and longer fibres ()5cm) than presently a v ailable 
with SPEED2 but there mi ght be a lso upper limits. It seems 
also likely that a shorter current rise time «500ns) 15 
necessary to avoid pinch disrupti o ns prior to reaching the 
curren t maximum. The latter r equirement is beyond SPEED2 
limits but within accessibl e mode rn driver technology. 
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PLASMA BEHAVIOUR OURING PROGRAMMED CURRENT DECAY AND RAMPING IN THE 
RE VERSED FI ELD PINCH 

P G Noonan, C G Gintl l ett and A A Newton 
Culham Laboratory, Ab ingdon, Oxon, OX14 30B, UK 

(UKAEA/Euratom Fusion Associatlon) 

In th ; 5 paper we summar; se ; nves ti gat i cns 0 f Reversed Ft e 1 d Pi nch 
(RFP) with rising and fall i ng curren t on HBTXIB (R/a = 0.8/0.26 m) with 
156 graph i te tile l imiters and toroidal equilibrium given by a conducting 

she 11 • 

CURRENT RAMPING 
The usual method of start up in HBTXIB ;s the matched mode . A la rge 

looP voltage , VL, of 200-500 V ;s applied to produce plasma current , I , of 
120 - 440 kA in a risetime. 'I' of 0.7 to 1. 4 ms. The l oop vol tage;s t hen 
clamped at 30-60 V to sustain a flat top current. The toroidal fie l d, B • 
; s programmed so tha t the toro; dal magnet i c fl ux ; n the vacuum ve~se 1 , s 
constant during start up . Thus the pinch paramet er , e , rises with the 
current and reversal of the toroida l fie l d at the edge of t he pl asma 
occurs l at e during the current rise . Although the resistance of the 
non-reversed discharge is hiqh (a few nt2l the riset i rne is suff i ciently 
short for it to make only a minor contribution to the volt second 

'I 
consumpt i on , ,H = f VL dt. 

o 

Attempts to produce a plasma current of 200 kA \'Iith a lower V
l 

of 30-
120 V and a risetime of S ms in the matc hed mode have failed. The maximum 
current I dOO kA i s achieved ear ly i n t ime and thereafter the plasma 
resistance increases with time to several 1lQ. Reversa l of the toroidal 
field is not obtained. 

Therefore we have investigated ClIrrent ramping {sometimes c alled the 
constant e model [ 1,2 ] in which field reversal and t he peak 9 are produced 
early in the current rise, in 2 ms at currents of 30-40 kA . Fi9ure 1 
compares waveforms for a ramped di scharge nnd normal start up matched mode 
with a flat top. To ensure breakdown at low VL a high initial 13 is 
required which is quickly reduced by prog r amming in t he f irst 1 ms ofll the 
current rise. Switching to a passive pollJidal current crowbar causes the 
small discontinuity in the current rise seen in Fi g la . For most of the 
time the plasma resistance is d mn anrl in thi s case the current is ramped 
to 14U kA at constant tl in 7 ms . It can be seen that in the fl at top part 
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of each discharge the plasma resistance Rp 
mode of start up . 

VL/I is independent of the 

OurinR the ramp the inductive contribution to V
L 

can be subtracted 
to obtain the true plasma resistance . The magnetic energy is calculated 
using a Modi fie d Bessel Function Model where the cutoff r adiu s, ri' is 
determined from the measured values of F and e at the plasma surface . The 
res i stance is found to be independent of dI /dt. In Fiq 2 we show that the 
re s i sta nce falls with current (Rp '" I- I ) and has the same value in the 
ramp and in the flat top . 

After field reversal the volt seconds, which contains inductive and 
resistive terms, is given by 6~ = RIli + C~I/a 2 , wh ere li the plasma 
inducta nce in s ide the vessel:: 1.1 X 10-6 H/(m of major radius) and C :: 
3 .8 Vm 2. 

The magnetic fluctuation level at the pl asma edge is foun d to be 
independent of dI/dt in both the ramping and flat top cases and is rel ated 
to I. decreasing from 61. to 2% as I increases from 50 to 150 kA. It wa s 
expected that ramping would require more dynamo activity than the matched 
mode [2] , but this i s not seen in present conditions. 

The R vs I behaviour can be analysed in terms of R I = V + bV where 
Vs is due Pto the collisional conductivity and bV = ~5 toS55 V is the 
anomaly arising from the intersecti on of field lines with material objects 
[3,4J . The value of bV is significantly reduced in the flat top when the 
equilibrium is corrected hy Bv and the limi ters removed [ 3, 4]. We expect 
that if the equ ilibr ium could be centered durin g ramping with no limiters 
the volts seconds consumption would be reduced. 

DECAYING CURRENTS 
Rapid term ina tion of the RFP with large induced V

L 
occurs when the 

reversed B is l ost (see Fig 1). It has been shown that control of V 
during curr~nt decay maintains B <0 un ti l the current falls from 200 to 38 
kA [5] . During this "control l ed 4l ru ndown" measurements of asymmetry factor 
(Shafranov's A) sugqested that fJ increases to 501. with i mproved enerqy 
confinement [ 5J. Such i mproved co~finement and reduction in f luctuations 
is predicted when current and toroidal flux are decaying at the same rate 
because the maqnetic f i eld configuration will be closer to the BFM [6J and 
has been observed on ZETA [ 7] . 
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He re we re por t exp eriment s wh ere VL and V were vari e d over a wide 
range (V = - 50 t o +70 V, V = -8 to 1 V) and 3ata t aken as the curre nt 
falls be t~een 180 and 140 kA9with 0 nearly constant in t he r~nge 1. 3-1 . 4 . 
Fiqure 3 shows the normalised OV intensity fluctuations dec rea s ing from 
30 to 15% as V

l 
is reduce d . The OV and CV mean ;ntens iti es are reduced 

by a factor of 5 aT though tile e lectron density remains con s tant at n = 

1.3 x 1019 m- 3. Magnetic fie ld fluctu ations a l so decrease about a f ac ior 

of 2 with more negative VL· 

The enerqy con finement time, LE' was estimater:l from Ti measured by an 
NPA assu minq l e = Ti · A sc an of VL over many shots sho ws Ti constant at 
330 eV . Energy confinement increases due t o the reduction of ohmic 
heatinQ i n the plasma volume a s VLi s mad e negative. The resul ts are 
sensit ive t o a number of assumpt i ons inc l uding the t emperature and 
magnetic profiles be ing the same as tho se in the flat top. 

CONCLUSION 
Sta rt up by r amp ing to currents of ~160 kA in 4- 7 ms ("ti/a2 = 65-11 0 

ms/m2 ) with loop vo l tages of 80-1 25 V has been demon strated and the plasma 
res istance found to be independent of the dI/dt i n the range 0 to 30 MA /s . 
A typical ramp uses 641 /lR " 1. 6 Vs/MA.m which is consis tent with the 3 
Vs/MA . m at 't I/a 2 = 12 0 ms/ m2 specified for RFX (R/a = 2.0/0.5 m, 1 = 2 
MA) under construct i on . With decaying currents some improvement i n 
confinement with lower f l uctuat i ons is seen, although the e ffec t i s at 
present short lived . 
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EFFECT OF A MOVEABLE TILE LIMITER ON THE LOOP VOLTAGE IN HBTX!B RFP 
B Al per and H Y W Tsul 

I NTROOUCT I ON 

CuT ham Laboratory. Abingdon, Oxon , OX14 3OB, UK 

(UKAEA/EuratolTl Fusion Assoc i ation) 

Resul ts are presented of detail ed investigations of the dependence 0"' 
the loop voltage , V,oo ' in a steady state Reversed Fiel d Pinch (RFP) on 
the Quanti ty of F1 ux i~tercepted by a carbon ti 1 e 1 imiter when inserted 
proqress1vely into the edge of the pT 35md in HBTXlB . 

Model s based on maqnetic heT icity bal ance in rel axed state systems 
[1 .2] or the interception of current fl ow [3] have been proposed to 
expl ain the dependence o f V, on field errors and on the insertion of 
l imiters. In morlels [ 1,2 ] it i~ogroposed that the hel;city dissipat i on in 
the edge regions dominate the impedance of present day RFPs. Fol l owi nq 
ref [ 2] the increa se in loop voltage (aV) over that expected classically 
is qiven by: aV = ax (eha2 )A , where ax is the potential difference 
hetween the boundaries where fie l ri lines enter and leave the plasma and A 
is the projected area of such surfaces normal to the field lines . 

r ... the studies outl ined below we vary A in a controlled manner and 
are able to separate the effect on VI due to heli city dissipation at 

d f f ·· QOP . 1 the plasma boun ary rom that 0 lmpUrlt1es 1n the p asma core. 

RESULTS 
Along graphi te til e 5 cm wide by 0.5 cm thick was inserted 

proqressively into the edge of the plasma . The effect on the increase in 
loop vol tage durinq current flat-top discharges from _33 V at r = 220 kA 
is shown in Fig 1 for two examples; firstly wtIen the tile intetc epts the 
maximull fl ux at the pI asrna edge and secondly wh e n it interc epts the 
rtl;n;mu1l flux (ie rotated throuqh 90°). In both cases the l oop voltage is 
seen to increase linearly with the c1 i stance nf the tile insertion beyond 
the existing limiters (Ion in frOlll the liner) with abo ut a fac t or of 
three qreater increase in the fir st case . When taki'l9 due account of the 
c haW1inq angle of the field lines ilt the edqe wi th insertion depth, the 
increase in loop voltrlge for both cases is proportional to the flux 
intercepted hy the tile. (In these c1 i sc harge s F .. -0 . 1 and () .. 1.4 at the 
edqe.) Sim il ar llerlsurements were carried out at other pI asma currents. 
Th e variation with I of a V/A wa s small; (6V/A represents tl'Je increase ill 
loop voltage per uni~ area of tile nonnal to the field beyond the fixerl 
li'r1iters) . Values of 6 V/A were 0. 5 ± 0.1 V/cm 2 a t 175 kA, 0.5 1: 0. 2 V/cm2 

a t 22010:.1\ risinq to D.7 1: 0.1 5 V/c,,, 2 ilt 2RD kA . 
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The resistivity of the graphite (10 I-I~} .m) is cQ1ll parao l e with that of 
the pJ a$md in the ec1ge region. To investiqate dny effect of varyinq the 
tile conductivity whilst minimising any chanQe in the impurity 

composition (see next sec tion), d "pyrolytic" graphite tile, with 
anisotropic conductivity , of identical dimensions was used. For this tile 
the el ectrica l resistivity across the face was (3 IrQ.m) , i e about a factor 
of 300 hiqher . Values of 6 V/A were 40~ :!: 2S't higher with the pyrolytic 
graphite beillQ 0.7 1: 0.1 V/cm 2 at 175 kA and 0 .9 1: 0 .2 at 220 kA. 

The current flowin~ through the ti le is measured to be _2A/crn2 whi c h 

is of the order of the ion saturation current i n the e0ge re9ion. The 
deuterium ion t emper ature (see [ 4J th is conference) rose with lnse rtion 
depth. (Electron temperature dn d Zeff chanQes are discussed below . ) 

IMPURITY ANO TEMPERATURE EFFECT S 
An increase in carbon impurities and a possible fall in T with 

limiter in sertion could contribute (classically) to increases in \ • 
This possibil ity was studied in de t ail for the case of a 4 cm grap~?~e 
limiter insertion at I '" 280 kA . For this case, Fig 2 (a) shows the 
signal from a bolometer 4l which has a direct view of the neighbourhood of 
the I imiter . The c urve shows the integrated radiated power (P rad) as a 
function of time compared with a normal discharge wi th no tile present 
(shown as a dotted line). The disc harge starts at t'" 2 ms. From 2 ms to 
~5 ms t he values of Pr ad are ab out equal but at around 5 ms a rapid 
increase in Pr ad occurs for the da t a with the t il e in. At about the same 
time radiation from CV (see Fig 2(b)) as measured by a visible 
spectrometer loca t ed 90 0 around the torus also shows a rapid ri se wi th 
litt l e or no inc rea se above s tanlJard discharges (dotted line) at earl ier 
times. Si mila r ly, in Fi!j 3, the central electro n temperature T • me as ured 
by a Si(Li) detec tor, deviates sig nificantly from values foun! in normal 
discharges (dotted line) only at later times when it is seen to fall - in 
dir ec t contrast to the increase in Ti noted earl ier. 

These results indicate that impurities do not play a significant role 
i n these disc harges at early times when any contribu tion from ch anges in 
Zeff and Te on oV1oo-'p is sma ll [5]. This has been confirmed by studies 
us ing a canputer model which takes account of all el ectromagnet ic energy 
energy flows into and out of the plasma during the discharges. The 
effective value of the loop voltage (Veff ) required to maintain constant 
current and profiles is shown for these discharges in Fig 4. I\n increase 
in V

eff 
of ~ 10 volts over normal discharges (dotted line) is present at 

early times before impurity and T effects are bel i eved to contribute . 
This increase, we attr i bute to he licity di ssipat i on effects in the region 
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of the tile-pl ~sma boundary. The same dependence of V'OOQ with time was 
confirmed experimental1y by varying the power-cro~ar(driv i ng loop­
voltage) to obtain current-flat-tops at various times in the discharge and 
measurinq V,o at these times. In general, the onset time for the 
commencement o?Pimpurity inf1 uxes was earl ier the higher the current and 
the deeper the limiter insertion depth. AT so with the pyrolytic limiter, 
infl uxes were earl ier and higher than that with the corresponding graph; te 
conditions . 

The va l ues of bV quoted in the previous section were taken at these 
earlier times, ie before or just at the time that impurity infl uxes were 
observed. In the case studied here (4 cm in at 280 kA) the measured val ue 
of o V was 12. 5 volts. In general we conclude that impurities etc 
contribute 25% ± 10% to the measured increase in loop voltage quoted in 
the previous section. 

DISCUSS ION OF RESULTS 
These results have shown that a sharp rise in loop voltage occurs 

when a relatively small object is inserted into RFP discharges and that 
this rise in l oop voltage of ~O.5 V/cm 2 of graphite tile insertion is 
additional to any effect from changes in Z ff and T and i s proportional 
to tile magnetic flux intercepted by the object. Thls is in good accord 
with recent models l>It1ich propose that helicity dissipation in the plasma 
edge regions ","ere fielc1 1 ines intersect material objects increa ses the 
plasma loop voltage . The potentia l differences (ox) across the tile 
required to account for the observed values of o Vloop are in the range 
400-800 vol ts . 

Further c onfirmation that 1 imiters c ontribute significantly to V
l 

i n RFP discharges ha s recently been obtained in HBTX1B wh ere a r eductyg~ 
of ~ 30% in V, was obtained with the remova l of 156 Qraphite tile 
1 imiters which ~~eered at of the 1 ine r 1 cm in from the surf~ce. 

These studies demonstrate that future RFPs must be carefully designed 
to have c orrec t equil ibriU'll with no ob s tructions protruding beyond the 
fir s t conducting wall. 
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Il[VEI\TiJl~ EQlIILI IHn U~1 or REVEHSED FIELD PINCII 

Kichiro Shin;.'.:'! 
r ashiba Research and Dev£>lopmcnt Cent er 

4- 1 Ukish im.:1-cho . KaI<1a saki-ku, Kawasaki 210, Japan 
Ki yoshi Ogawa 

Elec trotechni cill Lahora tory 
1-1-4 Umezono , S.:Ikura -mura , Niihari-gun, Ibaraki J05, JoJpan 

1 . Introduction 

Recent l y impurity con trol has been recognized as one of the crueia J 
issues to realize r eac t o r relevant plasma s even in the reversed ( jeld 
pinches (RFP). The polo idal divert or seems t o be an attra cti ve tool for 
this purpose from both the physical and engineering view points . Active 
shap ing by the external equilibrium coils is required for attaini ng divertor 
plasma configurat i on , which results in necessi t y of precise estimation of 
the equil ibrium coil current distribution by 2-dimensiona l equilibrium ana­
lysis beforehand. 

The purpose of this paper is t o describe how t o obta i n divertor con­
figura tion of the RFP plasma for pres cr ibed plasma parameters by numerica l­
ly solving the Grad-Shaf ranov equation . Plasma parameter~ are chosen o f 
the TPE-RX wh i ch is planed as a next step ma c hine s ucceed i ng t o the TPE­
l lU-IlS at the Elec t rote chnical Laborator y . Bot h the norma l and inve r se-dee 
double null di ver t or configura t ions will be described . 

2. Formula t ion 

The MHO code EQUCIR, which was developed t o ana lyse t okamak plasma 
equi libria, was mod ified to calculate RFP plasma . In t h is code th e plasma 
cross sec tion , null point l ocations , average plasma pressure and plasma 
current are required inputs . On the other hand equilib r ium coil cur ren ts 
are resultant outputs . 

The Grad-Shafranov equation which rul es ove r the axisyrnm etr ic pl asma 
equilibrium i s writ t en in the cylindrical coo rdinate (R ,$ , Z) as 

~ _ ..!. (I 'f + (120/ = \.I Rj (R ~I ) 
ClR2 R (lR az2 a if! ' 

. ( R 0/ ) '" RdP ] cl f 2 
J ifl , dIP + \JaR d¥(T) 

where j$ is the toroidal plasma current density . In solving the Crad­
Shafranov equation the functiona l form of the plasma pressu r e p( o/) and 
toroida l magne t ic fiel d f( lf) '" RBrOR should be identified . In t his paper 
p('I') and f (~') ar e s el ec ted as 

(1) 

(2) 

p('I') '" poo/mp and f('I') '" fO(l + c[~mf) (3) 

where ifi '" ('I' -IfIS)/( IP"I - o/S) is the normaliz ed po l oi dal flux with IP"I the flux 
at the magnetic axis and IfIS the flux at the pl as ma s ur f ace. 

Ite r a t ive method is used to solve the Grad-Shafranov equati on because 
of its nonlineari ty . Starting from flat plasma curr ent distribution , t he 
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polClidal flux distrihuliclO i s then (":l h "uJ<1!t'd b y t Ill' en'ell ' S func t ion 
method. The contrihution of th e e xternal e quiJibdum coil c urren t s t o the 
poloidal flux Bre modified t o lIinimize the fo llowing s qua r e error whi ch is 
evaluate d at the prescribed plasma s urface points 

Ns 2 Ne 2 2 N,.[l 2 2 
E '" r(ljIk-~'S) \~k+ IY·N .l j + LOk( 8Hk +BZk) (4) 

k j J ] k 

where 't'k i s th e polo id,]l flux at t he k' ch plasma surface po int. which i s 
the s um of the plasma curre nt con t r ibut i on 'I' 'ik and the exte rnal co i l contr i _ 
bution 'l'Ek ' Njlj i s the a mp e re-turns of the j ch coil and BH,k a nd BZk are the 
magnetic f ie lds .1.t the p r escriocd k 'th null p pill t in the R .1nd Z direc t ion, 
respectively. The p la sma current d is tribution o f the np.xt iteration step 
can be ca l culated by equation ( 2) . ef in equati o n (3) i s modified s o that 
th e integral of j 4> over th e plas ma c ross s ect i o n i s equal t o the p l asma 
current lp. Note tha t ef should be less than -1 throughout the iterations 
to ensure RFP con f iguration . 

Another iteration loop is engaged in the co de to converge plas ma 
pressure to the prescribed value . Th i s loop works per s eve ral j4> it era­
tions, the numb e r of j$ it era tion be ing de pe nd en t upon the cove rgence lev e l. 

Once convergence is at tained for bo th plas ma curren t distribution and 
plasma pressu r e, the charact er is ti c C"juantiti e s o f the RFP pla s ma can b e 
evaluated as f ollows : 
0) F a nd 0 

F BT(S) 
., <BW}!:> 

(H) s af ety fa cto r 

q~" f(~) f~ 
21! f(2Sp OL 

(5) 

(6) 

The current dens it y , magnet ic f ield and safety [a('I(\ 1' .'l re c,1lcu)nted on 
ma gneU c surfa ces div ided into equal flux difference . In t he equation (5) 
Br(S) and Bp(S) me.1n line-averaged coro idal an d 1w Jl"id :ll mngnctjc fi el ds o n 
the pl asma surfac e, respectively , ' .. :hjeh are writt en as 

STOReS) (d ~ 1' 
BT (S) • f d ' p I --

BpOi'<S) . BpOI.(S ) (7) 

Rr(S) 

<HIIl I: " j<; n\,o r ,'I)::,('d torpid.l1 m,l g1lE'tiv fl('ld .1\'l' r t lH' p l nsma c r osf, sec ti on , 
1. L' . , 

" Il nm" = IBTm~d" I I d" (8) 

ror nested m,l ~n C! ti c surrar~s \.:1tll eq ll .l 1 f l u ;.. diffel'cl1cl' th '" t?C"juo1tinn (H) 
rcdlJe~s t o J inL' nv{' rn~(" on thp IlL.l ~ n~ ti c s u rr.1Ct~ ;1 '<; f(l 11ows 

(9) 

TW\l diff e r e n t djve rtor cO llrj~UI'.lt.i o n~; with S,1m(' plasma p.1l"a nu?t l' rs hUl 
null l' rdll t locatjons arC' (>x,lm i ned , i . e., normal dive rt o r and in ver s(>- d (>(' 
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dl\ll,rtOT. The pr{\po~ed pl.:lsm.1 par:lnl('l('r~ of rh(' TPI:-'C, a r ('; Rp =- 1 . 5 m, 
:1",0.)1)\, 11''''" 2 ~IA, 0(,'\· 1. 5)(10][1 m-3 Rllli T(.'\·Tj 'l.. l ke\' , The- axiill pm;i-
~ioll of tht' nulJ poi nts ZN for both divc rt 0r conflp;lIra tions are same os 
'0 . 36 rn , hut the radial poit ions RN .J}"C' 1 . 36 m [(IT rhp no rm.,] divcrtor il1ld 
}.75 nl for the inverse-de(· di vcr tor. The co rT t'l'po nrlinp; tri.:lngularitieg are 
0 . 6 and -0 . 83, re~pectivcl)' . . 

Figure 1 shows (a) the norm"] divertor and (h) the inverse-dee diverter 
plasmo configuTll U ons_ for the aver<lge plasm .. pressure of p. 4 . 8 x 104 N/m 2 
which cor responds to oe:l.5xlOH. m- 3 .cl11d Te=T!"'1 ke\'. The vacuum 
toroidal magnetic field a t the major radius Rp i.s fixed at BTU = -0.2 1 
throug hout this paper. The total ampere-turns of both configurations are 
almost equal to q.5 ~L\T. but divertor coil ampere- t urns for the normal 
diver t or is tw ice larger than for t he i nverse-dee dive r tor . i.e ., 1 . 3 ~!'\T 

and 0 . 7 HAT , r espec t i vely. 
The magnetic fiel d distributions <\re shown in Fig. 2 for three dif­

ferent plasma pressures; (a) q. 8 x lOq N/m 2 , (b) 2.q x 105 N/m 2 and (c) q . 8 x 
105 N/m2 . The toroidal magnetic field decreases with in creasing plasma 
pressure while keeping the profile constant . This decrease corresponds to 
the decrease of the pOloidal plasma current shown in Fig . 3. The depletion 
of t he toroidal magnetic field in the plasma hrings about the redu c t ion of 
the average toroidal magnetic field < BTOR> r esulting in the increase of F 
and 0 values . 

The poloidal magnetic field is kept almost co nstant due to the con­
stancy of the total plasma current Ip. The t oroidal plasma current distri­
bution becomes broader a s the plasma pressure increases. Force free as­
sumption is not a good approximation for RFP plasmas with high plasma 
pressure. 

Figure q shows the F-0 traject or y as the plasma pressu re increases. 
When the plasma pressure is low F and 0 values exis t on the curve pre­
dicted by the Bessel function model (EH!), while at higher pr essures the 
values deviate from the BF~1. It should be noted that the vacuum toroidal 
magnetic field BTO is kept constant througho ut the analysis . The F-0 
trajectory may therefore be different for changing value of BTO . 

Table 1 summarizes the r esul ts including a compar ison between the nor­
mal and inverse-dee d i vertors. It might be concluded thAt there is little 
difference between the normal and inverse-dee divertors . The average decay 
index of the equilibrium magnet i c field is defined by 

where 

<n> =! f jTOR BZ n dRdZ 
BZ 

1 J. Jp J TOR 
BZ dRdZ . 

(10) 

<n> takes positive value of 0.33 for the normal divertor plasma at P"'4 . 8x 
104 N/m2 • while it decreases to -0 . 52 for the inverse-dee divertor plasma. 
The ne gative value of <n> inevitably brings about th e positional instability 
in the ver tical direction. The null point location should therefore be 
lowered to stabilize the positional instability at t he expense of the in­
crease of the equilibrium coil currents. The normal divertor conf i gura­
tion is preferable for suppress i ng the positional instability. 
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FREE BOUNDARY ~lliD STABILITY OF RFP CONFIGURATIONS 

D. Merlin , S. Ortolani, R. Paccagne lla 

lstituto Gas lonizzati del C.N . R. 
EURATOM-ENEA-CNR Association, Pad ova , Italy 

INTRODUCTION 
-----I~-;-p~evious article [1 / a fixed boundary NHD stability analysis of 

force-free RFP profiles was described . In this paper we presen t an ex t ension 
of the analysis including the effect of a vacu um region separating the pla­
sma from the conducting shell . 

An ideal H1I0 eigenvalue code ilnd ;l resi s tive code, based on the 6 ' cri ­

terium, are employed to study the s tability , for current driven modes , of 
force-free equilibria ob t a in p.d fr om .:l P Tildial di st ribution of the form : 

J ' B 

p(r) =~o 

where a is the plasma minor radius. 

"fh e equilibrium distributions .1rl' tlwfcforc parametdzed th r ough the 

two quantities Cl and 00 ",'hich definl' n'spC'ctively the form and the on axis 
va lue of the ~ distribution. 

The present study considC'fs iI p!;lsma-V;\cuum interface at r = a and .:l 

vacuum region for a < r ~ b. At roo b wc ,lssume th e p["esence of a perfectly 

conducting wa l l. The analysis is pl'l·fllrml'd with different va lues of the ra­
tio 0v=(b-a)!a , i, e . different p roptJ rti on o ( the ex t ension of the vacuum 

region with respect to the plasma r adius. Poloidal numbers m" 0, I ,2 and 

a wide range of toroidal wave numbers, k, a r c analysed . 

RESULTS 

For the fixed boundary case- the r('sults for m'" I modes L I I , which 
have been found to pose th e more scvC're co nstraints for stabilit y , are re­

ported in Fi g . 1 i n a Cl-0
0 

plane , [11 this diagram the region of existence 
for the Rrp configuration is bounded by the cu rve F' = 0 and F= _ a> , F 

being the ratio between the toroida! field at the plasma surface and the 
mean toro idal field ove r the plasma c ross sec tion. In Fig . 2 it is seen 

that, far the free boundary case , the main differences with respect to the 

fixed boundary one arc due to the extl!rnal modes, that is modes resonant 

ou tside the radius of reversal of th e toroidal field . In fact with a vacuum 
region of 5 % ex t ension , th e marginal stability curve f or these modes moves 
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to lower values o f 00 ( [o r a fixed value Qf a) . ~!oreover the ideal and 

resistive external modes bound3.ries . whi ch were p r ac ticall y indisringuishi­
ble '-'lthou t vacuum , become now sepa rat ed ; the bou ndary for resist i ve mod es 

being i.n this case ",'e l l belCh' th e ideal one . \\rt!en the ext ension of Lhe va­
cuum r eg ion i s i nc r eased to 10 % of t he plasma radius it is found thul, be­

yond the idea I s tab i 1 i t y 1 t mi t. modes r esonant in the vacuum and a Iso non 
resonant devel op, with grOl,r th rates of the o rd er of YT '" 0 . 5 ' 10- 1 . Feom 

Fig . 2 it is al so seen that with this va cu um exte n s ion A the s- t ab le region, 

l imited on one s i de by the external modes and on th e o t her s ide by the in­

ternal modes , i s dra.sti cally reduced . Furthe rmo r e , as ca n be ex pect ed , th e 
effect of th e vac uum is qui t e small o n t he in t el-nal mode s (which are r e so­

nant inside th e field t-eve rsal po in t) . 

In gene ral in t he free boundary case the m'" 0 modes, resona nt at t he 
to r o id al fi e ld r eve r sal surface , are fo und t o play a much more impo r tan t 

ro le tha n in th e fixed boundar y case . In Fig . 3 it is shown the s t a bili t y 

region fo r these modes when a vacuum region of 3 t i s present . The curve s 
re f er only to res i s tive modes because idea l m'" 0 modes are found to be sta­

ble. In this case we see that two limit s are found for stability . An upper 
limit s imilar to that fo und for m" 1 modes and a lower li.mit near th e F "' O 

curve . However th e mos t i mportant resu l t f r om th e m= 0 mode analy sis is 

t hat th e re is no stabl e r eg i o n in the a - 00 plane if the extension of the 
vacuum region exceeds 4 ~ . 

Fina l ly , m" 2 mode s , both idea 1 and I-es i st i ve, a re fo und t o be camp le­
tel y stabl e . 

~ !~~~~~!Q~_~~Q_~2~~~~~!2~~ 
t~ e have analysed the effect of a vacuum region , separa ting t he plasma 

f r om the conducling bo und ary . on the ~rnD s t a bil i t y o f fo r ce-free conf i gu ra ­

tions . Whi l e in the fixed bo unda ry case the m = 1 modes set the more st rin­
gent l imit on sta bi l ity , wi t h the vacuum region tb e m'" 0 modes become mor e 

releva nt and they are completel y des t abili zed when the vacuum region extend s 
by more t han '\.. 4 % of t he plasma minor radius . Thi s r es u lt ap pears t o be 

very s i mi l ar to that fou nd in a previous a na l ysis L-2_1, i n wh i c h a limit 

of 4 7. of extension of the vacu um region f o r th e HHD stab i lity_of both m"'O 

and m= 1 modes has been de t erm ined . However , in refe rence L 2_/ , a curr ent 
den s ity pro f ile wh i ch does not van ish at the plasma edge was used and, t o 
study the free - boundary proper t i es , it was therefore necessary to modi fy 

t he curren t profile, by in t rodu c ing a matching region between plasma and 

vacuum . I n th is way m'" 1 unstable modes were artif iciall y produced by this 

mat Ching r egion . 

To discuss t he relevance o f m"'O and m = 1 modes f or s tability , we have 
also compare d the character i stic growt~ ra tes fo r m~O and m= 1 externa l 
modes . In Fig . 4 the values of (YT

A
) 1 and 6 ' vs . k=ka for the case 
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. , 0 d S = 104 
Cl",5,0o ", 1.8 with uv = .1 an are shown . It is evident that 

the m'" 1 modes have 1n general shorter growt h times. This a spect is ob ­
viously rel evant s ince, if the m= 0 modes grow on a time scale comparable 
to the resistive diffusion of the equilibrium configu r ation , then the m= 1 
modes remain the most important a lso ~hen a vacuum region is present . Fur­
thermore , for a configurations characterized only by the presence of m. 0 
unstable modes, the 6 ' values are very low and the corresponding linear 
growth times are a significant fraction of_th~ resistive diffusion time . 

Finally , in the fixed boundary case { 1 I we noted that the destabi­
lization of internal modes, due to the diffu~ive on axis current peaking , 
can also be a good candidate to exp!a in t~e large f luctua tions and current 
redistributions observed in RFP ' s 13 ,4 I . In th e present case, with a va ­
cuum region surroundin g the p las ma: we observe that' external modes can also 
play an important r ole in the plasma behaviout . This fact can be illustra­
ted by plotting the stability boundaries for m = 1 modes in the 
q(a)'(R/a)-q(O)'{R/a) plane (q being the safety factor) toge ther with 
typical experimental poin t s (Fig . 5). It can be seen that in the case of 
0v=O . I, some expe rimental points lie ou tside the stability limit due t o 
the exte rnal modes . The mechanism by which these external modes can act on 
the plasma evolution is not clear ; however these modes have closely spaced 
resonant surfaces and their multiple interaction can easily produce a re­
gion of stochastic magnetic field near the plasma edge. 

In conclusion, the effect on the HHD stability of :I vacuum interspace 
be tween the plasma bounda r y and the conducting shel l has been found to be 
very significant and co uld become particularly important in 1.1rger higher 
current machi ne s where limiters armours and /o r divcrtol" s can be necessary. 
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EXPER I MENTAL STUDY OF FRC PLASMA WITH AXIAL CURRENT APPLICATION 

T . Takahashi*. M. Qhara* , S. Shimamura* , Y. Nogi* , M. Mach id a
t 

*Nihon University, Japan - tCamp in as Univers it y, Brazi L 

With recent progress on the Field Reversed Configuration 
(FRC) research , large scale devices has be e n cons t ructed 1 , 2 . 
The axial current application on the FRC machines adresses t he 
better cont r ol of th e pl a sma dur i ng the field reversal in a 
slo w ris i ng main field , increasing the trapped bia s f l ux, and 
the plasma equil i brium against the n • 2 rotational instabil i ty . 

In the Ni hon Universi t y ' s NUCTE-II mac h ine] the FRC 
plasma is pr od uc e d by usi n g a fi e l d reversed theta - pinc h 
d~vice of 1.7 ID lo n g , 16 cm bore coil . It ' s feature is the 
existenc e of an int ern al z-discnarge elect rodes for the ax ia l 
current generation . Wh en the negative bias field r eaches ~ 
630 G, the p os itive main fie ld (12 kG) is applied to the 
plasma preheated by the ax ial current I In order to study 
the effec t s of the axial current, a seco ~d c u rrent I i s added 
few mi c rose conds before the main bank di scharge . z 2 

The I c urr e nt flows through the well ionized pla sma 
paramagn eti~filly , in creas ing the axia l bias fiel d. This 
ampl i fication effect has been compared wi th the calculat i ons 
under th e assumption of the force - free current profile having 
boundary condition: Bz ". - 630 G and Be· \la Iz12.n rw at the tube 
wal l r . The expe ri me ntal results agree well With the 
theore~ical predictions , indicating that the bias flux 
ampl ifi cat i on follows the forc e - free current model. 

Although the amplificatio n of bias field is possible by 
f a cto r of thre e with applic at ion of 30 kA current in our 
exper iment , t he FRC is strongly affe c ted in the eq uilibrium 
phase by th e amount of t his cur r e nt. 

We fi nd that there are two limiting values of 1 to 
obt ain the long-l ived plasma . Th e first i s the magn i t~ae of 
the cu rrent existent at t h e moment when the main field is 
applied in th e formation phase. For the c urrent below 4kA the 
plasma li f etime is longer o r at l east same as in the case 
with out current , but above this value the lifet ime dacays 
sharp ly . The reason for this lioit is not undertood well yet 
although . t he FRC formation is seemed to be disturbed by the 
asymmetry of the bias f i eld and the plasma co ndutivity i n th e 
reconnec ti on regions near the coil ends. further studies a r e 
needed . 

the second l i mi t i s predominant at the confinement phase. 
Even i f the first l i mit is sat i sfied . there i s another condition 
to be obeyed i n this stage . The FRC plasma produced by this 
method has st ron g axial field Be and addit ional azimuthal 
field p roduced by the axial current flowing near the separatrix 
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a radius. And it is know n t h a t the stability of the plasma i n 
magnetic fi e ld system composed of axial and azimu t al fields is 
governned by the Krushal-Shafranov lim i t or safety factor q. 
In our case this stab il ity con d ition can be wri tten by : 

2n r B 
e 

q , 1 (1) 

where 1 and ~O are the se p aratrix length and the permeab i lity 
of th e PFRC plasma respectively . The I is to t a l axial curr e nt 
on the an n ular sheet . Th e paramete r s i~ eq.(l) a r e time 
dependent , and the FRC is destroyed when t he q v a lue become s 
less t h an o n e during t he confinemen t phase . 

Ma n y disc h arge d at as IL8ve be en taken wi th in two l imits 
above a nd compared to t h e cases wh e re no axial ( I ) c urr ent 
was applie d . The mon i toring of the plasma paramet ~ts were d one 
by flux excluded and Rogowskii loops , line in t egrated He - Ne 
(3 , 39 ~ m) lase r i n terfe r ometry and photodiode radial and axial 
arrays . 

Fo r t he ordina r y c a se with no I , tb e ini tial equilib rium 
r adius of t h e plasma is 2 . 3 ~ 2 . 6 c m f~ = 0 . 29 - 0 , 33) an d 
t he life t ime taken . by e- holding t i me ofSthe in i t ial plasma 
cross - sec ti on. nr 2 , i s 28 ~ 56 ~s . 

When t he 1 s i s applied, the plasma radius be co mes larger , 
2 . 5 ~ 2 . 9 cm (x Z,i 0.31 - 0.36) a n d the lifetime is improved t o 
48 - 64 ~s . TheSlonges t l i f e time (65 ~s) co rrespo n ds to t h e 
decay t i me of the main f ield . The sta r t of t he I is about 
5 IJS befor e the ma i n fi eld , so that t he current ~~ a ches 1 . 5 ~ 
2 . 5 kA at th e moment o f the FRC forma t ion . 

The increa se o f t he poloidal flux 4' p tr a p p ed in t he FRC 
is ca l cul a te d from a rigid roto r eq ui librlum model 4

: 

p 

1T r 3 , 
212 r 

w 

B , (2 ) 

which giv e s th e i n crease of about 30 i. i.n the t r a pped p<.ho id a l 
flux dur i ng the eq uilibri um pll a se . 

The n = 2 r o tational in stabi li ty has been measured by t he 
interferometric and photod i ode systems . Th e instability grows 
within 25 ~ )0 lIS after th e sta rt of the mai n field in the case 
o f o rdinary FRC o peration . Whe n IZ,2 is applied t he o nset time 
of the instab i li ty is delay ed to )) - 40 us . and the ampli tu de 
of the nscila t ion is modi f i ed to l owe r levels . Thi s indicat e s 
the possibil i ty of th e stabilizil t i on of n = 2 i n stability 
bes i des the usual e xt e rn a l roultipo l e system used in o ther 
marhines 5 . 6 . 

So far , the total supress i o n o f the n "' 2 i nstab i l i ty is 
not poss i ble d ue t o lower cur ren t l i mi t (~ 4 kA) impo se d by 
q val ue . The cstimatives of cu rr e nt ne cessar y f or complete 
supress ion was ca l c ulated b y the radial for ce ba l anc e betwee n 
ce ntrifuga l forre of t h e plasma and Lor e ntz, force du e to the 
ax ial cu rrent ge thing I zs '" 1) kA . Ther e fore wh a t we have 
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observed in NUCTE-Il is the slight change on the behavior of 
the n • 2 in s tability. 
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SLOW, LOW VOLTAGE GENERATION OF ANNULAR FRC'S' 
a.c. Vlases, ZA Pietrzyk. RD. Brooks. KO. Hahn. R Raman, RJ. SmJth 

University ofWashlnglon. SeatUe WA 98195. V.S.A. 

IntroductlQn Slgntflcant progress has been made in FRC research In the past few 

years, with the achievement of mE > 4'IO l lcm,3sec 111 40 cm diameter plasma tubes. I 

Conventional FRC generators. which are descendants of reversed field linear e·plnch 
devices, require very high voltages and fast pulse technology. We report here on an me 
generation technique deSigned to circumvent these dJfBcuitJes, which we call the .c.oaxJal 
Slow s.ource. 2 This ess consists of coaxial e colls. with rodU of 7 and 22 cm, an active 
length of 95cm, and with plasma formed in the annular space between the colls (Fig. I). 
The outer call Is of convenUonal Single turn deSign. while the inner coil, which Is 
canUlevered from one end of the devtce to allow translaUon of the plasma out the other 
end. Is a four turn deSign consisUng of close-fitting coaxial two·tum coUs wound in the 
opposite sense to cancel axial currents and provide for a symmetric current feed. The 
coUs are powered by a 2 kV. 800 ~ bank and an B kV. 1200 ~ bank. respectively. The 
resulting loop voltage of 2 kV maximum Is 1/50th of that used in the slm.llarly-s1Zed FRX· 
C devtce i and the rise-time of 25 ~ IS about 10 times that of FRX·C. The vacuum vessel Is 
of quartz. with metal end flanges. and the base pressure Is 2 ·1 O·a TOIT. The operatIng 
scenario Is as follows: The mner coU IS discharged "negauve" through one quarter·cycle 
(18 ~). durtng which a weak glow discharge Is normally operating. As the inner coU 
current begms to decrease in magnJtude. the plasma acts to prevent reducUon of the flux: 
linking It. effectively transferring reversed flux from the inside of the core to the region 
between the core and the plasma. forClng It outwards. After a delay of - 2 to 12 ~. the 
outer coU Is energized In the forward direction (tl/4= 24~). forcing flux Inwards. The fleld 
Hnes on the two sides of the plasma. being OPPOSitely directed. connect at the ends of the 
plasma. buUdlng in time a set of nested near·vacuum flux surfaces around the plasma. 
which Is heated both ohmlcally and compresslonally. 

Fig.!. Schematic of the CSS and 
two pOSSible magnetic fi eld 
configurations. 
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The main diagnosllcs consist of several axial arrays of 11 Bz probes each along the 
inner and outer coUs. and flux loops on each coU. An array of 12 Internal probes. spaced 
about 1 cm apart rad1ally. and translatable in the axial direction. has been used In a few 
runs. The magnetic measurements are supplemented by Interferometry, spectroscopy, 
and fast photography. In addlllon. a 2-D resistive mhd code WT1tten by Barnes3 Is used to 
predict and Interpret the experiment perfonnance. 

~ The desired reversed field configuration fonns wtthln one or two llS of the 
time the outer coU Is energlzed, and persists for Umes of 40 - 60 ~, depending on fill 
pressure. Such fonnaUon has been observed for pressures from 60 mT to 8 mT. llmJted at 
the low end by a poor prelonlZaUon system. and With inner coil voltages from 4 to 8 kV. 
Figure 2 shows recently obtained internal probe data. where the fonnaUon and radial 
growth of the reversed field configuraUon can be seen. If one of the separatr1ces Is 
assumed to be on a coil (which must be true at least untU the field wtthin the Inner coU 
reverses or If the field along the coU changes sign) the 10caUon of the other separat.rix can 
be detennlned from purely "external" probe measurements. Even if one of these 
conditions Is not met , slmulatlons show that any error incurred by assuming one 
separatrtx always to be on a coil Is very small The radial poslUon of the separatr1ces and 
the plasma can be controlled by varying the ratio of outer to inner coU voltages; the outer 
call acts analogously to the vertical field coUs in a Tokamak. 

:: ' : :' 
: : : . :, " " "':, "'" ':, . , " . Ill.::! " " 

. . . , , . 
, " 

n unc TIHl __ 
32 US ! C 

F.tg. 2. Magnetic field (Bz) versus radius every 2 JlS at the mldplane from Internal probe 
array and probes between the vacuum walls and coils. The firSt curve Is at the 
outer coil start time. (O.l Tesla/dlv, Vout=1.7 kV, Vln=6.0 kV, 9 mT of He) 

Once the pOSitions of the separatrtces at the midplane are lmown. the polOldal flux 
enclosed wtthin them can be estlmated by assuming a model profile. For thiS purpose we 
use a rtgld rotor modeJ4 .constrained by the axial equ11lbrtum condlUon. which for the 

1 rs02-r S12 
CSS geometry Is <~> = 1- 2 2 2 The resulting values of flux are shown on Fig. 3. It 

ro -rt 
can be seen that the flux buOds up continuously over a perlod of about 20 llS. and attains a 
value of 7 mWb, somewhat greater than that which Is trapped In a typical FRX-C shot. 
The flux decays rather rapidly. however. with an e-foldlng Ume of -12 jls. This 

corresponds to an average reSiStivity at the magnetic axis of _2'10-4 n~m. 
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Values of average electron density have been obtained by Single chord. axial-viewing 
interferometry and. in addition. for a Bmlled number of shots the radial profile at a 
given instant was determined by axial holographic interferometry. For the shot shown 
in Figs. 2 a nd 3, Jnedl = 9'10 16 cm·2 corresponding to <ne>= 9' 10 14 cm ·3 1f the plasma 
length Is assumed to be I m . For field lines With negllglble curvature at the mIdplane. a 
radial pressure balance estlmate of the temper ature then gives Te + Tl = 120 eV. Total 
temperatures determined in this manner over the enUre operating range of fill pressures 
quoted above vary from -60 to 220 eV. 

Fig. 3. Flux wHhln the 
separatrix versus time. 
(Vout=1.7 kV, Vtn=6.0 
kV. 9mTofHeJ 
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The time dependence of the length of the plasma Is somewhat mystertous. Modelling 
with either a multiple of classical or anomalous drtft-parameter-dependent resistivity 
predict that the plasma should contract axially, as Is nea rly always observed In 
conventional FRC's. Since Simple measurements of diamagnetism do not yield an 
una mbiguous measure of the plasma length. we have u sed a plot of Bz(z.tl as an 
approxtmate indleatlon of the axial extent of our plasmas. supplemented by data from 
the slmulaUons. An example of a plasma which remains "confined" within the length of 
the magnet Is s hown Ln figure 4. It is clear that the x-pOints remaLn on the inner eoU. 
near ti1e ends. for the enUre duration of the shot. as evidenced by the fact that Bz changes 

,. 
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FIg.4 Magneuc field (-Bzl along the Inner coU versus time . The field at 
the ends is directed opposite la that at the midplane for all limes 
Indicating that the sepa ra trlx Is always on the Inner call 
IVou t=1.95 kV, V(n=5 .0 kV. 8 mT of 02) 
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sign along the coU from + to - and back to +. On the other hand. when J Bz I remains 
pproxiJIlately constant and negative along the whole length of the coU. one may sunnJse 

~hat the plasma extends beyond the length of the coll. and Is not well-confined axially. 
These two types of configuraUon are sketched in fig. 1. The axtal contraction of the 
plasma expected theoretically Is seldom seen. At higher pressures in both D2 and He. the 
length IS approximately the coU length, and changes relatively UtUe in Ume. At lower fln 

ressures. the plasma seems to fonn near the midplane. and then to expand ax1ally. onen 
beyond the coU length. This tendency to form near the center Is not yet understood. but 
may result from the axial prollie of the lnJUal plasma which results from the glow pre­
prelonlzaUon. combined W1th the first quarter cycle induced a p.!. It seems to be less 
likely to occur when a more energeuc z-dlscharge p.l. system Is used. The axial growth of 
the plasma suggests that the plasma energy content at any time Is too great for the 
amount of enclosed flux. as in conventional FRC's. 

Conclusions We have demonstrated that the desired "annular FRC" configuration can 
be formed over a wtde range of 1n1Ual pressures. uSing voltages about 1/50th of those 
conventionally employed in FRC research. and on time scales IQ times longer. This 
should ease the technological requirements (or scaling FRC generators to larger sizes. 
provided the armular plasma can be successfully translated and re-formed into a true 
FRC. The plasmas generated. however. suffer from rather rapid decay rates. which may 
result in part from the relatively low magnetiC fields. and correspondingly low plasma 
temperatures. employed In the present experiments. Although spectroscoplc 
measurements have been carried out to Identify impurities, quantJtaUve measurements 
of rad.taUve loss rates have not yet been made. The plasma radial pOSition can be 
effectively controlled by adjusting the external "vertical neld~ coU voltage for a fixed 
inner coU voltage. The plasma axial dynamlcs depend sensitively on the ruung pressure. 
type of gas used, and prelonJzaUon technique, and are not yet adequately understood. 
Termination of the configuration occurs 45-60 ~ after 1n1UaUon. fairly independent of 
1n1Ual pressure. TermInation may result either Crom radIal dlIfuston. expansion out the 
ends. or a combinaUon oC the two. The device Is currently being upgraded to allow for 
higher fields. longer rtseUmes. lower fill pressure operation through Improved 
prelonlzauon. and active mirrOring of the outer coU to control the axial dynamiCS. 
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HIGH DENSITY Z PINCH FORMED 
FROM A SOLID DEUTERIUM FIB ER 

J. E. Hammel and D. W. Scudder 

Los Alamos National Laboratory, Los Alomos, NM, USA 

The linear Z pinch is among the simplest plasma configurations and was one of 
the first considered for controlled fusion applications. After an initial period of in­
vestigation, however I this research was largely abandoned because of observations and 
theoretical predictions of instabilities. Research on z pinches as radiation sources has 
continued, 

Despite the troubled history of linear z pinches, they offer some great advantages, 
if ways can be found to tame their unstable nature. Since an unstabilized pinch in equi­
librium is inherently a fJ = 1 plasma, it can be ohmic ally heated to fusion temperatures 
and thus requires no auxiliary heating sources. Since the heating current also provides 
the confining field, no magnetic field coils are required. Hence the two most expensive 
and complicated subsystems of a fusion reactor are eliminated. In addition, practical 
systems are expected to be inherently compact and small, involving only about 200 kJ 
of stored energy. 

The greatest issue in making a practical z pinch is thus how to ach ieve sufficient 
stability. Present experiments aim to tackle this problem in at least two ways. 

The first approach is that of the equilibrium pinch. Most z pinches have been 
formed by a discharge initiated on the cylindrical boundary of a comparatively low 
density gas, either on a wall, the outside of a gas puff, or in a wire array. The pinch 
effect then drives an implosion, culminating in assembly to high density on axis where 
the implosion kinetic energy is converted into thermal energy. Such a pinch has the 
current Bowing in a current sheath on its edge. An equilibrium pinch, in contrast, is 
formed in a dense channel on the 
axis of the device, and the cur­
rent rate of rise is programmed to 
keep that channel at or near radial 
pressure equilibrium at all times. 
Figure 1 illustrates the current 
profile theoretically required to 
maintain this equilibrium. 

In an equilibrium pinch all of 
the heating is ohmic, and the cur­
rent has the opportunity to pen­
etrate into the center of the col­
umn. Kadomtsev 1 and Suydam 2 

have shown that a z pinch can be 
stable to m = 0 modes if the 
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plasma beta falls of with radius at a sufficiently slow rale. Thus an equilibrium pinch 
would be expected to form a more nearly stable configuration than an implosion pinch. 

The second technique for achieving sufficient stability is to make the density of the 
column as high as possible. The rate at which the fastest growing instabilities grow 
is typically"'" tJthcrrn/r, However, the radially integrated reaction rate is ex n 2 11"r2 0::: 

N'J Ir'l where N is the density integrated across the column cross section. Thus if 
a given N is heated at smaller radius and hence higher density, mOTe reactions will 
be generated before instabilities can grow to disruptive amplitudes . This approach 
amounts to reducing to a minimum the time that the magnetic fields must hold the 
plasma beyond the inertial confinement time. The experiments described here are 
performed at solid density, which is a practical limit for an equilibrium pinch. 

This paper describes experiments that have been performed on a high density z 
pinch a Los Alamos National Laboratory over the last two years with plasma currents 
of 250 kA. Also described is an experiment under construction which will increase the 
plasma current to over 1 MA. 

11. Experimental Techniques 

The current generator for the 250 kA experiments is a 12 kJ, 600 kV Marx bank 
charging a 1.6 n, 100 ns water transmission line switched to t he load by a self-breaking 
multipont water switch. The plasma chamber is maintained at a vacuum of 10-6 _10- 7 

Tort. The plasmas are created from fibers of cryogenic deuterium with diameters 
ranging from 20 to 40 Jlm and a length of 5 cm. The fibers hang in the vertical anode­
cathode gap of the plasma chamber (see figure 2), and are ionized, heated, and confined 
by application of the 600 kV voltage pulse. The resulting voltage and current profiles 
are shown in figure 3. 

" .V. IUCUOIII i 
600 

Figure 3 
Figure 2 



452 

Diagnostics of the pinch include a multi-frame fast schlieren camera giving seven 
images, one every ten nanoseconds, neutron counting with a silver counler, and neu­
tron time history using a scint illator/ photomuitiplier tube arrangement, different ial 
absorber XRD soft x-ray detectors, and an x-ray pinhole camera. 

Ill. Results at 250 kA 

The fibers are observed to begin current conduction typically at the peak of -the 
voltage pulse, although the time of initial conduction can vary by up to 50 os. The re­
sulting plasma columns expand at a ve loc ity less than 1/10 of thermal velocity despite 
the fact that the current rate of rise is well below what figure 1 would imply is necessary 
to maintain radial equilibrium. The columns are free from visible instabilities for typi­
cally 80 ns into the current discharge, at which time the instability growth times would 
be expected to be ~ 1 ns. After approximately 80 ns m = 0 modes become apparent, 
which ultimately disrupt the column. However, m = 1 modes are not observed. 

P lasma parameters are inferred from a number of diagnostics. Since the initial fib er 
diameters are known, the average plasma density can be obtained from measurements 
of the column diameter. The init ial solid density is 5 X 1028 m-3 , which drops to 
2 x 1027 m- 3 before the onset of instability. 

Peak plasma temperature measured with differential absorber XRDs is 150 eV. 
The Bennett relation 

fives temperatures which range from 150 eV to 600 eV for fib er diameters of 40 j.trn 
down to 20 j.tm. The number of neutrons per shot varies from several 106 to 108 . The 
larger neutron numbers wou ld imply plasma temperatures of ~ 300 eV. However, this 
number is very sensitive to any non-Maxwellian tail on the distribution function and 
is therefore a poor temperature diagnostic . Both the neutrons and the soft x-rays are 
observed to occur in pulses approximately 50 ns long about the current maximum. 

The x-ray pinhole photographs are taken on Kodak type 101-01 film behind a 
0.5 j.tm aluminum foil. They show emission from a narrow (reso lu tion-limited). con­
tinuous column, although it is impossible to rule out structure in the pictures smaller 
than the 400 j.tm pinhole size. 

N. Future Experiment 

Extension these experiments to plasma currents of 1 MA and above is underway. 
To do so requires a substant ially large r current generator with 200 kJ of stored energy 
and a voltage of 3 MY. The des ign we have used is based on a Sandia National Labo­
ratories, Albuquerque generator, named MITE. It will consist of a 3.2 MV marx bank 
feeding a 32 nF intermediate store water capacitor which, in turn, charges a 1.9 n, 50 
ns vertical transmission line to dr ive the same fiber load used in the present experi­
ments. Our approach is to use conservative pulsed power design in order to maximize 
the probability of achieving t he intended parameters. 
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The vertical tranmission line has been fabricated and tested with the existing 
MITE marx bank and intermediate store at Sandia. These tests achieved a current of 
0.93 MA in a plastic 6ber load. By optimi~ing the design of the intermediate sto re and 
the interconnections between stages, achievement of currents up to 1.2 MA is expected. 

Bennett scaling of the plasma parameters predicts that a 20 J..Lm diameter fib er 
at 1 MA would have a temperature of 10 keV. If such a plasma at or near solid den· 
sity, if it demonstrated the same stability properties as have been observed in present 
experiments, would be capable of producing signi6cant thermonuclear burn in a com­
paratively modest experiment. 

V. Summary 

Experiments in wh ich 250 kA have been passed through a ~-pinch column formed 
from a thin 6ber of cryogenic solid deuterium have demonstrated unexpectedly stable 
behavior. It has been shown that it is poss ible to maintain a z pinch in near radial 
equilibrium while it is ohmically heated from 16° K to several hundred eV. 

These encouraging results have motivated an effort to increase the plasma current 
to 1 MA and above, giving the potential of producing reactor-relevant plasmas capable 
of significant thermonuclear burn. Such a megamp experiment has been designed, 
partially fabricated , and successfully tested with an existing generator. 

I B. B. Kadomtsev, "Hydromagnetic Stability of a Plasma," in Reviews 01 Plasma 
Physics (Consultants Bureau, New York, 1965) Vol. 1, p. 205. 
2 B. R. Suydam, Los Alamos Scientific Laboratory Report No. LA-7809-MS, May 1979. 
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LINEAR IDEAL MHO STABILITY OF THE Z-PINCH 

M. Coppins 
Blackett Laboratory . Imperial College, London SW7 28Z, UK 

Solutions of the ideal MHO linear eigenvalue problem for the m= 0 and m= 1 modes 
in two important types of Z-pinch equilibrium 3re presented. The spatial structure of 
the instabilities, the dependence of the growth rate on wavelength and the effect of a 
surrounding conductor are desc ri bed. A comparison of the theoretical results with recent 
experiments is given. 

Introduction 

Idea l magnetohydrodynamic (MHO) linear stability theory is the most extensively 
studied and fami liar theoretical treatment of low frequency gross instabilities in plasmas. 
The Z-pinch is particularly susceptible 10 Ihis type of instabili ty. However, in spite of 
some early work (1,2) a comprehensive study of the application of the theory to the 
device has not been undertaken previously. Apart from its direct relevance to experiments 
su:h a study provides a firm basis for more elabo rate theore tical work. 

Beca use of (a) the relati vely high degree of collisiona li ty of many Z-pinch plasmas, 
and Cb) the absence of mode rational sutiaces in the device (implying that purely resistive 
instabilities do not arise), idea l MHO shou ld provide a good description of Z-pinch 
sta bility . A compa rison with recent experimental results is given in Sec tion 3. 

2 T heoretical results 

We use a 1-D shooting code (a modified version of a code origi nally written by C. 
Davies in 1979) to solve the ideal MHO linear eigenvalue equation. A formu lation of the 
eigenvalue problem is used in which the equation is rewritten as a pair of coupled first 
order ordinary differentia l equations for r~r U .. is the plasma displacement) and P*, the 
total (thermal + magnetic) pressure (3,4). Both growth ratcs and the spatial structure of 
instabilities can be obtained. 

We assume that the pinch, equilibrium radius a, is surrounded by a vacuum which 
extends to a perfectly conducting wa ll at r= r w' For m= 0 the perturbed magnetic field 
(§1) in the vacuum is identica lly zero and the plasma is decoupled from the aliter region. 
The existence of a conducting wall outside the plasma therefore has no effect on the 
linear 01= 0 mode . For all other m num bers the eigenfunct ions in the plasma are coupled 
into the vacuum region through the pla sma edge boundary condition and thus growth rates 
can be modified by changing the value of r wla . 

The solutions given here arc for a compressible (f'= 5/3) plasma. Growth rates arc 
given normalised in terms of the radia l thermal transit time. 

Two important types of Z-pinch equilibrium have been studied. The first is 
characterised by a uniform current density. This equili brium is unstable to m= 0 and 
m= 1, but stable for m :..2 (2). Figure I shows the dependence of gro wth rate on ka (k is 
the axia l wavenumber of the instabi lity) ior the two unstable modes. The m= 0 mode 
grows faster over almost the whole range of ka . Figure 2 shows the components of t 
and .!21 in the case of m= 1, ka= 4.0. The instability is peaked near the plasma edge. 

The second type of equilibrium to be studied sa tisfies the Kadomtse v Criterion (5) Le. 
it is unstable to m= 1 only. This type of equilibri um is characterised by a centre peaked 
current density. Figure 3 shows the components of r and!! 1 of the m= I , ka= 4.0 mode 
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. this case. The instability is peaked on axis. 
m These solutions have been obtained with the assumption of a vacuum of infinite 
extent surrounding the plasma. The existence of a conducting wa ll seperJted from the 
plasma by a vacuum of finite extent does not affect the linear m= 0 mode, but can 
reduce the m= I growth rate if the wall is close to the pinch. Figure 4 shows the 
dependence of m= 1 growth rate on the ratio r ,Ja in the uniform current density case, 
for three different values of ka. Long wavelength ( low ka) modes are affected the most, 
and in the limit of rwla= 1 (corresponding to fixed boundary modes) absolute stability to 
m= 1 is found for values of ka below 1.58, A qualitatively similar effect is found (or the 
Kadomtsev stable profile. 

3 Comparison with experimen t 

A deta iled interpretation of recent experimental results from the compressional and 
gas embedded pinches at Imperial College (6,7,8) in the light of this theoretical work has 
been carried out. We esti mate that the observed lifetime of the compressional pinch is 
equivalent 10 approximately 20 m= 0 or 11 m= I growth times, where the growth times 
correspond to peak current. This surprising degree of stability may be due to rapid 
cooli ng which would reduce the growth rate. Large initial perturbations in the number 
density profile are not observed to grow and we attribute this phenomenon to the 
conducti ng wall stabilising effect described above. In this case a plasma layer which forms 
inside the insulating wall of the pineh chamber, the existence of which is inferred from 
the maintenance of the equilibrium beyond current reversa l, acts as a conducting wall close 
to the plasma. 

The mai n features of the observations on instabilities in the gas embedded pinch a re 
(a) the complete absence of the m= 0 mode, (b) an apparent dela y in the onset of the 
m= I mode, and (c) the m= I mode when first seen is peaked on axis. T he first of 
these phenomena suggests that the equilibrium is of the Kadomtsev stable type and our 
theoretical study ind icates that this view is confirmed by the observed spatial structure of 
the instabi lities. Thus although the form of the current density profile cannot be obtained 
experimentally we infer from the nature of instabilities that it is centra lly peaked. Such a 
current profile would probably be associated with a centrally peaked temperature profile 
which could arise naturally in the gas embedded pinch through cooling of the outer region 
of the plasma due to thermal conduction to the surrounding gas andlor accretion of 
neutrals. We suggest that this mechanism offers an explanation for the apparently 
un iversal absence of the m= 0 mode in gas embedded Z- pinches. Finally we suggest that 
the apparent delay in the onset of the instability is a manifestation of exponential growth 
with a growth rate which is increasing with time during the current rise. 
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IMPROVED CONF'lNEHENT OF SCREW PI NCH PLASMAS IN SPICA II 

A. A.M. Oomens , H. S . Lassing , J . Lok , A.F. G. van der Meer, and D. Oepts 
Assoc iation Euratom-FOM, FOf1-I nstituut voor Pl asmafys ica , iHj nhulzen , 

P .O. Box 1201 , 31J 30 BE Ni e uwegein , The Netherlands . 

1 . Introduction SP I CA II is a t or oi dal screw-pinch devi ce , bu i lt to 
study the confinement a nd stab i l ity properti es o f plasmas having a highly 
elongat ed minor c r oss-section and a current de nsi ty p,'ofile that i s much 
broade r tha n the pressure prof ile . Thi s part i cular configuration is 
produce d by applying a fast-rising t o r oidal fiel d BT t o , and in duc ing 
simultaneously a torolda l plasma current Ip l in , a partially ioniz ed gas . 
After the shOCk f ormation, BT a nd If I a re (ac tive ly) crowba rred to study 
the evolution of the plasma. I n ear ier work it has been shown that i n a 
ci rcular cross-sec tion stabl e di scharges u p to B • 15'; (averaged over the 
dense c entral part) are possible and that B can be in c reased by elongat i o n 
[ 1] . The most impor t ant parameters of th e mach ine , described e l sewher e 
[2J , are gi ven 1 n Tab le I , together wi th th e r ange o f plasma parameters in 
wh ich we have ope rated thus far . Si nce th e fil'!1t repor t on SP ICA [ I 
r esults [3J , we have modified the main circuits a nd the preheating s yst em 
in such a way that now each discha rg e ca n be routi nely passively crowbar ­
red , with a decay time of 0 . 35 ms, leading t o reduced plasma-wall in ter­
ac tion prior to a nd during th e ma in discharges. 

TABLE I 

PARAMETERS OF SPI CA [1 

r-laJ o r rad Ius R 
Minor dime n.sion .s : 2b~2h : 

i ns ide quartz v ~s~~l 

i ns ide alumin ium s hel l : 
Poloid~l c urrent Ipol 
To r oi dal c urrent I t0r 

0. 1J 5 m 

0 . 29 "0 . 69 m 
1) . 31 ~ O . 71 m 

3 MA 
2 f1A 

Ri se time T/4 11 . 3 ~s 
Passive crowbar: dec~y : 0 . 35 ms 
Activ e crowbar fla t t0p : 1 . 2 ms 

decay 7 m:~ 

Plasma CIJrrent Ip l 0 . 3 - 0 . 115 MA 
Toro idal field BT 0 . 72- 1 . 1 T 
Bias ri e ld Ba 0 . 03- O. PI T 
Pil l ing pressure Po : 0 . 2 - 2 Pa (O~) 
Tempera ture T e 20 -80 eV 

Safety f ac tor "=11 1. 5 - 3 
Bet a (j) B < 2'.) 
De~ree of pr'~io" i Z 3ti o n (I.: 10-70'; 

2 . Diagnost i cs A s c hema tic view o f tht~ d i st.ribu t ion of tl1e d iagnost ic s , 
oper3t ion::tJ. in this per i od , i s sho'.ln in Fi g . 1 . Th e name " P<waday l oop " 
s t .;!. nds for a magneto-opttcal C'Jr rent sensor measuring I pl by me;l!1 S of the 
Faraday ro t 'l tion In -':I Sing le-mod "! fibre ilJ). At t he pos ition ind i c::I ted by 
" poloidal st,'e-3k ", th e al uminium s hell contains -':I large number of vi e wing 
~101cs t o observ e the pl~sm~ li gh t emi ';sio n by mean s o f opt ic .")!. flbl'es . 
Diglt"'!l " ecording o f the signals f rom the separa t e c han ne l s , Ilsing pho t Q­
di ode:, and transi ent recorders, o r fer s the possioility t o further proces.~ 

these si gnal:] ::tfte r the shot. In thi s way onc acqui,'p.a , i n adrji t. io n t. o a 
quan tifi ed :3 trcak p icture ~; hmm in Fig . 2 th e po~s i hility to apply:). 
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numer"icAl r·,,:!CoJ~3t(,lJct.ion technique . to gel. a crvs~-1';\ectlnn ,)f tn e 
Int€,fl:31tY dlstr lb ll tion. :rhe r~esults of pr~11m l na('y ';I.ttel':l;)1.;} t·) eh":ck the 
or' r' td.lt ion of the emission wlth the elect"on density '.l",,! show:L \"1 F'il; . 3 . 

~he temporar'i vttiico n dp.tectiQn :>ystP.ffi f o r the m'Jll.l·-v.:> in t Th 'Jr.!son 
cat.t~r'ing was r~placp.d by an i nt. ~n$i:-ler-CCD c·)mt.~Il".I') n . The 

S"OX I mt ty-focus:ied , micro-a hanne lp 1 ate i magp. i nt,ens i r L ~ r -'1 1 l'),jlj .)per-i t IOrl 
~r t he de t ecto r system at the pho t,)-elec tr"on noi.'3e li'Tl i t -Hld ;I \T) operates 
as a fast shutter' (- 100 ns) with a shuttpr r a ti o bet t e r l)ldll 11) 9 . The 
spatial I'p-solution is 2 mm with a field of view o f 11 5 mm, wh i l~ the 
spectral resolution is - 10 nm with a spectral r.3nge of 1·10 rirn . 

3. Plasma operat i o n In Ref . [3] , it was repot' t e d th;lt a r.iplr1 ll}ss of 
density , within 50 \-IS , of the main column after c r J wb ar ring was always 
obse r'ved . S ince then we have oper'lted over a wid e r <l nge u f prehe-1.ting 
conditions (8o 'Po ''l ) and at different ql .'lt the wall. Unfo rtunately , we 
have no t yet f ound;:) dear r:onnec t.i on betwee n the prche"lt l ng cond i t ions 
and the behaviour o f the main dischal'ge . S ince the SprCA II <;!xperiment 
w111 be terminated at the end of 1981, the fir st priori ty now is to 
collect data . However, some general observations , ba s ed upon the results 
of the interferometer , Thomson scattering and pick-up coi l s can be made . 
At high Po (- 2 Pa) , it is possib l e to confine plasmas during several 
hundreds of ~s without gross instabilities . Some o f the results for such a 
discharge are shown in Fig . 4 . The displacement o f the column Is small 
(Ma < 0 . 14) and q41 increases slowly fr om 1.7 to 2 . 2 . The ave rage densi ty 
in the horizontal plane remains roughly constant at 2.10 21 m- l

• but the 
temperature is low (T e - 20 eV) . At low Po and high G , thus at stronger 
shock heati ng, we very often observe a high elongation already early in 
the discharge , which leads either to an up/down instability or to a 
breaking up of the main column into several filaments. Anyway . under these 
conditions , there Is a sharp decrease in density along the horizontal a nd 
vertical chords , the piCk-Up coils indicate large excursions of the 
current centre . mostly in inward direction, and wal l contact is obvious 
from the digital s treak picture and the VUV spectrometer. At low Po and 
Iowa , it 1s possible to produce plasmas with high a (up to 25% . F'ig . 5) , 
but in that case the cross-section of the column is almost c i rcular (b/a 8 

0 . 08/0.065) • 
To draw quantitative concluSions , however , a more detaUed ana l ysis , 

especially o f the magnetic data and the density distribut io n. has to be made . 
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lJll~~'l!~;I\rB 1)1..',,~::':i. IJ OS::; :~~ IN 'l':i~ Cj,QS;m ;,;.J\G:i.m:rIC 

1'lL.;.r "Dn;,CG~;" '.iI'?il J't S:i',i.TIAT, xns 

Gl['.:;ole'l V. I: ., Lazuc'c' ~l .L., ~'rt~bnil:ov B.A . 

Heat alld particle flu..x: es have be(~:n studie d in the pJ.e.8Jna con­

fined yli tit:.i.n the spatial trap IIDHACQiP' \",'hich co!~:: ilJt9 of -;; ';:0 lon~ 

straight pieces cloGed \':itll curvilineOor ClCIf,cnt:; . 'J.'j.lC qu!.·J.:i.tc.tivc 

difference between the tliffusi.vc proce:...:;~s i:a -;; lli :; trap c~. cl the 

phe nomena in tokarnalw and stcJ. larators is in the pronenca of mU:ly 

groups of p <ll'tic! es-pussing and trapped at different pi eces of the 

trap-and in different effects of a rippled lonr;itudtnaJ. l::.o.r::netic 

field, r adial e lectric field , curvature und t or5iOll of the deyice 

ax.is on t heir arift. 

It is shorm that the diffusion and heat conduction cceffici-

ents in the regime of freque nt col l isions (Efi:::':;~!1.-Schlut;:;r :"~egi­

me analogue for tokamalcs) coint:ide with the classiceJ. one s, i.e. 

considerably less than t hose in the funr:.tionine de'!ices . The depen­

dence of t ranspor t coefficient s on t he trap par.::.me t e2'S is fou..'1d. 

In the l ow coll isional f requency s.pproximE::.t ion (cno.l of,ue of 

the "banana" tokamalc reGion) the particle and energy fIuY-es have 

been studied in the absence of an electric fiel d in plasr.:n and at 

the arubipol ar nature of diffusion . It is shorm that the elongation 

of :::tre.i~~t pieces i,np roves u t hermal ple.smc. ins ulation in spite 

of t ile rc sOl;.o:.t nature of ion diffu,,>ion thcre __ i~ radial '31ectric 

field stron t~l:: redltCe::; the fll~;~':!3 Cl.!d tlw t::.'a"1;.;po:;:-t coef;":'ci entfJ 
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A STUD1 OF PLASI.1A CON>'INbd ENT AND S'l'ABILIU ill AI' OPEN 

~PIll"Cli ~RAP i:JI'l'i{ ~ii1. flAGLh'l'lC ruru\.oi-ls. 

A B S 11 RAC T 

This pspe..t' presents same new reaults on the limitation of the end 

losacfl obtained on t he device I::P-1;J. a linear ·.~plnoil 1 III long, [I J 
havifl6 three magnetic Illirrors at the ends. A 10ng1 tud1nal magnet10 
field, Hz max. 1s equal to 2.2 '1'1. its build-up time, t • is 4J1£' 
we decay tima is equal. to 1UiJ fir; al'ter thti crowbar. A quasi-con­
stant lAsgnet1c f:;.eld, Hn ma:z:' 13 el;i.ua.'. to 6 :1,11. f.;~ho mirl 'f)r ratio iD. 
the first mirror, Kt is in the range of 2 - 6. A gasdynamio regime 
(~'. « e. ) ha. been otudied at the concentrations, l1e~ in the 
r~e of 2 - 6.1016om-J and the temp9rat~es ~e + T1 ~ 200 aV in 
the presence of. the Irirrol'B and \'11. t hout them. 

It iE shown that the introduction of the I!lagn~tl0 nli..rrors ls 
advantageous for the following reasonsl 

1. It inoreases the energy aontent by a factor of 1.5 - 2 at the 
init!. i1l .Slt3.bC \':hich iD p;(,ov ol~tiO.Llal to the illirror ratio. 

2. It inoreases t ne energetio 11tet~na by a faotor of 4 - 5. 
~ . It strongly decreases the rate of th~ end 108ses during the 

later periods of time whioh mB3 be attributed both to the 
mirror ratio inorease bUd ~la8Wa aooling due to t h& longitudi­
nal eleotronio thermal oonduotivi ty. 

'rhe instabUlt;y :progreaalon t. :toUJ'ld to result in the plasma 
oolumn shift &Dd ita rotation. The analysis of the temperature 
vari .. tiOJ1S on<I end-and-side lligl>ospeed photogra,pll3" 8uggest. that it 
is the i.illD ... irurt:"al'li11't.r with m = 1. 

1. G.G.ZukaklshYilt, et al Proo. of the x-th Intern. Cont. on 
Plasma PbJaloa and Oontr. Hull. Pualon. London, 8eotlon 11, 
1'.9" 19!14. 



'6' 

., >,'!URE OF AlfOr~\LOUS i::L~::c ~lHo~r TR:\1ISPO::{~ "\.CROSS ~.:"'-i..Gm;~I.'IC 
~IbLj) Di A ~R.,\p \U'.i'H STJ~Ll) DI-::!3ITY P;J.L 

j;j . S . loffe , E.I.Ke.nc.ev, V. P . Pas tukhov, V.V.PiterGkij , 
E. E. Yush:::=.r:ov 

I.V.l\urcbe:~oy In:::titute of Atomic EnerGY , j,josCO','J, USSi1 

lJ3ST1"u\CT 

~'he renul ts of studying the mechanis~:l of anOl;:cioHG trc.!lsverse 

elect ron tr~l..."lsport in Atoll device arc prcnented. The device is 

a rinG cusp \,/i th clcctrostaticcl.ly- pluG0e d g.2.ps . It s main chc.­

racteristic13 are us fol10r,8 : ;:;)IlQletic field i s of quc.drupole sha­

pe I field intensity in the Gaps is up to )0 kGs , gap nidth is 2 f:!iJ , 

plugging potential i3 about 5 kV , mec.n plasma rine radius is 48 

cm , plumna densit.y k, 1012cm.- 3, Tez '1\ ~100 eV , plam:la volur::.e 

is about 50 L 

As was shown e arlier, the electron field- percllel losses can 

be completely suppressed. Ur..de r such conditions the quality of 

confinement is detern'.ined by an elect:i.'on crosz- field tre..."1::port 

rate. This transpor t proved to be governed by l:ucroinstabili ties 
~-=::'.':::' : :; ;:'!;:.:.;. .::. .... .... :..;;. ~ y ~·ci..;j,..i.~.: 1~ .l'<;"1"G:ner tnan by a classical dif­

fUDion process and appeared to be three orders of mRfYI~ t ,.' r'o ,!,('­

re intense than the classical one . 

The lmowledge of instabi!i ties acting has been obtained on the 

bas is of a detailed investisation of f:ret:!uen('. ~r en'.! \'!:':.'!':J cb.OXs.c­

teristics of the oscillations observed. The characteristics are 

compared \'Ii th those predicted theoretically for Atoll. It is found 

t hat for the centrel plc.smu reGion, ','ihere the magneti c field ununi ­

formity is strong enough, the long- \'/ave ion-sound (L':'lIS) instabi -

11 ty plays the principal role. In the external regions the drift 

low-hybrid (DLH) in.:Jtabili ty replaces V;fIS. Experimental pla::nna 

density profile i3 in agre ement with the theoretical i dea about 

the existence of a Itmarginal stability pro!ile 1t for each instabi­

l ity mentioned above. 

The mechanism of enOf!1a1ous electron transport revealed in Atoll 

mie;ht also be respol1f,;iblc for collisionless fOI1rlation of the 

sheath separating a field-fl'eo::! plasma from a vacu>..ll1l magnetic fi­

eld in SOf.le othiO!r t!'~.!)S h':::''l:i.r . .; m =1. 
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STUDIES ON MAGNETIC HELICITY AND MHO BEHAVIOUR IN 
A COMPACT TOROI D (+) 

ABSTRACT 

S.SINMAN 
Middle East Technical University, Electrical and 
Electronic Engineering Department, Plasma 
Engineering Laboratory, Ankara - Turkey 

A.SINMAN 
Ankara Nuclear Research and Training Center, 
Nuclear Fusion Laboratory, Ankara - Turkey 

A apheromak pl asma has been produced by means of the 
c-guns l ocated inside the floating octagonal flux conserver 
of 40 litres. The C- gun is a novel and alternative version 
of a magnetically dr i ven shock t ube. The vertical electrode 
yairs at the toroidal plane in t he flux conserver and the 
back-strap outside of the flux conserver are the main struc­
ture of the C- gun. The electrical characteristics of the 
C-gun have conformed with the critical damping a nd under 
damping modes depending upon the back-ground gas pressure 
ranges of 40-70 mTorr and 75-250 mTorr respectively. The 
experimental results have indicated existence of the mini­
mum energy state (k=/UoJ/B = constant). It has been observed 
from the oBci11ograms taken from the diagnostic devices that 

the current channel of the toroid (ne= 5x1014cm- 3 , Te= 30- 50 

eV, B~= 800 G, Dv= 0.12 and tlm= 20 me) produced in the crit­
ical damping mode of operation of the C-gun is modulated by 
the drift wave in the frequency range of 16-25 kHz. I n return 
at the" under damping mode of the C-gun , a spheromaJc plasma 
in MHD behaviour (ne= 1014 cm- 3_ 5x1015 cm-3 , Te= 20-35 eV, 

B~= 450-600 G and bv= 0.085 ) has been obtained. According to 
the total flux measurements , the resistive decay times of the 
toro id have been determined in the range of 3 . 5- 5 ms. 

INTRODUCTION 
The compac t toro id (CT) researches /1-2/ are complemen­

tary to tokamak researches and will improve the under standing 
of plasma physics in toroidal devices , as the overall optimi­
zation of the toroidal experimenta l arrangements. 

Concepts in this class, which includes spheromak /3 -5/ 
and fie ld reversed configuration /6 -7/ off er reactor advan­
tages that result from simplified geometrie s of the confine­
ment chamber. In the case of the spheromak requirement is t he 
entrapment of the desired toroidal flux within the separ a ted 
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poloidal flux region. The pl asma currents are largely force­
free and the toroidal and poloidal fluxes are comparable. 

In our previous study; it has been experimentally demon­
strated that in the flux conserver by means of a C-gun, the 
eT particularly in two different behaviour may be formed /8/. 

Especially in spheromak, as at the Los Alamos (CTX) and 
Osaka (eTCe) devices, the toroidal field at the flux conser­
ver is produced by the poloidal field injection ( co - axial gun) 
through the flux conserver. This is a flux conversion mecha­
nism and it can be interpreted by the magnetic helicity COD­
cept /9/. 

At the mentioned C-gun.; the shock heated warm electrons 
(5-20 eV) in the plasma belt, interacting with the toroidal 
magnetic field produced by the current passing through the 
plasma belt and back- strap closed loop, a helical plasma cur­
rent channel is created. Thus without a toroidal-poloidal 
flux conversion, a toroidal field together with a current 
channel (E-layer) at the flux conserver may be generated. 
This procedure fits to the principle of minimum energy equi­
librium /9/. On the other hand, the helicity existence rate 

is (dK/dt) =: 2Vg~ex' where Vgis the voltage applied to the 
C-gun, Pex is the net flux on the area framed by the plasma 

belt and the wall of the flux conserver. 
When the experimental data obtained from the CT produced 

by the C- gun and above considerations are compared and eval­
uated, they have been understood that as in the other magnet­
ized co-axial plasma guns, in the C-gun too the helicity i n­
jection and current drive mechanisms /10/ can be come into 
existence. Below the thermal energies of 15 eV for the shock 
heated electrons in the C-gun, the reconnection probability 
is lower than 70 ~ . To produce the helical electron ring for 
15 eV, it is necessary one microsecond dUration. In this du­
ration, the toroidal field generated by C-gun, is not suff i­
cient. 

At a distance of 7 cm from the wall of the flux conserver, 
the toroidal and the poloidal magnetic f lux densities were 
very close being about 600-800 G. The decay times of the 
fields have changed between 2 .2 - 3.5 ms which has been cal­
culated by the expression of t B= B/(dB/dt). 

SYSTEM DESCRIPTION 
By the main points, the experimental arrangement has an 

octagonal 40 litres floating flux conserver which is the vac­
uum chamber at the same time. The back- pressure in the flux 

-6 
conserver is 5xlO Torr. Four C- guns have been inserted 
around the flux conserver with 90 0 aparts. 

The system consists of 2 kJ capacitor bank for each C-gun, 
the spark - gap switches controlled by self generated UV ring 
and other needed diagnostic measuring equipmentB. 
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shock heated electrons having helical orbits and being at the 
energy level capable to ionize the back- ground gas , causes to 
generate an E-layer. This matter has been determined by the 
resistivity probe measurements. 

According to the magnetic probe signals at the distance 
of 7 cm from the wall of flux conserver, the ratio of the tor­
oidal and poloidal magnetic field variations in time are OOD- . 
stante This r esult veri fyes t he mi mimum energy criterion . 

It has been understood from the experimental data that 
c- gun can translate the energy on capacitor bank to the pl asma 
inductance with an effi ciency of 0.12 - 0 .18. 

Probable in the first step, the shock heated electrons and 
in the second phase , the ion cyclotron wave damping and subse ­
quent l Y the ohmic heating mechanisms have caused the temper­
ature increasing of the spheromak plasma produced in MHD be­
haviour. 

(+) This work was per formed under cooperative agreement 
between Turkish Atomi c Energy Authority and IAEA Vienna, 
the Division of Research and Laboratory , under Contract 
No .: 3823/R2/RB . 
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The main diagnostic techniques used a re: the Langmuir 
electrical probes; the magnetic probes and loops; L-R fast 
operational integrators; the paramagnetic loop including a 
fast integrator; the resistivity probe; the charge-exchange 
cell and the visible light spectrum analyzer. 

Besides, the fast storage oscilloscope of HP-1744/A and 
the other conventional fast oscilloscopes of HP-l~O/C and Tek_ 
tronix 454/A have been used during data recording. 

RESULTS OBTAINED 
The operating period of the C-gun at under damping mode 

(UDM) was about 10-12 microseconds but at the critical damping 
mode (CD~J) it was only 2-3 microseconds. The electrical char­
acteristics related with UDM was per i od ic whereas that of CDM 
was aperiodic. The UDM VIas in MHD property on the other hand 
in CDM the drift wave instability accompanying vIi th the cur­
rent drive mechanism have been observed. 

Utilizing from either the magnetic probes or total magnet ­
ic flux loop, data taken at UDM have shown that in the first 
two microseconds Vlhich is the quarter of a period, C-gun gen­
erates an ion cyclotron wave. Through first half period, ion 
cyclotron Vlave damping and the reconnection have occured. Just 
after the reconnection, it has been understood that the toro id 
has come into equilibrium phase. 

On the oscillograms by this mechanism they have been deter­
mined that in the first half period, the toroidal magnetic 
flux variation has began with a zero average (reference line) 
and then gained a positive or a ne gative off-set value and 
finally in 3 - 5 ms decayed exponentially back-down to zero 
average . 

In CDN too such as in UDM there exist the ion cyclotron 
wave mechanism. Correlating the signals taken from magnetic 
probes, loops and charge-exchange cell, it has been concluded 
that the current channel is closed and modulated by the drift 
wave in a frequency range of 15-25 kHz. 

This toro id produced depending on the gas pressure (40-60 
mTarr) and its own physical characteristics have been confined 
for a life time of 5 - 20 ms. The magnetic field configura­
tions at CDN have not yet been investigated. 

CONCLUSIONS 
\11 thout any flux conversion, by means of a magnetically 

driven C-gun, it seems to be possible to produce a toroidal 
magnetic field in a floating flux conserver. Thus it can be 
said that the magnetic helicity injection is a lso valid for 
the C-gun. 

For a toro id in HHD behaviour, this mechanism has real­
ized in the pressure range of 70 - 250 mTorr . 

Interacting with above mentioned magnetic field, the 
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POWER BALANCE OF IONS IN THE HBTX REVERSEO FIELD PINCH 
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ABSTRACT 
An ion power balance model, with simple assumptions, is presented 

which reproduces the main experimental results - viz Tic = le at e = 1.35 
and 156 limHer tiles in position, Tio/Teo> 1 when a rooveab~e l1 miter is 
inserted and Tio/Teo < 1 with tile removal. 

INTRODUCTION 
Since the electrons and ions are collisionally decoupled in RFP 

plasmas they can be treated separately in power balance considerations. 
The input power remaining. after joule heating of the electrons, is 
assumed to heat the ions. This power i s associated with the fluctuation s 
which drive the dynamo electric field required to sustain the RFP 
configuration. The first pa~t of the model is to determine the sharing of 
input power between electrons and ions and H is found important to 
include edge effects. The second part is to model the ion loss term. It 
is assumed that th i s i s dominated by diffusion losses. When the neutral 
particle density distribution, no(r), is known the diffusion coeffic i ent, 
D(r), can be calculated from particle balance considerations. However, 
the absolute neutral profile is available for on ly a few selected cases 
although the relative proflle i s sufficiently reproducible to allow a 
calculation of the rela tive O(r) profile. The value of 0 on axis is 
obtained, assuming ambipolarity, from the axial power balance of the 
electrons, obtained experimentally. The ion temperatures can then be 
calculated and related to Te and the l oop voltage. 

POWER BALANCE f>lJDEL 
The total input power density is: W = E.j = ll j 2 - U x B.L which in 

the presence of f1 uctuations (eg ,i ::: in + j)-becomes. W- "" G·L :: T) j 0 2 -

<!! x !!.>o,io where <.'[x[> is the dynamo e lectric field, 11 ;s the Spitzer 
resistivity (obtained from T and Zeff)' f.o is the menn electric field 
and j p is the current density [obtained from the Modified Bessel Function 
r~odel J . The power input to the electrons ;s simply lljo2 and it ;s assumed 
that the remaini ng dynamo power, - <~x!> o~. is dissipated l ocally into the 
ions. 

The Il( rJ prof; 1 e can be estimated from the measured F and e and 
making some assumption about the \l(rJ distribution (eg Il(r) ::: 110 
( l-(r/ aJ~1 J. When edge effects are ignored the resistivit i es obtained 
from electrical measurements , assuming helicity balance, are abou t a 
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factor of 3-4 higher than those measured from Zef f and l e ' However an 
imperfect boundary (eg tiles or field errors) ac ts as d sink fOl' he l icity 
[ 1,2 ]. or presents current blockaqes [ 3 J. and so requ ires an enhanced 
dynamo field to sus t ain the configuration or in practical terms an 
increased loop voltage . An important feature of this effect is that the 
associated power is dissipated in the plasma bulk rati ler than at the 
boundary. If 'lk is the resistivity obtained from helic.ity balance, but 
iqnoring edge effects, it can easily be shown that when these are included 
. k . 

we get '1': 1") (Vdl-Vwal1)/V~. where V
4l

1S the loop voltage and Vwa11 the 
vo l taqe assoc i ated with an edge hellcity sink. The quantity Vwa11 ;s 
difficult to measure directly but is estimated to be at least 14 volts 
(with the tiles in position) for e = 1.35 and i s apparently insensitive to 
plasma current[ 7 ] . The resisti'l'ity then obtained electrically agrees 
within the experimental uncertainties with the Spitzer value. This result 
simplifies the treatment since the residual dynamo power can now be 
calculated from electrical me asurements and assuming d relative le 
profile. 

MW m-J 

20 

10 

0 

2 

An example of the ohmic and 
dynamo power input 1istributions is 
shown in Fig 1 (I 41 =200 kA , ne=2 x 
10 19 m- 3 , V =30 volts, 
Te=T"Q\l-(r/a)~ I , Teo=250 eV, 
Ze ff =Z J . Assumi nq the dynamo power 
goes into the ions it can be seen 
that on axi s it is 2-3 times the 
ohmic power going into the electrons 
and in the outer regions, power is 
taken from the ions. (The total 
integra ted powers are si mi 1 ar wi th 
only about 20% extra for the ions . ) 

To obtain the ion temperature 
the ion energy losses must be 

-10 modelled. The power loss, Wi , ;s 
0,0 0-5 r/o 1,0 assumed to be dominated by diffusion 

Figl DistributiollSofinput 'p:;t.ex where Wi(r) = (l/r).d/dr ! rG;(rl), 
~EnSitiesintotreeloctrons(l)arrl and G· :: -D(r) d/dr Ui(r), where Ui ~ons(2) is the ;on energy density. 

Ionisation of the neutrals is the on l y source of ions so that know;ng the 
neutra l density distr i bution , the diffusion coeffic i ent, D(r), can be 
obtained from partic l e balance considerations. In practice , the absolute 
neutral density is difficult to measure and has been obtained in only a 
few selected cases in HBIX by fluorescence scattering [4] . 

However, the re l ative neutral density profile is sufficient ly 
reproducible to ca l culate a relative D(r) distribution. This is con f irmed 
by many Monte Carlo s i mulations of the neutral particle transport for the 
appropriate range of le. T; and ne' The problem remains to obtain a local 
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absolute value of O(r). To obtain O(r) on axis we appeal to the 
experimental electron power balance and assume ambipolar diffusion (ie 
0.(01 = 0e(OI ~ 0(011. On HBTX, as generally found in RFPs, the T (rl has 
a' flatter profile than ne(r) so that diffusion losses become of reTatively 
greater importance, compared with conduction losses as the axis is 
approached . Assuming diffusion losses dominate on axis , the 0(0) is 
obtained from the axial ohmic i nput power and the ne distribution (ne(r) = 
n [1-(r!a)2]. The remaining conduction power loss (radiation losses 
a~~ negligible), obtained from the difference of ohmic input and diffusive 
losses, is comparable t o the latter. If the conduction losses were much 
l arger then it would be difficult to justify our calculation of 0(0). 
However , the absolu t e values of O(r) obtained (~50 m2s- 1 on axis r ising t o 
_300 m2s- 1 at the periphery) is consistent with the spectroscopic 
determinations (5]. 

RESULTS 
---F-rom power balance on axis we obtain 0e(O) '" "'Ohf{lic{O)!neoTeo and 
0; (a) '" -<~x~> · jo/nio Tio' For most of the data obta,ned from current 
scaling in HBTX , TeQ ~ cons t ant for I 4l = 150-400 kA and Zeff is small 
(_2-3) so that T] rema , ns fairly constant. Th i s is consistent with Vwal1 -
constant in these conditions . Also ~(r) is in sensit i ve to I

4l
. The 

consequence is that the ratio Wohmi c{OI!<I!x!!>.j _ constant and tHen from 
ambipo l arity , De(O) = 0;(0) , it follows that Tio '" Tea as has been 
observed exper imentally [ 6]. 

The model of 300,------- - ------ ----, 
ion power balance 
can also predict 
absolute ion 
temperatures and a 
compari son 
measured 

between 
( deduced 

fro m a nN P A 
spec trum) and 
calcu l ated Ti{r) 
profiles is shown in 
Fig 2. Note that 
the peaked values of 
measured and 
modelled Tio agree 
and that the 

'. 
200 '. '--, 

T, ' T~ (.VI ." . , 
, "" T, ("p) 

'" 
1, (model)" 

d. 

Fig 2 Di strihl.lt:.iDns of eloc:tro'l ani ion t61pel'dtureS 

narrowe r Ti (rl compared with Te{r) is ,'eproduced by the model. 
Th e mobile limHer exper iments [ 7J provide a further test of the 

model, If the Vwall used previously in relatin~ T1 to T]k i s supplemented 
with the addit i onal l oop voltage required to sustain the plasma with 
limiter in ser tion , the power into the ions c an be calculated , A 
comparison between measured and calcula ted values of the ratio Tio/Teo is 
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shown in Fig 3. The conclusion i s that the extra voltage ; s not 
associated with edqe power dissipati o n but i s available to heat the ions. 
Removal of the 156 tiles results in T;o <Te (f io - 200-250 eV, Te - 350-
700 eV). Howev er , Tiois still about a ?actor of 2 hi g her than that 
expected from heli c ity balance with a perfect edge ( and an order of 
maqnitude higher than from ion-el ect ron col lisions). These results 
suggest that there ar e r ema in i ng edqe effects 9 iving rise to an additional 
non-Spi tzer pI asm a res; stance toget her wi th the corresponding ion 
heat; n9 . , 

LMII[R IfISERIION (m) 

Fig J Measured and mod elled T. IT with inser ti on of d 

mobile limite.c (pyrol ytic g.cdr:hitel °be~rrl the limi ter til es . 
Also sh::w:I are tJ-e corIe¥Orriin:; lcx:p voltages-. 

CONCLUSIONS 
A simpl e ion power balance model i s successful in reproducing the ion 

temperature in wid ely di fferent condit i o ns in HBTX. To obtain agreement 
bet ween modelled and measured Ti it is necessary to incl ude non-Spitzer 
resistance due to edge effects. Results with the removal of tiles suggest 
there is still a substantial non-Spitzer resistance present due to edge 
effects . 
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HELICITY TRANSPORT AND ANOMALOUS RESISTANCE IN THE REVERSED FIELD PINCH 
H Y W Tsu i 

ABSTRACT 

Culham laboratory. Abingdon, axon, OX14 3OB, UK 
(UKAEA/Eurat(Jl1 Fusion Association) 

The behaviour of the Reversed Field Pi nch (RFP) is discussed in terms 
of the ba l ance and transport of magnetic helicity, The analysis shows 
that the depar ture from the TayT or' 5 fu ll y rel axed state i s caused by 
energy l osses from the fluctuations associated with hel icity transport. 
Wi thi n thi s framework. there are two energy f1 ow chann e l s supported by the 
external JXlwer input: the classical resistive dissipation and the power 
throughput coupled to the ].x[ fluctuat i ons . The second c hannel 
corresponds to the anomalous resistivity reported from experiment and may 
give rise to ion heating. The anomalous loop vo l tage can be interpreted 
in terms of hel icity loss to the wall or limiters where field lines 
intersect material objects . A model which shows that suc h leakage depends 
on the flux intercepted and the local electron temperature i s presented 
and appl ied to ex pI ain the loop vol tage anomaly observed in HeTX 
experiment . 

INTRODUCTION 
The importance of magnetic helicity [lJ in determining the behaviour 

of RFP was first disc ussed in the relaxation theory by Tayl or [2]. When 
reconnections are allowed. the plasma relaxes to a minimum energy state 
subjected to the constraint that the Qlobal helicity is invariant. At 
this fully relaxed state , the field configuration satisfies vx!!. =~!!. with 
uniform~ . In exper iments, ~(r) is not unifonn but decreasing towards the 
pl asma edqe . It has been suggested [4] that such departure is caused by 
the energy throughput coupled to the fluctuations which takes pl ace in a 
second energy f l ow channel in addition to that involving electron heating 
throuqh Spitzer resistivity. It is well known in the mean field 
magnetohydrodynami c theory that f1 uctuations can I ead to an effective 
electric field and that the Ohm's law for RFP be modified [5.6] to include 
their contributions. Although these fluctuations do not dissipate 
hel icity and therefore do not affect tile global bal ance [7 ] . they can 
dissipate energy. It has been shown that when fluctuations are ignored 
the global helicity balance is more correct than the global energy balance 
in computing the plasma resistivity [ 8, 4]. 
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HELICITY TRANSPORT AND FLUCTUATIONS 
Th e ma~netic he'icity in an RFP [ 9J is K' J ~o ~d, 0 P ~o<\<_ P ~o",,-

v s 
where Cl and 13 are the poloidal an<1 toroidal tiistance on the surface S 
bounrting the volu'lle V. With variables separated into tile mean and 
fluctuatinq components such as ~(r.a. ll . t) .. ~(r,t) +!(r ,a.ll, tl where ~ 
= <~> and < • • • > denotes the appropriate averaqe over" a . p and tirne, the 
helicity balance equation in a steady state RF? i s 

v ~o (r) , J '1l00~ d, + J lOll."o (<\!.xdll. ) + 11 
~ v s 

( 1 ) 

wh ere ~ o = fJ& od!! is the toroi da l fl ux, Xo is an electrostat ic poten ti al 
ann H ;s the outward helicity flow across the mean flux surface S due to 
fluctuation s . Ay defining { ... } as the average over Cl anti tl <lnd?l.' =! ­
{!} , H Cdn be expressed as 

H = <~> + f<X[>o fd!!xdfl..l + tsf(~'X! ' > ' (d!!.xdl3 ) (2 ) 
s s 

Nher e ~ = Pf~ · ~ anc1 W = M~ ·d~ .. The f irst term is the helicity flow 
)ssociated with fluctuating flux as in F-Theta pumping current drive [9] . 
A.fter subst ituting TjIo=~- <'.[x'[> and f~ · ~dt '" V$~o' e q(1) becomes 

v 

Jiijx1J,oll." d, ' -ixoll." o (<\!.xd@. ) - H 
v 

(3 ) 

When the fluctuating radia l fi eld vanishes at the pl asma edge, it can be 
shown from] ' = IJ x'X' that H=O. And if !LJ . (df!.xd~..l=O, equ(3) reduces to 

J<'iix1J,o~d, ' 0 (4) 
v 

Thi s means that fluctuati ons do not dissipate helicity wtlile tran sporting 
it within the pl asma bounded by a perfec tly conducting wal l. 

ANOMALOUS LOOP VOLTAGE 
When there is an equil ibri um shift or objects protrude i nto the 

plasma the hel i c i ty l oss arises from field lines whi ch intersect material 
objects is described by the surface term in equ(l) . This loss or leakage 
is caused by the poten t ial difference which is generated by the 
obstruction to current fl ow [ 10] , between the boundaries connected by the 
fie l d lines . An additio nal ("anomalous") loop voltage is needed to 
increase the he'icity input and transport to compensate the loss. 
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The current flow along the field lines is limited by the presence of 
an obstruction in a simil ar way to the current saturation phenomenon in 
sheath or probe theories. Th; 5 ar; ses when the surfaces do not em; t 
charged particl es, even though they may ern; t neutral s. The current 
density wtlich ;s qenerated by the rlifferenc e in the sheath potential drops 
(6x) and electron flux to the two sides ;s limited by the ion flux. In 
one dimensional approximation , 

where ve is the averaged velocity o f the electrons flowing towards the 
surface, Ijlf is the mean floating potential. The solution gives 

Thus the helicity loss and the increase in loop voltage (6V ) depend on 
the local el ectron temperature and the amount of fnagnetic f1 ux 
intercepted. These properties differ from those when helicity dissipation 
in the edge volume [11J. According to thi s model oV due to plasma sh ift 
(,~. 1 and obstruction (eg limiterl with projection areaIPwd are 

V ( 4R0) d o $ = Ox T h. an 

6V, o6x(::k)wd 
0/ no 

where 8 is the pi nch 
parameter. When pl asma wall 
contac t ; s i nc reased due to 
the pl aSOla sh; ft. il hi gher 
loop voltaqe (F;q 1) ;s 
ob served [12] as expected from 
the theory. The val ue of Ox 
obta in ed is 18 vol ts 
correspondinq to an edge 
el ectron temperature of 10 eV. 

~ 
~ , 
! 
• i 

• 
'" ,J, y 
• 
• , ,I' 

,-T 
• ~" 

'" 

'. 
Fig 1 The variation of toraidal lo:p vultarye 
(VIP) with plaSlld eguilibriun displdC€J/)'31t (fl) 

A reduction of·q volts is expected when the limiters are renoved, which ;s 
consistent wi th the ~10 volts observed in eXfleriment [13] . 

The enerq,y balance in a steady s tate RFP is 

V 1 
<I> <I> 

hi o' d, + lxoJn' (~xdQ.) 
V s 

f<~/~..> . lo d. 
V 

(5 ) 



and - f <~I x!!>. 1.0 d't 
V 
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I'~x~, Id",xdll) + 1'Pt!" I <l,xdl).) 

+ f l OSSeS frorn fl uc£uationsl 

(0) 

rept'esents the transport of energy I:ly fluctuations . This integral which 
depends on the I.! profile is not necessarily zero at the plasma edge [7J . 
It is zero wilen the plasma is fully re l a)(ed with uniform I-l (from eq(4)). 
The departure from the fully relaxed stat~ is r elated to the energy losses 
from the fluctuations in transporting heli city . These l osses can arise 
from the non-vanishinq fluctuating radial velocity at the edge or viscous 
damping, for instance i n heatin(J the ions . When there is hel ieity 
leakage, a hiqher l oop vo l tage is needed to compensate the enerqy loss in 

5upportinq the increased hel icity t ransport and leads to the observed l oop 
vol tage Ot" reSl stance anom;tly . 

CONCLUSION 
The balance and transport of magnetic he1icity due to fluctuations 

in the RFP ha s been discussed . Energy loss from these fluctuations causes 
departure from the fu l ly relaxed state . It is shown that t he anomaly in 
l oop vo l tage or resi sta nce observed in HBTX exper iment can be exp1 ai ned on 

this basis . When field lines intersect material objects which obst ruct 
the current flow, a higher loop voltage is needed to compensate the 
hel icity leakage at the boundary and the energy l oss from the fl uct uat i ons 

in supporting the increased transport. The increa se in loop voltage 
depe nd s on the flux i ntercepted anrt t he local e l ectron temperature. 
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REVE RSED FI ELD PINCH OPERATION WITH A THIN SHELL 

S. Orto l an i, V. Antoni, and S . Hart ini 
Istituto Gas I on i zzati del C.N . R. 

EURATOM- ENEA-CNR Association , Padova , Italy 

and 

R. LaHaye. H. Schaffer, T . Tamano, and P . Taylar 

CA Technologies , San Diego, California , USA 

Reversed F i eld P i nches (RFP) have typically been studied in experiments 
Where a thick conducting shell tightly surrounds the pl asma. This feature 
has been dictated by the theoretical belief that ~lliD pl asma instabilities 
would otherwise grow and destroy pl asma confinement . On the other hand , t he 
presence of the thick conducting she l l pr events accu r a t e active pl asma po­
sition con t rol , which is important for minimizing pl asma- wal l interactions . 
Furthermore , in a reactor the discharge length wi ll of necess i ty be longer 
than the shell time constant and the possib il ity of us i ng a t hin conducting 
shell will make the prospect of the fusion reactor more attra ctive . 

Al ready in the design of t he new generation of dev ices such as 
RFX r 1 I. ZT- H [2 I. OHTE II (3 I, TPE-RX (4 I , the dec i s i on of whether 
or n~t to continue i nstal l ing th i ck conducting shells i s a very important 
and difficu l t one to make . In particular , it is now believed that accurate 
equilibrium contro l , edge plasma properties, plasma-wall interactions and 
impurity contam i nation can pl ay a dominant rol p i.n d~terl"in ing the loop vol­
tage necessary for maintaining t he RFP distr i butions , and t herefore the 
energy conf i nement time , since for an ohmica l ly heated sys t em l ike the RFP, 
the simpl e r e l ationshi.p ho l ds : TE = 3 /8lJo RSa I/V . 

The pr esent OHTE device has t he unique fea t ure of uti l izing an elec­
trically t hin conduct i ng shell in wh i ch discharge lenght s much longer than 
the shell t ime constant for the vertical fie l d have already been ach ieved 
(5 7. 

Due to the interest in the construction and opera tion of future larger 
experiments , a j oint Padova/GA experimental program was t herefore carried 
out to f ur the r examine the scientific and technica l features of the OHTE 
thin shell ope r ation. In pa r ticu l ar , an attempt was made to pr olong the 
pulse lengh ts through fine r tu ning of t he equilibrium con t ro l using an ad­
ditiona l ver t ica l field (Bv) ci r cuit thereby further assessing the plasma 
sensitivity t o position control as opposed to inheren t HIID s t ability limi­
tations due t o the l ack of a perfectly conducting she ll. 

The OHTE device (R= 1. 24 m, a = . 18 m) /-51 has been operated in the 
RFP mode. The t h in shell is made of brass (~= 6' 10-8 n · m) and is 0 . 8 IlI1l 
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thick with a minor radius of 0.2 m. Thl' ve r tical field time constant is 
1. 5 rus \~hcre.1~ the toroidal field time constant is ~ 0.25 ms. The experi­

ments reported here have been made at currents o f 150-200 kA . Typical pla­
sma pa ramete rs are n- S · 10 19 m- 3 , T(O) :;; 150 eV co rresponding to 
I/N;;:)-4' 10- 14 A-m a nd t u the OHTE temperat u re scaling of approxima t e­

ly 1 eV!kA (5 7. The loop voltage is of '\, 100 volts corres?onciillg to plasma 
resistanccs- VII ~O . 5 m.Q . The lotal ver t ical fie l d Ilecessary for center i ng 

the OIlTE plasma is approximately 1.6' 10-7 • I T (i,e .• '\.. 0.03 T at the cur­

rent level we opera t ed) . The ba sic toroidal equi librium control i~ a~h ieved 

by mismatching the currents in the primary polo i dal field co i ls I 5 / . In 

addit i on, an inde pendently powered vertical f i e ld coil system wa; used f or 

fine Bv tuning and plasma positioning. In this vertical field control ex­
periment, varia tions of a few gauss i n Bv were explored and the co rrespon­

ding plasma pulse l e nghts were analysed, In particular, we present here two 

se ts of measurements : a) a compar i son between discha r ges wi th and withou t 
the use of vertical field control; b) a compar i son between dischal'ges ..... i th 

opposite o rienta tion of the to r oidal field . 
This last experiment was done to examine the existence of any d irect 

coupling with the external helical coils leading to effect ive stabil ization . 

RESULTS - An example of a t ypi. cal current wavefonn and o f the co r responding 
pl';;;;;';-displacement is shown i n Fig. 1 for a case wi.thout (la) and one with 

( Ib) the vert ical field con t rol where Bv was ramped at the rate of 10 Clms 

stal,ting at 3 ms . Systematic prolonga t i on of t he cur r ent pulse i s ach i eved , 

typically from 6- 8 ms to 10-1 1 ms . An examp l e of a discharge wher e the ver­

tical field was initiated befo r e current start is shown in Fig. 2 . This mo­

de o f operation resulted in more reproducible discharges and on average ga­

ve even longer pu l se lenghts of '" 12 ms. The add ition of a second_ba~k to 
main tai n the c urren t flat-top ha s already been used in the past { 5_1 . In 
the r ecen t measurements, after ha\;ing done some B optimi zation , the second 

flat-top bank was applied and resulted i n discha r ge lenghts ~. 14 ms (see 
Fig , 3) . A summary of the results is presented in Fig . 4 in which the pla­

sma displacement at the beginning of the current termination is plotted ver­
sus discharge duration. Th e results for t he disc ha rges withou t vertical 

field control are shown in Fig . 4a . In this case , the plasma is al ways d i­

splaced outward and terminated. Fig . 4b s h ows t he results with vertical 

field control demonstrating the prolongation of the discha rge compared to 
t he case without Bv control , The large numbe r of discharges with sma l l di­

splacement indicates that termination is caused by insufficien t sustaining 

vo ltage while a sma ller se t of discha r ges is termi nated because of excessi ­

ve inward displacement . In t he prese nt OHTE set-up, just ou t side the shell 
at r =0 . 215 m, there are 4 cm thick helical co ils . In order to exami ne 

whether or not these coi ls can provide some plasma s t abilization by ac ting 
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as a sort of discrete thick shell , the s i gn of t~e B41 field was changed 
to r everse the re lative pi tch be tween magnetic field lines and externa l 
coils . The coil q is 0.2 and it is nowhere resonant in the pla sma , which is 
characterized by q values < 0 .1. I ndeed, the change in sign did not apparen­
tly change the ~rnD stabil i ty pr operties of the discharge , and f luctuation 
spectra were very similar in both cases. It should also be no t ed tha t r esi­
stive truD stability theory indicates that inc r easing the size of the vacuum 
interspace between the plasma and the condu~ti~g wall rapidly cancels the 
stabi l izing effect of even a perfect wall L 6 / . It seems therefore unlike­
ly that with an approximately 20% vacuu~ interspace from the plasma the di­
screte coil s could produce a signi ficant effect . 

CONCLUSIONS - The pu l se lenght in OHTE , operating with a thin conducting 
;h;ll~-h;;-been prolonged by f iner control of the plasma position . The pla ­
sma sensitivity to equilibr i um control furth er proves t he absence of any 
intrinsic l imitation on the plasma performance due to t he lack of a per fec­
tly conducting shell . The addition of the exte r nal vertical f ie ld cont rol 
has extended the discharge l enght s f r om '\,8 ms t o '\, 14 ms , with a s i multa­
neous increase in discha r ge reproducibili ty . Although MHO linear theory 
predicts that RFP plasmas are unstable with a resistive shell boundary, no 
change i n g r oss ~IHO modes is observed experimenta lly. However, a toroidally 
localized kink mode ( "slinky " mode) ~ue _ to non- l inear couplings of several 
in t e r nal kink modes has been fo und / 7 / . The experimen t al indication that 
a relative l y resist i ve shell (Tshel~ % 1/10 Tpul se ) can provide an adequate 
~rno stability boundary introduces the possibi lity of major simpli fications 
and optimizations in the design and cons truction of the next generation of 
RFP experiments. I n part i cula r, field err or constraints on gaps and port­
holes become much l ess important and active accurate pl asma positioningbe­
comes possible. The latter may pr ove to be a crucial issue in RFP research 
whe r e the dissipation in the outer plasma regions can largely determine the 
loop voltage and therefore the energy confinement time . 

This wo rk wa s suppo rted by the U. S . DOE under Crant No . DE-FG03-86ER53228 . 
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C . J. Buchenauer, L. C. Burkhardt , T. E . Cayton, R. E . Chrien, 
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INTRODUCTION 

Experimental research on the Los Alamos ZT-40M and ZT-P exper iments 
is addressing issues vital to the design and operation of the next generation 
Reversed F ield Pinch (RFP) devices.' These issues include: density and profile 
control by pellet injection and gas puffing,2 the exploration of Oscillating Field 
Current Drive (OFCD) as a mechanism to prov ide steady-state RFP operation 
by low frequency field moduiation,'the investigation of magnetic fie ld program­
ming, dynamic equilibrium control, no shell operation and field error effects in air 
core systems, and a study of edge plasma physics and limitcr design for effective 
impurity control and wall protection . The following paper summari zes our most 
recent work on the ZT-40M edge plasma studies. 

EDGE PLASMA AND LIMITER EXPERIMENTS 

The design of effective wall protection hardware depends on a knowledge of 
t he plasma conditions in the discharge edge; specifically the perpendicu lar scale 
length of the scrape-off plasma and the edge p lasma dens ity and temperature. 
Experiments performed on ZT-40M have addressed t his question by examin ing 
the edge plasma poloidally downstream from a s ingle local li miter with several di­
agnostics . Simultaneous measurements were made of tlJe principal global plasma 
parameters, with a view to understanding the effects of edge plasma conditions 
on RFP confinement. 

The limiter is a 11.4 cm by 9.1 cm graphite ti le, t hat is inserted into the 
toroidal RFP plasma from above. The inner limiter surface, which faces the 
plasma, is flat, whereas t he outer limiter surface conforms to the toroidal vacuum 
vessel curvature. A 1.3 cm recess in the vacuu m vessel, at the position of the 
limiter , allows the limiter to be withdrawn such that its inner surface is flush wit.h 
the vacuum vessel waU. The limiter tile is grounded to the vacuum vessel through 
an external cable and is instrumented with a current probe and a thermocouple. 
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An infrared camera observes the surface of the graphite tile that is exposed 
to the plasma. Peak su rface temperat ures of 300C C have been observed for 
insertions of 19 mm inside the geometrical shadow of the vacuum vessel Il s ing 
120 kA , 15 rnS discharges. For th is insertion, the tile typicall y col lects a peak 
electron current of 750 A during plasma formation, and 300 A during the 120 kA 
plasma current flat· top phase. 

Localized measurements of the sc rape-off plasma are made at. the outer hori­
zo ntal midplane in t he same Loroidal sec tion as the limiter ti le. The pitch angle 
of the edge magnet ic fi eld lines is kept nearly poloidal by imposing a shallow re­
versal (F = - O,08, where F is defined as the ratio of loroidal magnetic field at the 
plasma edge ove r the mean toroidal mag net.ic field) . In t his way, the field lines 
t hat are affected by the limiter are sampled by the downstream diagnostics . The 
po[oidal distance between the graphite tile and the local probes is about 0.3 m. 

A double Langmui r p robe is used to measure the dens ity and temperatu re 
of the bulk plasma in the edge. Resul ts in this paper were obtained with 1 mm 
diameter,l mm long platinum probe tips, oriented such that. t.he imaginary line 
joining the t.ips was perpendicular to t.he local magne tic field vector. The probe 
was driven wit h bot.h a de voltage bias and an ac voltage bias modulated a t 2 
kHz. Results for the two cases were comparable. 

> 
I­
Cii 
Z w 
o 

20 

PROBE INSERTION (mm) 

FIG. 1. Plasma density profile for (o) 
limiter withdrawn, DL = 0, and 
(x) limiter inserted, DL = 19 mm. 
Probe insertion is measured from 
the end of t'he diagnostic tubulat ion, 
12.7 mm outside of the vacuum ves­
sel bellows inner surface. 

Figure 1 shows the electron densi~y profile in the edge p lasma, inferred from 
the probe's ion saturation current, for two cases. In case onc, denoted by (o), the 
inner surface of the [imiter tile was Rush with the vacuum vessel wall (DL = 0). 
In case two, denoted by (x), the limiter tile was inserted 19 mm into the plasma 
(DL = 19 mm). The probe insert ion is related to the magnetic mapping of the 
limiter position as indicated by the arrows on the graph. The error bars reflect the 
expected error of the mean of the data, with 4 to 15 data points fo r each locat ion 
at DL = 0, and 2 to 3 data points per location for DL = 19 mm. It shou ld also be 
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noted, that large plas ma fluctuations are observed on the ion saturation current 
when the probe is within 5 to 10 mm of the magnetic mapping of t he limiter 
edge. These fluctuations are presumably due to severe momentary increases of 
the plasma density from a lower bound or "pedestal" value . The density data 
plotted here reflect the "pedestal" values of j~~h and would be increased by a 
factor of 2 to 3 if the mean value of t hese fluctuat ions were included. The largest 
densities plotted in Fig. 1 are comparable to t he line averaged electron densities 
obtained from an interferometric measurement at the equivalent location of a 4 
cm probe insertion. 

In Figure 1, very distinct effects of the iimiter are seen. Most c1earl}', t he 
density beh ind the limiter is much smaller than that with the Iimiter withdrawn. 
That is , a scrape-off plasma is established with a characterist ic perpendicular 
scale length of 1.3 cm. This compares to a characterist ic scale length of 0.6 cm 
with t he limiter withdrawn, where Iimiter action is attributed to other vacuum 
vessel hardware. Although the connection length for the limiter has not been 
firmly established , the scrape-off region at a posi t ion 0.3 m from the Iimi ter is 
roughly equal to the limiter insertion distance. Thus, the connection length is 
probably much longer than 0.3 m. Further experiments are planned to elucidate 
this quest ion . 

Electron temperatures, which can be inferred reliably only when the probe is 
well-shadowed, are shown in Figure 2 for DL = 19 mm. Tt ranges from 10 to 25 
eV, increas ing with the inse rtion distance. For an unshadowed probe, the edge 
electron temperature is between 10 eV and 40 eV, bu t data scatter masks the 
profile information. 
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Non-thermal electrons have been measured with a new collimating electro­
static energy analyzer designed to eliminate the effects of ions, space charge and 
secondary electrons. The analyzer is radially movable and can be rotated in 
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the p lane perpendicu lar to t he radius. Geometric constraints limit. the range 
of accurate energy analys is to electrons whose perpendicular energy is less than 
100 cV. 

The major findings of the edge electron energy analys is may be summar ized 
as follows: (1) A dilute suprathermal electron tail is detec ted with a temperature 
of 300 cV and a density of 1% of the cold , thermal density. (2) The energetic 
electrons pr imarily s tream very nearly parallel to the edge magnetic field, and 
in a direction consistent with the model that they are acce lerated in the interior 
of the discharge by the applied toroidal electric field. (3) The energetic electron 
density steadi ly increases in time from the beginning of the shot unlil satu rat ion 
at 5 ms into t he discharge. (4) The energetic electron density increases with 
distance from the wall, but at. a slower rate than the cold density. (5) Insertion 
of the limiter tile considerably red uces the suprathermal electron dens ity in t he 
edge. 

Global plasma parameters are not a ffected by tile insertions of up to 19 
mm. The global parameters include the electron densit.y, electron temperature by 
Thomson scatter ing on axis, ion temperature by Doppler broadening of impurity 
lines, impurity concentrations (carbon and metals ), radiated power (bolometry), 
bulk plasma resistiv ity, toroidal loop voltage, and other electrical discharge pa· 
rameters. This resu lt is in contrast to that observed in HBTX.1 B,~ when that 
device was operated with a rail limiter st ructure inserted 5 cm into the plasma 
edge. Although our graphite t ile is significantly smaller than the HBTX-1B 
structure, the documented the production of a scrape-off volume with significant 
dimensions relative to t he normal ZT-40M edge volume should have caused an 
observable effect . We anticipate inserting the tile to greater depths, and us ing 
a larger limitcr structure in an effort to furth er study this hypothesized phe­
nomenon. 

This work is supported by t he U. S. Dept. of Energy. 
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FIELD·REVERSED CONFIGURATION FORMATION AND 
CONFINEMENT STUDIES ON THE LSM DEVICE· 

R. E. Siemoll, G. A. Barnes, R. E. Chriell, W. N. Hugrass, 
Y. Hot, D. J. Rej , M. Tuszewski and B. Wright 

Los Alamos Nat.ional Laboratory, University of California, 
Los Alamos, New Mexico 87545, USA. 

LSM is an upgrade of the FRX-CjTI device in which the diameter of the O-pinch 
coil has been increased by 50% and two quasi-steady cusp coils have been added at each 
end. Parameters are given in Table 1 and diagnost.ics in Table 2. The FRC formation 
sequence in LSM is as follows. T he quartz discharge tube is filled with deuterium 
gas and a reversed (with respect to the main field) bias magnetic field is applied. 
The neutral gas is then preionized by means of a low-power rC discharge followed by a 
ringing O-p inch discharge. When the forward fast-rising main magnetic field is applied, 
a closed magnetic field configuration is formed. LSM can be operated in both tearing 
and non-teari ng formation modes . For tearing formation, the closed field lines initially 
extend well beyond the 8-pinch coil. The plasma outs ide the coil is pushed axially out 
while the plasma under the coil is pushed further in. The evacuation of the region near 
t.he coi l ends is accelerated by means of passive mirror sect ions (which are regions of 
reduced coi l radius) until a change of topology (tearing/recollnection) occurs and an 
FRC is fonlled. Non- tearing forlllatiou Z in LSM is implemented using two quasi-steady 
coil s that form a cusp a t. each end during the bias phase. In this case a closed field 
line configurat.ion which does not extend far beyond the coil ends is formed initially. 
Provided that the current in the cusp coils is sufHcient.ly high , the plasma is pushed 
axially in under t.he coil and all FRC is formed without tearing. 

Early experi ments on LSM were carried out lIsi ng a 8-pinch coil which had a passive 
minor sedion at each end. It was tlierefore possible to compare tearing and nOI1-
t.earing fo rmation . Non-tearing formation was achieved when the cusp field exceeded 
a t.hreshold value (:::::: .1 - .2 T ) and led to earl ier, stronger and more symmetric axial 
contraction and in some cases to enhanced flux trapping. Later, a straight 8-pinch 
coil was installed and on ly non-tearidg formation was possible. 

Experiments at. high fill presSllre (~ 1 OmTorr) were carried out. mainly with passive 
mirrors. T hey showed poor reproduc ibility with regard t.o confinement, and qualita­
tively appeared to rep resent poor FRC formation independent of the use of cusp coils. 
These results are not presently understood. 

Experiments at low fill pressures (2 - 4 mTorr) showed much improved repro­
d ucibility and confinement. compared wit.h high fill pressures (5 - 10 m.Torr). These 
experiments were carried out mainly using a straight 8-pinch coil and cusp fields (non­
tearing formation). For t.he optimum pre- iollizat.iol1 and bias conditions at 4mTorr fill 
pressure, PRCs with the following average parameters were formed: average density, 
11. :::::: 1.2 X 1021 m - 3

, pressure balance temperai.ure, T~ + Ti :::::: 430 eV, closed magnetic 
flu x, q,p ~ 4. 1 m Wb , number of local gy ro-radi i hetween the field Ilull and the sep-



486 

ara\.rix, oS ~ 2, rut io of tIle separatrix to t he coil radii , x~ ::::: 0.:15, flux confinement. 
time, T",:::: 160II.S, t: ll t=rgy confillelllc llt lill lt', 'E :::: 80 ~1, 5 and parti cle ('olllillf'llIen t t ime, 

TN::::: 160/15. P"rticle confinement. t ime is consistent wit. h the R2/p;o scaling3 observed 
in FRX-8 and FRX~C, where R is t.he radi us of the field lIull an d pio is th e ion Larmor 
radius ill t.he magnet ic Held outside lhe scparat fix 3.l Lile mid-plane. 

Figmt" 1 shows the t.i me evolution of the ex ternal magnetic field Be. the sepa­
ratri x radius r., t he average densit.), 11 , a nd the average temperature 1 '; + T" for a 
t.ypical 4 mTol'r shot . Note that. the high·frequency oscillations in t he density and 
temperature traces at t :::::: 0 - 10 j-l.s a re clue 10 radial oscillations caused by t he radial 
implosion. These do not. appear in I.he separa Lrix radius trace because the response 
of the instrul1lent.s is nol fa st enough. The-low frequency oscillations which appear in 
the density and t.cmpcrat. l\l"e t.races for t ;::: 50 I.J.!j do not refled real variat.ions in these 
quant ities bu t are man ifestat. ions of the /l. = 2 rota ti ona l ins t.abili ty. No corres polld­
ing oscillations a rc observed in B~ and R~ because the separatrix apparently deforms 
wit.hout a significant. change in Ihe area of its cross sect ion. The inferred val ue of the 
closed flux at t = 30 ItS is q,p = 4.2 mWb and oS = 1.7. The confinement. times are: 
Tt/> = 260" S, TE; = 73 liS and TN = 130Ii.S. 

It is desi rable to form FRCs with t.he la rgest. possible closed flu x, q,p and hence 
largest Ilumber of local gyro-radii betweell 1.he Held null and separatrix so t.hat. reactor 
relevant transporl. and st.ability regimes can be studi ed. So far, the pursuit of this o b­
jective has been difficult.. The equilib riulll closed flux in FRCs with good confinement 
properties cou ld !lot. be inc reased by simply increasing t he reversed bias magnetic field. 
It was observed on LSM as well as on FRX _CI.4 t hat, in agreement wi t h theoretical 
predidions5

, the ax.ial im plosion wave became stronger as the effective bias field was 
increased. The minimum elongation (defined as t he rat io of t he separatrix diameter 
to the fu ll-width half-maximulll length as measured using the interferom eter array ) 
provided a sensitive qu ant.itat.ive measllre of the strength of t.he axi al implosion in any 
p a rticular device. Good confinement was not observed on LS M whenever the minimu m 
elongation was less than 1.6-2 and t.his effectively set the upper limit on the closed 
flux that could be achieved. 

Upcoming experiments schedllied on LSM this year include a continuation of for­
mal.ion studies in order to better understand t he observed fill density limit .. Lat.er, we 
will begin launching the LSM plasm as into, and trapping t.hem inside of, the O.4-diam 
F RX-C/ T t.ranslation region. FRC translation will a llow one to: (1 ) better diagnose 
an y internal di sturbances that may appearj (2) increase the s parameter; (3) determine 
more unambiguous ly the inAuence of plasma parameters on confinemen t. 

The LSM devi ce will be modified in 1988 t.o permit magnetic comp ression experi­
ment.s . Heating by adiabatic magnetic compression allows one to address FRC physics 
at higher temperatures in a more collision less regime and to assess the impor tant 
transport issue of anomalolls electron thermal conduction believed to be present in 
FRCs. In contrast 1.0 earlier liner- compress ion experiments/l these hi gh-power heating 
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studies will utilize exl-emal flux compression. LSM plasmas will be translated out of 
the source and into an adjacent. compressor (D.S-m-id , 4-m-long coil ); subsequently, 
t.he plasma will he compressed by increasi ng the compressor guide fie ld five-fold to 2 T 
in less than 50 1-1,5. The compressed plasma will be finally t. ranslated into a O.3-m-diam 
magnetized confinement region where it wi ll then decay away. Adiabatic theory pre­
di cts significant power input. (1 GW) at levels that exceed the plasma losses by almost 
an order of magnitude::. O- D lllodeling has been lIsed to estimate the parameters that 
could be achieved by compression. For example, lIsing opt imal LSM source condit.ions 
al. 4 IUTorr and transport based on LHD diffusion we pred ict.: n :::- 7 X 1021 m - 3 , 

1i ~ 1 k eV, /', ~ O.lO m., nTE ~ 1018 m.- 3 .s - l
. The engineering design of the magnetic 

compression experiment is present.ly under way. Const ruction will start this year with 
illstallatioll and ini t ial operation sched uled for fall 1988 . 
... Work supported by tbe USD08 
t Permanent Address: Osaka Universit.y, Osaka, J apan. 
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NONLlNEAR MOTION AND BIFURCATED EQUILlBRIA OF THE EXTRAP Z-PINCH 

C. Wahlberg 

Uppsala University, Department of Technology, Box 534 , 
5- 75121 Uppsata, Sweden 

1. INTRODUCTION. In the Extrap configuration, stable confinement of a 
pure z-pinch (Sz - 0) over many Alfven per iods has been demonstrated 
experimentally /1/ Linear , ideal MHO theory predicts that equilibria 
centered at the symmetry axis of the configuration are unstable both in 
position and with respect to long kink modes /21 , and no satisfactory 
explanat ion of the observed stability of the plasma has been g iven. In the 
present work, previous ideal MHO stabitity calculations are extended 
into the nonHnear regime , and an equation describing relatively slow 
plasma motions near the symmetry axis is derived, Various consequences . 
such as nonlinear stabilization for plasma motions in certain directions , 
existence of bifurcated equilibrium poin ts , and the importance of 
including inertial effects in future Extrap theory , are discussed, 

2. NONLlNEAR EQUATION OF MOTION. We consider z-independent 
incompressible and irrotational motions of a surface current z·pinch in 
an external poloidal magnet ic field B c = ·ezxv,+, c(r,ip) , Writing the plasma 
surface as rs "" Rp + T]( ql,t) , such motions are described exactly by the 
equations 121 

6<1>=0 (r<,s), 6'+"=0 (r> rs ) (1 a,b) 

and boundary cond itions (BC 1-3) 

2. '1', = C, (t) (2a,b) 

(2c) 

where <l> defines the velocity field in the plasma as v = V<l> and'+' = '+' c + 

'+" is the total flux funct ion in the vacuum region. The quantities above 

are normalized according to r ~ r Rp ,11 ~ Tl Rp, t --+ VW A ,<l> --+ <l>wAR/ 

and '+' ~ '+'JloJp/27r where wA = Jp(Jlo/Pm)1I2/27rR/ ,Pm is the mass density 

and Jp the total pinch current. 
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As a first step towards a description of the non lin ear mean plasma 
motion (m .. 1) we Fourier decompose the funct ions '1 ' $ and q.t ' as 

- -
'l = 'lo(l) + L TJm(t) cos m lp' + 2, Ttm(1) sin mq>' (3a ) 

m=l 

<l> = ~>ml <l>m{t} COS mq>' + c:f) mO) sin rnli"] (3b ) 
m: l 

q.t ' = -In r + ~>-mll.f.l met) cos m<p' + I.j j met) sin mtp'] (3c ) 
m=l 

respective ly , where !p ' ;: III - e(t) and 9(1). the mean polar displacement of 

the plasma, is definied by the absence of the component Ti 1 in the Fourier 
decomposition (3a) of 11 . 

Next we introduce an ordering scheme into the problem based on the two 

(assumed) small quantit ies 11" the radia l plasma displacement, and E 

:::::: (Ap/ Rcl 4
, the p lasma size parameter of the Exlrap configuration 121. We 

assume Tl ,.,O(E"2) and choose the time scale as at=O (E). Then, wr iting 

11,{I)".8'T\(t) , with" = 0(1) , the m-values contributing to the m_1 equat ion 

of motion (BC 3) up to 0(07) are given by: 

flU. Il.C...U 
03 

: I) 

Ool : o 2 I)' : 0 2 4 

85 
: I)' , I 3 5 

8' ,0 2 4 6 

I)' , I 3 5 
I)' ,0 2 

I)' , I 

The m=4 , 0(02 ) component in BC 2,3 is due to the external field ljl c = Ep r4x 

cos(4<p) + of the Extrap configuration 12/, p being the current ratio IclIp" 

Finally, inserting appropriate Ansatzes for "m ' llm' '¥ m' f" m and <Dm ' dlm 
into the boundary conditions (2), solving them order by order and Fourier 
component by Fourier component, we end up with the following cos <p' and 

sin <po components of BC 3 , respect ively: (15"" --+ ", 
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(4a ) 

(4b) 

The calcu lations leading to eqs. (4a,b) have been pe.rformed with the help 
of REDUCE. It is seen that the square brackets contain the equation of 
motion md2 r / dt 2 = Ipe zx(V '¥ cx e zl for an in f initely th in plasma 
(line-current) in the external Extrap field. Furthermore , the first term on 
the RHS of eq . (4a) yields the previously calculated linear instability of 
the surface current Extrap z-p inch 121 , while the second term gives the 
corresponding nanlinear contribution , also seen to be destabilizing . 

The relatively simple description of the non linear plasma motion obta ined 
here is due to the slow t ime scale at'" 0(£.) involved ("quasi-static 
approximatjon~ , QSA) , which essentially ignores inert ia! effects of the 
m~ components. 

3. CONSEQUENCES. Particula rly illustrative cases of nonlinear motion 
occur fo r 8-independent motions along the symmetry lines 8 = 8

0 
= n'n /4 , 

n=0 ,1, With 81",0 , eq. (4a) can for such motions be written 11u + V'( '1)=O , 

with the potential V(Tl) given by 

(5) 

So , when p COs{480) > 0 all terms in the potential are destabitiz ing , and 
the weakly nonlinear evolution of the l inear instability becomes of 

"explos ive" type 13/. In the opposite case , p COS(480) < 0 , the Tl4 term is 

stabi liz ing provided Rp < Rpmu = (108 1 p i r 1l4RC ' Rpmax ,.. 0.22 Rc for the 

experimental value 11 1 p = - 4. The nonlinear stabilization above is 

associated with the existence of bifurcated equilibr ium points 131 Tle q 2 = 

24 El p 1/ {1- 108 (Jp I ) on the symmetry lines. These equilibria are easily 

seen to be rad ially stable but az imuthally unstable. Writing Tl - Tleq + '1 ' . 8 

= 80 + e' and linearizing eqs.(4a.b) around the equ ilibrium. we get 

(6a,b) 

With Rp = 0.2 Rc and p::::- 4 one obtains lleq = 0.70, <.Or = 0.13, and we = iO .1 8. 
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Fig.1 (solid curve) shows a bifurcated equilibrium corresponding to 9
0 

= 0 , 

Rp = 0 .2 Rc and p '" . 4. The larger plasma (dashed curve) in the same figure 

corresponds to the same values of 90 ' p and plasma center but Rp = 

O.25R c (no equ ilibrium , plasma is moving outwards) . Simi larly , Fig.2 
illustrates the plasma shape in the unstable motion out between the 

conductors in the case 90 = nl4 . p _ - 4 , Rp = 0.2 Rp and 0.25 Rc ' 
respectively. Obviously, the physical mechanism beh ind the destabi lizing 
influence of the Extrap multi pare field on the quasi-static z-pinch can be 
identified here: As the plasma moves away from the axis the external field 
pushes the plasma oul from the regions where the jxB force is directed 
inwards ("private flux~ regions of the mult ipole field for p <: 0) and into 
the regions where the jx B force pulls the plasma outwards ("common fl ux" 
regions) , resu lting in a net force on the plasma which is directed 
outwards. 

Although the QSA is adequate for the description of the weak ly nonlinear 
development of the linear instability , it is important to be aware of the 
limitations imposed by this approximation . Other choices of at are possib le 

and probably necessary in the strongly nonlinear regime of the instability. 
Furthermore , the near-axis motion may as well require a different 
ordering of the time scale in order to give an adequate descr iption of 
"equilibrja~ which are not completely at rest. For instance , precessional 
motion of the pinch around the symmetry axis at some angular frequency Q 

would lead to substantial inertial effects on the m~2 modes already for 
16Q2 _ {Om 2 , where (Om 2 "" m(m-1) are the eigenfrequencies of the circular 
pinch 12/. 

/11. Drake, J.R. Plasma Phys. and Contr. Fusion 26 , 387 (1984) 
12/. Brynoll, J. , Ring, R. and Wahlberg, C. Plasma Phys. and Contr . Fusion 

27 . 1255 (1985) 
13/. Pao. Y. Phys. Fluids 21 . 765 (1978) 
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A 2-D MODEL FOR TOROIDAL EXTRAP BREAKDOWN 

Jin Li and Michael Tendler 

Royal Institute of Technology. 100 44 Stockholm, SWEDEN 

Abstract The breakdown process in a strongly inhomogeneous poloidal field and a weak 

loroidal field is rrrrl::!lkd with a 2-D continuity equation. The breakdown mechanism, 

which seems plausible for Extrap, is discussed and a parameuic study of breakdown 

vohage versus filling pressure is obtained using a computer code. 

~~~ Extrap device is a toroidal pinch with an 

externally applied poloidal field (the 

OC lupo!e field), produced by four 

conductor rings as shown in Fig. I. In ils 

original type there is no toroidal field, 

however a weak toroidal fie ld is necessary 

for the stanup. The oc tupole fie ld is very 

strong and vanes by several orders of 

magnitude along (he minor radius, and has 

a 'magnetic well' struc ture, as shown in 

Fig.2. The simple breakdown analyses of 

the O-D model [I] and I-D model [2] do 

not seem suitable to the Exrrap 

configuration because the poloidal fi eld is 

essentially two dimensional. 

Breakdown Mechanism Apparently 

Fig.1 

Octupole ring 

Aux contour of the poloidal 
field, produced by the four 
octupole rings. 

the Townsend mechanism (secondary emmision) is not applicable to the toroidal Exrrap 

discharger3l. Also the streamer mechanism is not expected in the early stage of the 

discharge, because the filling density is usually fairly low for fus ion plasmas so that space 

charge effects can be omitted at least in the very beginn ing of the discharge (Loremz limit, 

fo r Exrrap given by ne (( l07Yloopcm-3volt-I). This implies that the problem can be 

decoupled from the Poisson equation. Like the tokamuk di scharge, the EXlrap discharge is 
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also a diffusion controlled discharge due to 

its large gap leng th and small cross section. 

At the very beginning of a discharge there is 

a linear stage when the electron density obeys 

a linear equation. If loop voltage is higher 

than the spark voltage. the electron density 

will grow exponenti ally during the linear 

stage: net) = no eAL ; eventually the di scharge 

will meet some kinds of ionization 

instabili ti es (ex . caused by distribution 

function deformation or space charge 

accumulation) and start a non linear stage. 

In case that these nonlinear instabilities do not 

destroy the discharge[4], it wi ll finally lead to 

a breakdown, by which we mean that 

Fig.2 Octupole field strength distri­
bution has a 'well ' structure. 
Generally there are three 
poloidal magnetic field nuBs. 

coloumb collisions start to dorrunale. Therefore the necessary condition for plasma 

breakdown wiJI be: A> lite' where te is some kind of characterastic time, it depends only 

on the beginning growth rate A of the electron density 

Fomulation of the Problem [n the particle balance equation for electron density n 

an/at + V·(nW ) = vioni n ( I) 

the electron velocity W is driven by both the density gradient and the externally applied 

electric field E 

w = - O-(Vn/n +eE/kT,) 

where D is the diffusion coefficient tensor, given by the integral 

0=4. f M-lc4fO(c)dc/3 
o 

-VWz+!DRWq:. 

V
2
+W

2 

• 
VWR+Wq:.Wz 

where in matrix M-I, given in cylindrical coordinates R, $, Z, W is gyrofrequency 

(2) 

(3) 

(4) 
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w=eB/m (5) 

fo(c) is O-th order velocity distribution function, which is taken as MaxwelJian in our 

calculations. The ionization rate Vioni is given by 

As can be seen in (3) and (6), the calculations of the coefficients vioni and D rely on the 

(6) 

distribution function, and then the knowledge of electron temperature Tc is needed. This 

can be obtained either from experimental data or by coupling the energy equation into the 

problem. The data obtained from general gas discharge experiments are not so suitable to 

our case. Because in the ordinary gas discharge experiments the main energy loss 

mechanism is heat conduction to cold gas, and Te is determined by the local electric field. 

But Extrap discharge has very strong energy and particle interactions between the inner and 

outer regions, which mea ns more convection losses. No doubt th is will affect the energy 

balance, and then the temperature distribution, and consequently leads to different estimates 

for spark voltage. However, as a first step we sti ll use the experimental data [5] to estimate 

Tc as a function of E/N, whcre N is the filling gas density, 

Eigcnvalue Problem Wilh lhe approximations mentioned above, the problem is linear 

with respect to the electron density n, so the electron density should have exponential lime 

dependence 

" (R,Z,!) = "o(R,z) eA< 

then (l) can be rewritten as an eigenvalue problem 

L n = An 

where L is a elliptic operator given by 

L = DRR()2/i)R2 + (DRz+D1.R)()2/i)RdZ + Dzzd2/oz2 

+F4olaR + F,a!iJz + F, 

(8) 

(9) 

The e ieclron density is natllally set to zero at the boundary of the computing doma in, 

However, the density profile is not so sensitive to the choice of the computing domain, Due 

to the 'well' s tructure of the poloidal magnetic fi eld, the density distribution shou ld be 

mostly concentrated inside the well region and this implies that the electron densi ty profile is 

determined mainly by the drastically changing diffusion coeffic ients. But th is doscn'[ mean 

that the electrons are well confined in the 'magnetic well', The interaction of the inner and 

outer region is still very strong because electron velocity becomes very large at the strong 
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field region although density is very low there. Only the largest eigenv3lue and 

corresponding eigenfunction are interesting for breakdown study. 

Numerical method A difference technique is used to approximate the Eq.(9) by 

(k = I, N*M) (10) 

where the vector (nk) is an approximation of the 2-D distribution of the electron density 

Ilk "'" nij == n (Ri, zJ) 

k = j'(M-I) + i (i = I, M;j = I, N) 

(11) 

(12) 

where M and N are the numbers of grids in Rand z directions respectively. Instead of 

solving an eigen-problem of a differential operator L we need only to solve the eigen­

problem of a matrix (Lkl). The iteration method dosen't seem to converge, which is 

probably the consequence of the drastic variation of the octupole field. So a direct method 

is used to solve (10) . Th is method demands very large computer storage and quite a lot 

CPU time, especially for 

calculation of the eigenfunction, 

which then actually limits the 

values of M and N. 

Parametric Study A mooel 

problem is studied in order to see 

how the breakdown voltage 

varies versus filling density, with 

rod cu rrents Tl=2.5kA, 11/13 = 

Breakdown 
Voltage (V) 400 

300 

200 

100 

o 
o \0 20 30 40 50 

Filling pressure (mtorr) 

Fig. 3 Breakdown voltage versus filling pressure. 

1.76, toroidal field Bl =; O.lTesla 
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1. Introduction 

The main objective of the ETL-TPE-2 device is to study the confinement 
and stabil ity properties of high-beta plasma~3. TPE-2 i s a toroidal screw­
pinch machine with an elllptic minor cross-section and a small aspect 
ratio (A ~ 3 . 0) . In the usual mode of operation , the screw-pinch configu­
ration is created by exposing a magnetized plasma column to fast-rislng 
(Till - 3 us) toroidal and poloidal magnetic flelds , and maintained by 
actively crowbarring the fields when the peak values are reached . Some 
parameters of the machine , which has been described elsewhere ( 1), are 
listed in Table 1 , together with the operating range . 

TABLE I 

TPE-2 PARAMETERS 

Major radius Ro 
Minor dimensions 
Discharge vessel 
Toroidal fleld Bt 
Plasma current I p 
Safety factor QI 
Fllli ng pressure Po: 
Electron density ne: 

Tempera tu re T 

0 . 4 m 
0. 26 " 0 . 42 m 
alumina with Ti-coating 
0 . 6 ~ 0 . 75 T (fla t top: - 0 .6 ms) 
40 - 175 kA (programmab l e) 
1.3 ~ 11 . 0 
0. 16 - 1. 13 Pa (02) 
1-10xl0 21 m-I 

30-1100 eV 

The rtlling gas is magnetized by a :3lowly rising pred ischarge current 
in the presence of a positive bias rield « 0 . 15 T) . The circuit'; for the 
toroidal and poloidal fleld components are- independent, so various modes 
'lf operation are possible . In the following sections , we w1 II briefly 
discuss the rel~vant diagnostics and ciata analy::;is, summari'le the rcsults 
0bta I net1 in the usua I mode of operat ion and f \ na ll.y present the i n i t la 1 
rE!sults of the "matched screw-pinch" mode . In this mode, the bia .'3 r1f~Ic\ 

and pred i scharge current are comb lned w 1 th the power- crowbar c ircu i ts in 
s uch Cl 'day , that Bt .B.nd Ip Increase almost simultaneously t o their maximum 
values in about 0 . 5 ms at a ne3rly con.<;tant v!llue of QI at the wall. fo r 
both modes , the time evolution o f a typical discharge is s hown in Fig . 1. 
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~. A comparIson of t he time behaviour of a ty pical dt.scharge with 
fast field programming (sho t 12568 , solid line) and in the "ma t ched 
screw-p inch" mode (shot 12569 . dashed 11ne) : 
(a) the current in the compe nsat i ng calls , resulting i n a vertical field , 
(b) the plasma current , (c) the primary torolda l current , (d) the tor oidal 
field , (e) the polo1dal field at the wall in the top, (f) the poloidal 
field at the wall i n the midpla ne at the outside , (g , h ) the one-turn 
sur face vol tage , ( 1 , J) the safety factor at the wall . 
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2. Diagnostics and data anal ys i s 

To diagnose the plasma in TPE- 2 , the following parameters are measured 
In each discharge : the primary currents , the plasma current lp , the toroi ­
da! one-turn voltage Vp ' the diamagnetic signal, the poloidal field Bp at 
the wall at 11 positions for one toroidal angle and at 5 positions for 
fi ve other toroldal angles, the field in the feeding flange , the radial 
f1eld at the wall at a Single posit i on , the emission In various lines : 
ri-Il , CIl, CIlI , CV and DS (2x) , the electron line density In a vertical 
plane by a HeNe- and a CO 2 - interf e r ometer . the output of an SXR-monttor , 
and of a bolometer . The observat i ons for discharges with fas t field pro­
gramm i ng are also based on measurements with the Thomson-scatte r i ng d i ag­
nostic . a n optical sensor a r ray . a magne t ic probe movable along a horizon­
tal chord a nd on measuremen t s of Ti( r ) by Doppler broadening . An o n-lIne 
data-analysiS programme calculates . from the poloidal magnetic field da t a . 
the distribution of the flux surfaces and related quantities such as q~ , 
1i and the shift . The values of poloidal beta . Sp . and average total bet a . 
St . are obtained from the well- known Shafranov contour integrals , using 
the 1Cvalue from the Q-p rofile analysis [2] . These calculations agree 
within 20", wi th the outcome of the diamagnetic loop measurement . Te is 
usually estimated from the plasma conductivity. and Is in accordance with 
or slightly below the result of the Thomson scattering (if available) . 

3. Results with f ast f ield pr ogrammi ng 

The results on confinement and stability o f high-beta plasmas produced 
by fast field programming are reported in Refs [3] and (11) . The most 
relevant conclusions are summarized . The initial value of Bt Is determined 
by the preheating conditions and the implosion heating. Under comparable 
conditions Bt Is larger fo r h i gher Po and independent o f I p ' However . at 
later times (t > 0 , 15 ms)Bt is i ndependent of Po a nd increasing when the 
ohmic lnput exceeds t he e nergy l oss . Ti1e in i tial va l ue of Bp can be very 
high (- 2 . 5) . or low (Bp < 1) . but in the quasi-stationary phase Bp is 
always about 1 . In this phase , a l so the Q~-profile is always of the same 
shape , it only changes during th e transition o f Qr - 2 . The toroidal 
current densl ty profile , calcula t ed f rom the q ~-profile , is nearly fla t 
over the cross-section . This profile is essential for the good stable 
confinement of high-beta pl asmas . 1f the in i t~al configuration dev i ates 
substantially , the transition is not successful . 

4 . Resul ts I n t he " ma t che d scr ew- p i nc h" mode 

Since in the usual mode the early phase only seems important for the 
transition , we tried to operate ill the "relaxed " state from the beginning 
and to r ely solely on joule he3ting to get a high Bt. In Fi g . 1, the time 
behavi ou r of some plasma paramp.ters is compared . As can be seen , Vp is 
much higher in the early phase , which is partly due to the formation of 
the magnetic con fi guration , but the variations 1n B are less and the 
Qr-trace is smoother . F'r om the magnetic field data, ir is concluded that 
af ter roughly 0.3 ms , the plasrnas are similar . The average value o f 1i is 
- 1 , due t o tl1e broad current profi le and the ellip tical cross-section , 
and R"t ls high (~O . 1, ap - 1 ) . If Qr decreases in the preheating phase 
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from" to 1. 5-2 and if this matches tile value in the power-crowbar phase , 
then the level of impurities is low and t he aver"age electr'on density 
reaches a plateau level of - 3><10 20 m- 1 (at 20 • 0 . 5 Pal . Ir the transi­
tion is not smooth, large m~2-osclllCltions (Bp/Bp ~ 10%) are obsel'ved on 
the Bp -co i Is and the 1 i ne rad la t ion fr'om CFl r"bon is increased . t n both 
modes, open tion below the 1 im i t QI - 1. 3 is only po::;!;) i b l e wt th a very 
high energy disslp!3.tlon and a sha r ply increasing amoun t ,) f imp ur Ities. Of 
course this investigation is still very preliminary and a l ot of questions 
are unanswered , of which the most impOI'tant may':>~ a,'e the shape of dens i ty . 
tempera lure and current-dens i ty prof i les . However , fr'om these in i t la 1 
attempts we conclude that the matched mode is not be tter than the fas t 
formation mode, but it might have the major advantage that high- beta 
tokamak-like plasmas can be produced and stably conf ined in metal dis­
charge vessels. 
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ABSTRACT: Starting the Z-pinch current with fast collision­
less electrons to avoid the strong ohmic heating during the 
early stage of the pinch formation is investigated, The 
appropriate magnetohydrodynamic equations are solved numeri ­
cally to illustrate this scheme. 

1 . INTRODUCTION: In an ideal case of a high density Z-pinch 
the cyl~ndr~cal plasma column shou ld be compressed from the 
initial radius of the order of 100 ~m [1] to its final value 
befo.-e MHD-instabilities set on . This requires extremely 
fast current rise of lOl~As-l dur ing the first few nano­
seconds to keep the magnetic pressure above the kinetic 
pressure. Presently achieved current rise rates, determined 
by the voltage and pinch inductance, are still too slow 
«1013 As-l) to prevent expansion of the pinch due to rapid 
ohmic heating in the early phases of the discharge [1, 2]. 

I-Je have recently suggested [3] to use a beam of fast 
electrons (0.1 - 1 MeV) injected axially into the plasma 
channel so that the corresponding current enhances the main 
pinch current inducerl by the external voltage Vext ' Due to 
the low collisionality of the high energy electrons a weak 
ohmic heating results if the fast electron current dominates 
over the o hmic current. As is appearant from the circuit 
equations for the total cu rrent I and voltage V, I = V/R+l f 
and V = -LI+Vex t ' correspondingly (R is the plasma re­
sistance and L the total inductance of the circuit), there 
is no ohmic current iE the East electron current If has the 
time dependence Vextt/L, Le., i t r i ses at the rate oE • 
Vext/L. In this case the induct ive voltage -Vext due to If 
exac tly cancels the external vo l tage. The current is exclu­
sively driven by the fast, near l y collisionless electrons. 

The purpose of this paper is to study the electronynarnics of 
this scheme in rrore detail. To ca l culate the radial prof iles 
and the time nependence oE the plasma parameters and the 
electromagnetic f ields the corresponding magnetohydrodyna~ic 
egu~t i ons are solved numerically. 



498 A 

2. NW1]ERICAL MODEL : He assume the pL'1sma channe l to hav~ 
b een initi<'lted for exa.nple by a laser he.'1m ann to be fully 
ionise:1 and fOillrrounden by a nonconductin,] cold ga s. !1agneto­
hy,lrodynamic approach is taken and the equ1tiol1.s <1es -;ril1in!] 
the plasma del1sity n, r .3.dial plasma velocity v, e lect ron 
tempera ture T, ax tal electric field E, iltsimutlv'll rna<)n"!tic 
field B and axial current (i~nsittes j and jf' cead in 
cylindrical geoln"2try as 

On 

~lnDv 

3/2DT 

-(n / d 0r(rv) 

- 2u r (nT) - B(j+jf) 

-(T/d o r(rv) + (l/rn) o r(ker u rT) + T] j 2 /n 

( 1) 

( 2) 

(3 ) 

(4) 

(5 ) 

where D denotes t he convective derivative 0 t+ v o r ' r is the 
radial coordinate, 11] the ion mass, j and jf are the cucrent 
densities for the ohmic and fast electron current , re­
spectively. Electron and i on temperatures have been taken to 
be equal, and cylindrical symmetry is assumed. k = 
l.38x I 022T5/2s-1m-l and T] = 8.4xlO-4T-3/2Vm/A a r~ the heat 
conductivity and the plasma resistivity, correspondingly . The 
Spitzer resistivity has been chosen although this is propably 
not well justified at such low temperatures as leV due to the 
low number of plasma pacticles in the correspond i ng Debye 
sphere. In addition to Eqs. (1) - (5) we have Ohms law for 
the ohmic current 

E + vB = n j. (6) 

He solve Egs. (1) - (6) wi th appropciate initial and boundary 
conditions and assume the externally injected fast electron 
beam to have a constant radius larger than the plasma cad ius 
ilnd a constant current rise rate . Axial effects are omitted 
in the beam propagat i on. The beam and the external electric 
field are set on instantaneousLy at t = O. The influence of 
various profiles for plasma parameters has been studied . 

3. RESULTS: Fig. la presents the temporal evolution of 
p l asma radius and temperature (its radial maximum) for the 
case where the inductive electric field 
-(1/2)ln(rb/rf)r~~Ootjf due to the fast electron current 
density cancels the external electric field Eext = 11.6 MV/m 
at r = rf (here rb is the radius of the wall where E = 0 
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holds). As in itial conditions we have assumed radially homo­
geneous plasma parameters (n : 3xl026m- 3 , T: 2eV) . The 
corresponding curves are given also for the case of no fast 
electron beam with the same Eext ' There i s ~ strong contrast 
in ohmic heating of the plasma between the se cases. The 
temperature increases up to 80 eV and the radiu s of the 
plasma channel doubles in the absence of the fast beam . When 
jf I 0 , the temperature even sl ightly decreases (due to the 
expansion, which is now only 30 % in radius) . The rad ia l 
profile of the electric fie l d during the ca lculat ion far the 
case of fast electrons shows a good agreement with a simple 
analytical estimate 

which is read ily obta ined from Eqs . (4) - (6) in the limit of 
large resistivity and vB ~ 0 at the steady-state. I n Figs . lb 
to ld the radial profiles of the electric field, magnetic 
pressure , plasma pressure and velocity are plotted at the. 
o nset of implosion in the presence of fast electrons . With 
the given parameters E is less than 10 % of Eextaccording to 
Eq. (7) and, hence, the ohmic current is respectively greatly 
reduced. It is interesting to note that an exact cancellation 
of the external field is never possible according to Eq. (7) . 
There ~lways remains a non-zero ohmic current density, the 
magnitude of which depends on the rela.tive values of Eext and 
Btjf ' i'hth the given beam radius 150 Ilm and Eext '" 11. 6 MV/m 
the correspond ing hot electron current r i se rate is l a kA/ns, 
the magn i tude of the hot current being about 30 kA at ... the 
beginning of implosion while the ohmic current amounts to 
only about 100 A. 

In the case of parabolic density profile one obtained a 
strong ohmi c heating and a skin curre nt formation at the low 
density edge o f the p l asma when no fast electrons are ap­
plied . Hith fast electrons this i s e liminated and a low 
temperature plasma with small ohmic c urrents is obtained . 

4. SUMMARY By a correctly t imed fast electron heam with an 
appropriate current ris e rat e it is possible, according to 
the magnetohydrodynamic model, to st r ongly suppress the ohmic 
heating at the early current formation phase of a Z-pi nch . 
The benefit o f the method. discussed wou l d be a more efficient 
and stable compression. 
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1 . INTRODUCTION 

In a magnet i cally co nfined plasma. the presence of dens ity grad ien t is 

inevitable[l]. The dri ft wav e causes anomalous transpor t. Th e core plasma 

in a hot electron plasma can drive drift wave . The hot elect r on ring has 

profound effects on the fluctuation and transport of t he core plasma[2- 4] . 

The MilD equations are used to derive the dispersion r e lation of drift 

wave . Elect r on-ion coll i s i ons (resistivity) and ion-ion collis ions (vis­

cos ity) are considered. Exciting regi on , fluc tuat ion level and radial loss 

of the drift wave are measured experiBen ta lly . 

2 . DISPERSION RELATION AND ANALYSIS 

We make the rigid ring approxima t ion and us e a slab model . Equil i brium 

magnetic field i s BgBo( l+£x) ;z ' The gradients of magnetic fie ld and plasma 

density are in t he x direction . The curva ture of field line is s i mulated 
+ + 

by a gr avi tationa l field g=gex ' and g=- 2T/HRc ' Only electrostat ic pertur-

bat i ons are discussed . The wave f orm of exp(iky+ik"z-i wt) is t aken . 

Using the linearized MHD equation , we find the . .!i3~ersion r e lat ion of 

the drift wave driven by the density grad i ent of the co r e plasma[5]: 

, (1k; lle ll i w + , 
k ve i 

where, 

+2(W.i-Wdi )Wd i 

kZa i 2 

2 1 - + ­
Rc 'p 

" 0 (1 ) 

vei is the e l ectron-ion collision frequency , Rc is t he curva t ure of field 

l ines , rpl = d(lnNo)/dx, B= B i+Bh~Bh' be ta value of t he hot e l ections . For 

simplicity , 'Ti=Te is assumed, and the s t abilizing viscosity is neglected. 
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w2 + (W;~ j - Wdi )Wdj 1 ~ 
,..~ k2a i 2 ki f/eQi -

spec ial grow th rate is defined as 

Y = W j ( Bh ) 
wi ( Bh - 0 ) 

(3) 

The Bh dependence o f the growth rate is c a lculated with rp/l{c=O.l at dif ­

fere nt kai' as shown in Fig . l . The marginal stability i s 811 =0 . 33 if 

kai <O.l, co rres ponding to wdi;; O. The stabilit y requires wd i / O, that is 

" >~ " 1 +2<; , ( E; 

1. 0 

O B f 
I 

0 . 6 

O. t. 

0 . 2 

(5) 

r-a l=O.D5 

o 
O. ! O . ~ 0 . "3 0 . 4 Ph 

Fig . l Growth rate a s 
a function of Bh 

Fig . 2 Tra nsport flux as 
a function of Sh 

The density and potential fluctuat ions cause the anomalous transport 

o f plasma in the x direc tion . The trans port flux of the cold electrons is 

ekNo/2TjB ~ 2 
re - loll + (k2T '/N \I .) 2 [ - wdi M v - (w*1 - Wd i)Wi H (6) 

*1 I ~ e e~ e e1 

We have known in t he ca l culation on growth r a te that the s t ab ilit y r equire 

wi<O, Wd i >O. re< O for the stabl e w.ode is assured under the same condit i on . 

The t r ans port of ions i s caused by ambipolarity di ffus i on . 
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The effec t of beta of the hot electrons on the anomal ous transport is 

shown in Fig. 2 . 6 is the special flux de f ined as 

<5 '" re:( Bh ) 
r .Cah "O) 

(7) 

The hot elec tron ring reduces the anomalous transpo r t of core plasma . 

3 . EXPERU1ENTAL RESULTS 

The expe rimen t s were carried out in a s imple mirror to invest igate the 

drift instabili t y . The hot electron plasma 1s produced by microwave source 

with power l SKW at 20.4 GHz. The data were ana lyzed by computer. There is 

a coherent fl u c tuation a t 35KHz in the core plasma . In Figs. 3 a nd 4, 

~I/l0 i s the normalized levels of the 35KHz fluctuation measu r ed in r=4cm 

whe r e the fluc t uation grows most rapidly . Wh is t he s t ored ene r gy of the 

hot elect rons . Ni is the ion density near the cavity wall. Nel is the line 

density of the cold plasma on the ax is of mirror . 

The data i n Fig.) were obtained a t a neutral pressure of 1 .6E-S t orr, 

and Bo is the s treng th of magnetic field at the center of mirror. As the 

stored energy of the hot electrons increases, the plasma fluct ua tion level 

i s reduced, and density of the core plasma inside the ring is higher . The 

fluctuation propagates in the direction of electron diamagnetic d r ift . 

Fig. ) Bo dependences 

of \"h' Nel , 61/ 10 

Fig . 4 Influences of the pr obe 

on Wh , Ni ' dN/dr , 61 /1 0 
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In Fig . 4 , Rp is radia l pos i tio n of <J movable probe . dN/dt i s densi t y 

gradient of the core plasma at r=4 cm. Wh e n the probe is i nserted into the 

plasma to destroy the h o t electron ring , the r ad i a l loss of plasma i rll: r ea_ 

ses , and th e local density gradient enlH rges . The enhanced fl uc tuation 

r esults in the decrease of pl asma density in the middle and the increase 

of t he particle flux escaping to the cavity wa ll. 

The expe rimental resul t s ind i cate t h at t he plasma fluctuation a t 35KHz 

has t hree distinct c harac teristics . ( I ) The fluctuation is d r iven by t h e 

densi ty gradient , and propagates in the direction of electron diamagnet i c 

drif t. (2) The high flu c t uat i on l e vels are c lose ly r e lated t o the enhanced 

radial losses . (3) The hot electron ring reduces the density gr adient. 

fluc tuation level, and radia l loss of the ~lasma . According to the theore­

tical analysis, the fluctua t i on i s the drift wave of plasma. 

4 . CONCLUSIONS 

The 10\" frequency d i ss i pative drift wave in the hot elec tron plasma is 

stud i ed theoretically and experimentally . Th e conclusions are as follows . 

The hot elect ron ring can r educe the growth rate , and supp r ess the 

a nomalous tr a ns port of plasma . The resistivity and the viscosit y have des ­

tab il izing and stab i lizing effect on the drift wave . respec tively . 

It is observed in the experiment that the drift wave is excited i n t he 

maximum-dens ity-g r adient region, and the ho t elect r on ring r educes the 

fl uc t uation level and radial loss of the plasma . The expe r imental res ults 

are consistent with the t heo retical predictions . 
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PARABOLOflAK:'A SPfICROMP.K TYPE MHO EQUILIBRI UM CONFIGURATION 

G. N. Throumoulopoul os and G. Pantis 

Department of Physics, Un i versity of Ioannina, Ioannina. Greece 

Abstract 

Under t he boundary condit ions of a perfectly conducting wall an 
exact class of srherornak type ~lHD equili br;a ; s obta i ned for finite 
pressure pof iles, Analyt i c force -free equilibria wh ich sat i sfy ap­
prox imate ly the plasma-vacuum interfact boundary conditions are also 
detennined. Simple force -free config urations are · identified which 
ensure plasma confinement within two intersecting parabol o i ds(parabolamak). 

The spheromak . a compact toro i d with poloidal and toroidal component 
of the mag netic field has been increas ingly considered as a fus ion plasma 
container i n the last few years . The ma i n attractive feature of spheromak 
is the f act t hat internal po l oi dal pl asma currents ge r.erateentirely the 
toroidal f ie ld component. thus r esulting in t he lack of the toroida l f i eld 
coils linking the to roid . The physics of sJh~romak has been_ reviewed ' 
by several authors (see f. e., Go l de nbaum L 1 j and Jard i n L 2 J. Srher­
o_mak equil ibrium and stabil ity in general, depends on plasma shape 1 4] . 
1_7]. For this rea50n ana_lytic equilibria have been studied in var-ious 
coorijinate systems L 3 J- L 7 J. 

Presently we have obtained an analytic cl ass of finite pressure 
spheromak type equ i libria in parabolic coordinate~ In part i cular. force­
free equilibria are defined in such a way that the plasma i s confined in 
the inter i or of two in tersect i ng paraboloids (parabolomak) , 

The Gr ad- Shafra nov equat i on in t he cyli ndrica l coordinates (z . r,~) 
takes the famil jar form 

r i ("- Q.tJ!)+ rl'~ = - [r' 9,.!', + le"') d J(W)] (1) or r ar tz'! a~' Cfi/ 
Equation (1) determines the f l ux function ~ and thus the magnetic field 
if the kinetic pressure P and the poloidal current I are known functions 
of \IJ. In parabol ic coordiantes with appropriate boundary conditions 
([ 5 ] [6]) the general solution for l!I in the non negative z half plane 
reads 

'i'=-~n2 t;'+ dFo(j,n'~)Fo(- j. S'~) n>/~ (2) 

where F i s the regular Coulomb wave function of ze ro order.A is the ~epara­
tion coRstant, j"'A/4/b and d is an arbitrary constant. The solution i n the 
non positive z half pla ne (~ > 11) which i s synunetric about the l'-axis, is 
then il1ll1ediately determined bi pennuting ~ and 11 in eq. (2). Eq. (2 ) for 
a '" 0 detenmines force-free configurations. They can be easi ly recognized 
because the separatrix is a cl osed surface of revolution of t\-/O intersect-
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in9 parabolas ~ = c and 11 = c , (c 2 constant), Nhere this constant ;s 
equal to the f irst zero of F (j, x Ion-) (parabolomak). If the separa­
tion constant is set equal t8 zero eq. (2) takes the simpler form 

~=_E- S'n'+ 'P. Sine lj1v'b)sin(n'Vll) CJ) 
b' 0 2 2 

\'Ihere tlJ ;s the value of the force-free flux function on the magnet ic axis. 
The forge-free configuration of the last equation ;s plotted in fi gure . 

~::(~,I 

! , , 
r, , , , 

r 

, 
\~I1=c 

A" I 
, r' , , 

A,' 
f O~ fi ~ c , 

Parabolomak. A force -free compact toroid which confines the plasma in 
the interior of tll/O interesting paraboloids 11 = ~ = I~Ti77E :: c. The 
points A. A', lying on the axis r at a distance rm = n/lb from the axis z, 
indicate the magnetic axis. 

The paraboloma k is apparantly oblate and the plasma elongation is equal to 
_!i!_1f2c 1 _1. 

'-4-C"'-2 (q) 
where ~' z(rz) is the configuration cut on the z (r) axis. This result is 
also valid for any force-free equilibrium of eq . (2) and it does not 
depent on A and b. 

Let us assume now that an indefinitely extended vacuum magnetic 
field region match the plasma su rface. Although it is not the \~ay external 
coil positions are determined it gives a first step approximation of the 
external magnetic field topology. Then the Grand-Shafranov equation can 
also be solved analytically in the vacuum region . In fact the plasma pres­
sure vanishes there and no toroidal component of the external magnet ic 
field exists. The vacuum solution of eq . (1) is 

( 5) 
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where Z (! ) is a Bessel (Modified Bessel) funct ion. It is seen that the 
solut;o~ f31lfils the boundary condition for the f l ux -function. Halo/ever, 
the additional boundary condit i on of the pressure balance on the pla sma­
vacuum interface can on ly be fu ll filed approximately. As an exampl e we 
give below a simple vacuum solution for the parabolomak of eq. (3). 

tIJ = ~ob cl,;'-c') (n'-c') 
T oul If C~) 

Althoug h ijI t i s an unbou nded functio n. it is physically acceptable as t he 
vacuum magR~tic field 

B, t = -~ I C -;'-c') (6) 
,DU 2 VSl+112 ~ 

B 1 - b., I ( '- ') ( ) 
" , 011 -~ 11 n c 7 

;s fin ite throughout the vacuum region. By expanding the sinusoidal term 
in eq . (3) around the point ~ = c (n =c) one can see that on the plasma 
surface the pressure of the internal mag net i c field balances approx imately 
the pr essure of the external magnetic f i el d given by eq. (6) «7)). The 
approximation ;s better as one moves on the separatrix from the points 
rand r' to the points Band S' (see figure). Al ternatively an inverse 
approx ima t i on whi ch gives better values around the points r and r' can be 
obtained by using in the vacuum region the functio n 

{(~ob/lfh'(~'-c') O~S<'" nH 
0/,,1 = r,,, b ) , C ' ') 

\ T. /If n s -c 0 ~ ~ < <Xl 5 7,C 

(8) 

(9) 
which ;s also a solution of the homogeneous part of eq . (1). 

I'le fina l ly note that the parabolomak of eq . (3) defines a mln l mum 
magnetic energy state (Taylor State) in which acco r ding to Taylor ' s theory 
the plasma relaxes retaining the global mag netic hel icity invariant 1- 8 -I , 
Therefore. it is stable against all the idea l mag netohydrodynamic per-tur-­
bations [9] , and because of its obla_te shape it is also expected to 
remain stable under the tilting mode L 7 J. Although spheromak pl~sma 
relaxation to a Taylor state has been verified experi mentally [lOJ. re­
sults of other investigators 1-11] show that relaxation may occu-re to 
states which are s i gnificantli a i fferent from the Taylor states. In this 
respect it appears that an extension of Taylor's theory inclunding finite 
pressure gradients as well as geometries with no conducting walls would 
be essential . 
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GENERATION OF D.e. CURRENTS IN A MAGNETIZED PLASMA 
BY R.F . FIELDS 

M. Kilhnapfel, R. Tabersky and H. Tuczek 

Universitat Essen - GHS, FE Physik, D-4300 Essen 1 
F.R . Germany 

In order to produce a cmpact torus cmfiguratioo current drive by rotating magne­
tic fields is studied. 
'nle rotating field is generated accordin:} to the ''Rotamak'' concept proposed by 
I. R. Jooes, or utilizing the ''Blevin-'Ibonemann Ehd Effect" by a linearly polarized 
r .f. field. 
EKperinents are perfonred which allow to imestigate both coofigurations. The r.f. 
fields are produced up to a power level of 5 MW for a ):llise period up to 1.5 msec 
at a frequency of 1 HHz. 
In both cases a toroidal current can be driven prcxlucing a stable canpact torus 
o::nfiguratioos during the whole pulse duration . But contrary to the explanation of 
the ''Blevin-ThonEmann Fnd Effect" the toroidal current may also have the directioo 
opposite to the diamagnetic current, de~ CIl the plasma density. 
'Je therefore ass\Ine that magnetoaccustic eigenm:xies are excited in the plasma. To 
describe this bebavioor a simple theoretical del is presented. 

1. Introduction 
compact torus configurations can 
be produced by applying an exter­
nal rotating magnetic field t o a 
magnetized plasma (fig. 1). When 
the elec trons are tied t o the ro­
tating magnetic field lines and 
the ions for m a stationary back­
ground. a toroidal electron cur­
rent in the direction of rotation 
/1/ is generated. Basing on obser­
vations of Blevin and Thonemann 
/2/ Hiller /3/ speculated that 
only a single linearly polarized 
r. f. field is required to produce 
a rotating magnetic field within 
the plasma ( "Bl ev in-Thonemann end 
effect"). This speculation has 
been proved experimentally / 3 - 5/ 
and described by a mode l of 
Hugrass /6/ . The resulting e lec­
tron current was found to be dia­
magnetic. 

111111 
rig . 1: Rotamak principle 

In cont radiction to these experiments there has been some evidence, 
that under certain conditions a cu r ren t in the opposite direction i s 
produced leading to an enhancement of the external steady field /4/. 
Such an obs ervation is not compatible with e ither the Blevin Thonemann 
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me chanism nor the Hugrass theory. Therefore in th e present paper, the 
production of to roidal d.c. currents by a linearly polarized alterna­
ting and a rotating magnet ic f i eld was investigated i n s om~ detail . We 
especia lly l oo k tor conditions, where the transition of on", curren t 
direc tion t o the oppos it e one occurs . 

2 . Apparatus 
The experiments are perf ormed on the Ro tamak - E I / 7/ and the Rotamak-E 
II device. 

Fig. 2: Rotamak-E I 

Common technical data: 

B~ 

M ,<5GH, WJ Pr elOnlsat!on 

Fig. 3: Rotamak-E II 

A spherical discha rge vessel of glass which has a diameter of 20 cm is 
filled with neutral gas (H2) at a pressure of 10-4 to 10-2 mbar. A static 
magnetic field is produced by a slow capacitor bank discha rge wh i ch is 
crow_barred for a programmed field decay. The field varies from 88 mT 
down to 6 mT for the preionisation and the main discharge respectively. 
The plasma is preionized by a microwave pulse working at the electron 
cyclotron resonance. A commercial 2 .45 GHz magnetron is pulsed to a 
power of 4 kW for 5 - 23 ms . 
At Rotamak-E I (fig. 2) the r.t. power is supplied by a 5 MW two-chan­
ne l transmitter at a frequency of I MHz for a pulse duration of 1.5 
msec. It is provided with a coi l system, which allows t o apply rotating 
high frequency fields as well as l inearly polarized fields. At this ex­
periment 0 . 1 t o 1 HW can be coupled into the plasma maintaining a sta­
ble reversed field configuration for about 1.2 msec. An initial plasma 
heating is achi eved by discharging a capacitor bank of 4 . ) kJ at a fre­
quency of 220 kHz through 2 coils surrounding the discharge vessel. 
At the Rotamak-E II (fig. )) a high frequency field is suppli ed by a 
pulsed transmitter, which delivers 1 MRz with a power of 500 kll for 
200 ~s . The max i mum ampl itude of the alternating f i eld is 6 mT. 
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3. Measurements 
previous investigations indicated. that stable compact torus confiqura­
tions can be established at densities below 1014 cm-3 by applying a uni­
form r otating magnetic field /4/ to the magnetized plasma. Using a only 
linearly polarized r.f. field, a threshold behaviour of the plasma is 
observed. At low densities the magnetic field Bo(t) in the center of the 
plasma is reversed, while at high pressures it is enhanced. Figure 4 
shows the inversion and figure 5 the amplification of the static magne­
tic field and the plasma currents. at Rotamak-E II. In these examples 
the electron densities De, determined by microwave interferometry, are 
n. '" 4.2,10 13 cm-3 and n. = 8.1-10 13 cm-3 , respectively. 
A similar behaviour is observed, if the coil geometry for the rotating 
field creates large gradients producing higher harmonics of the rota­
ting r.t. field (Rotamak-E I). Even if the field rotates in the "wrong" 
direction inversion and amplification of the static magnetic field can 
be achieved. depending on the density domain. 
In both cases (fig. 6 & 7) the axial and radial distribution of the 
magnetic field configuration Bz are measured. In the case of amplifica­
tion of the static magnetic field a current distribution of two con­
centric currents of different directions is determined. 
Since in these experiments the balance between kinetic plasma pressure 
an magnetic field is not fulfilled a cooling of the plasma is obser"ed 
during the main discharge. The temperature of the plasma TI, evaluated 
from Doppler broadening of impurity ions, indicates 40 eV in the preio­
nisation and 20 eV in the main discharge. 

tl " 

.. : 

-'-I 
" 

·noo 

Fig. 4: Hagn. field and plasma current at 
IOW" pressure as a function of time 

4. Theoretical model 

Fig. 5: Hagn. field and plasma current at 
high pressure as a functioo of time 

It was tried to fin d a description of the rotamak by means of hydro­
magnetic waves. ASSuming a cold plaslla, infinite conduc tivity and small 
amplitudes of the wav es, fields of the type 

B = Bo + B'11{ r )'eH~Z-llt'~' f t B'1){r)' e -l( ~l- llttflt) 
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Fig. 6a:Radial and 6b: vertical distribu­
tion of the magn. field at IOW' density 
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fig. 7a: Radial and Gb: vertical distribu­
t i on of the magn. field at high density 

are investigated . The solution is subjected to the boundary condition 
j n = 0, wh ere jn is the current flowing through t he s urface of the 
plasma. Its shape was assumed to be cylindrical with finite l ength . By 
linearization of the differential equation an analytic expr ess i on f or 
BO ) can be derived. The resulting magnetic r. f. field con figura tion has 
a component r o tating in the same direction as in the Hu grass model /6/ . 
It can be conc luded , that hydromagne ti c waves are capable to produce 
toroidal d.c. current s. It is expected t hat the wave model can be 
further developed to reproduce more of the experimenta l observations . 
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MAGNETIC EDGE FLUCTUATIDNS IN THE HBTXIB REVE RSED FIELD PINCH 
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Cu lham laboratory. Abingdon, Oxon. OX14 30B, Eng l and 
(UKAEAjEURATa.1 Fusion Association) 

* University College, Cork, Ireland 

ABSTRACT 
Normal e '" 1.4, F " -0.1 discharges display magnetic modes with m<2 

and j ~ I . = 6, ID, 13. 16 re~onant wi thi n the rever.sa 1 sur ~ace. . Rota ti on 
ve l 0CltleS v = 5.6 x lOltms 1, Ve = 3.0 x l 04mS- l 1n the dlrect l on of the 
conventiona1 4lcurrents are measured. In deep reversal, 9> 1.6, F<-O.35, 
sawtooth-like activity at 5kHz ;s seen in m=D, s inusoidal osclllations in 
m=l, with 1nl:: 4 and 6 or 7, and a group velocity v = 5 X lOlt and 
v = 4.7 x 10 ms - 1, In about 5% of discharges with graph~te tile limiter 
r 2moved . Ba and BdI edge coils exhibit strong coherent signals periodic at 
1kHz . reflecting i1 non-rotating m=l, 1nl = 5 disturbance which may be a 
resistive wall mode. 
INTRDDUCTION 

Magnet,c fluctuations are associated with sel f-reversa l and 
sustainment of rever se field pinch (R FP) electric plasmas. 

In the RFP, the most dangerous MHO instabilities [1.2J have poloidal 
modes m=O, m=l and a variety of possible mode numbers n. Thus toroidal 
mode structure is .of great interest in the RFP. 

This investigation is confi ned to the sustainment phase of the plasma 
pul se, when toroi dal current IdJ is approximate ly constant and the gross 
plasma properties appear to be unchanging. Before removing the limiter , 
which was composed of about 156 5cm x 10cm graphite tiles cover i ng 
approximately 8% of the in ternal surface of the stainless steel vacuum 
vessel , a study was carried out of normal 220kA di scharges wi th pinch 
ratio a '" 1.4 and fie ld reversal ratio F '" -0.1, as well as deep l y 
reversed di scharges with I~ ". 170kA, e> 1.6 , and F<-0.35. The increase in 
global resistance V /1 seen in dee p reversed discharges is found to 
depend more on F thart on* 8 , implying the dominant influence of the plasma 
edge. 

Th i s wa s borne out when remov; ng the ti 1 e 1; m; ter 1 ed at once to a 
reduction in V at al l currents of about 14 volts, accompanied by electron 
temperatures r~sing during sustainment up to above 700eV while T; remained 
constant or fell somewhat. Changes were accordingly expected in the 
character of the magnetic fluctuations. 
TECHN I QUE 

Small search coils are distributed poloidal1y and toroidal ly around 
the periphery of the HBTX vacuum vessel to detect magnetic field at the 
surface of RFP plasmas. The toroidal array lies in t he interspace between 
the vacuum vessel (R = 0.8 metres. a = 0.26 metres) and the conducting 
aluminium shell (inner minor radius 0.29 metres). Five po loidal arrays, 
each capable of mea suring Ba ' Bm' and Br at 16 equally spaced po l oi dal 
angles a are ava ilable. Two are ~n the interspace region, and three are 
internal to the vacuum vessel. recessed into special sections provided for 
them. Two internal poloidal arrays separated by 40° in * have been the 
chief source of the rotation information. 
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I~AGNETIC EDGE FL UCTUATIONS IN NORMAL DISCHARGES, TILES IN PLACE 
F i uctuatlons are 1-2'1 of the to t al 

edge field amplitude and t oroidal componen t 
f1 uctuations predominate by 3- 5 times over 
those of the polo i dal cOlnponent : 
BIB:: 1 -2% , B IB a = 3-5 . Flu c tuations;' 
pOl~er i s conc~n ~rated mainly below 150kHz. 
The poloidal mode di stributi on is nominateo 
by 'll=O, m=l. Evidence from the toroidal 
array shows most n activity in the range 
5 -1 7 . Higher resol uti on shows modes 
numbe r ed n=6 , 10, 13, 16 dt' e favoured in 
the toroidal component 8~ . as ca n be see n 
in Fig la. . 

In Ba (Fig I b) n=O, corresponding to 
a toroidal curren t flu ctu ation, is:; 
dominant . This behaviour is substantial l y 
the same as was seen in HBTX IA [ 3l, 
suggesting that it is intrinsic to the R~P 
and not an arti fact of fiel d error , whi ch 
wa s considerab ly reduced in IB relative to 

ta' 

tb, 

• 12 " " 

12 " " 
lA [41. Fi g 1 Relative [XA>eC distr ibution 

two po loidal arrays separated by 40
0 

of toroiddl mcrles (a) 8
41
, (b) B

S
' 

in to r oidal angl e , were us ed to inves tigate in a oooral dis:;Jurge vu 8=1.4, 
propagat ion through correlat ion analysis F=-O. l I =220kA 
be tween the spatially - resolved poloidal m ' 41 
modes . Toroidal and poloidal rotation speeds found in this way are vd!, = 

5. 6 x lOI+ms - 1, v = ~ . O 
x 104m- 1 , direc~ed in 
the same sense as the 
convent ion al ie, 

Fig 2 E\Iolution of n-spe::;trtIJI in a Inmal dis:::hlige . 
S::ale to t:ha left is time in ms, t lH t to tre cight is 
mcrle nlJlbec. Edch tra::e i s an average over 0.03 ms. 

posi tiv e, cur rent 
co mpone nt s . Pl asma 
vel oci ty measured 
spec troscopically usi ng 

21 the CV 2271A line [4] 
gave smaller values, viz 
v = 1.4 x 104ms- 1 , 
v~ = 0.6 x l 04 ms- 1, but 
i ~ the same directions . 

The modes were 
shown to be resonant 
inside the reversal 
surface. 

The t empora l 
behav i our of the 
toroidal modes was 
inv e stigat ed by 

evaluating n-spectra over many s uccess ive short 
an analysis performed from HBTXIA prod uced 
behaviour in the n- spectrum evo lution [3] . 

time interval s . Such 
evi dence for cycl i cal 

Nothing of th e same 
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kind has been found i n HBTX1B discharges. Ti me variati on of the 
n_spectrum w1th the dominant mode changing apparently at ra ndom among the 
favoured n numbers occur.s on a time sca.le mu.ch shor.ter ~han the O.3ms of 
the ear l ier study shown 1n the accom panylng dlagram 1n WhlCh mode number n 
i s horizontal and time vertical (Fi g 2). Ave raqing HBTXIB data over such 
a time span resulted in behaviour tha t l ooked neither cycl i cal nor even 

·ve. 

ersed di sc harges di spl ay an 
n nonna l discharges. The relative 

amplitude of the flu c t uation s is greater: 'BIB = 5-10t , and t he toroidal 
component fluctuations are larger than t hose of the poloi dal components by 
two to three times : B IBa = 2-3. 

Anal ys ing s ;gn~' s into m=O, m=l modes reveals sa wtooth-like 
osc ill ations recurring with about 5kHz frequency in the former, while 
sinuso idal oscil lations with frequency varying in the range 20-80k Hz are 
to be seen on the latter . Two principal toroidal modes In\ = 4 and 6 or 
7, of which the f irst is the stronger , dominate these fluctuations. This 
is confi rmed in a dispersion ana lysis of t he t oroidal array sig nals (Fig 
3) which gives v = 5 x 104ms- 1 and ve = 4.7 x 1Q4ms- 1 . Thi s describes a 
helical structur~ that bears some resemblance to the lowes t energy 
asymmetric so lu t i on in cy l indrical coordinates of t he equation 9'xB = ~B , 
which co rresponds to m=l, n=4 in HBTX [5]. There is evidence too tor some 
activity at the m of the opposite si gn. 

"0 

100 

80 · 

" r 
60 . 
40 

20 · 

0 
0 6 10 " o " " " 20 22 

Fig] Dispersion reL:ttioo for m ==1 activi ty in deep reversal (0=1. 7, ~.6) 
dis::larges , a:nstnrted fran toroidal array /OOaSUCela1ts . !liag:::na1.li.res 
.represent lP(v~)n ± (mvoJ2ttaJ . 

NORMAL DISCHARGES, TILES REMOVED 
Operat l nq wlth graphlte til es removed, Band B coils exhibit a 

tendency to period i c osci ll at i on that develops s~rongl Y i t _ 1k.Hz in about 
5% of all di scharges . As an ex ampl e Fig 4 shows signals on three B coils 
di splaced each frorn the last hy <jI = 18° approx imately . These ~i~na l s 
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occur on dB/dt rather than the integra t ed 
sign al s B, and are m=l. It can be seen that 
peaks occur at precisely the same time at each 
coil position, implying zero rotation, and 
that the pair separated by about 36° are in 
antiphase with a minimum amplitude signal of 
indeterminant phase hal f way between them 
consistent with a toroidal mode number 
1nl = 5. Coherent fluctuations in the 
emlSsion from some impurities lines, viz ClI, 
FeII, Of and CrI al l near the pI asma edge, 
accorrpany these magnet i c fluctuations. rt has 
been conjectured r 6] tha t these observ ations 
might be explained' by a hitherto unobservable 
resistive wall morle whose growth time 
undergoes a massive decrease bringing it into 
the observable range because a tri f l ing change 
in the equil ibriu'll occasioned by removing the 
tll es has brought its marginal radius from 
outside the conducting shell (penetration time 
'" BOrns) into the space between the shell and 
the l iner (time constant < O.lms). 

Fig 4 Je:;oros of dB/dt 00 B$ coils at three 
toroidal-angle JX.!Sitiom; (upper left Iw'd 
romer). 7he oIdimte is in tm sane 
arbitrary units in fflCh 0:l.!E . Aboc.issa is 
time dudrq disclruge in sa:::s. '.ertlcal 
daSled lines eq:ilasi.re time coirriJ:1erce of 
extrEm:I fl'Ol1 Iohich lDn-rotat.ion is 
interrro. 
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IMPURITY BEHAVIOUR AND ZEFF IN THE HBTX EXPERIMENT 

PG Carol an, C A Bunting, A M Manley* and A Patel* 
Culham laboratory. Abingdon, Oxon, OX14 30B, UK 

(UKAEA/Euratom Fusion Association) 
*Royal Holloway and Bedford New Col lege. London 

ABSTRACT 
It ;s shown that impurities cannot explain the loop voltage, V1oog • 

with 150 1 imiter t11 es in posit; on nor the increase in V, oop on ; nsert 1 n 
of a rooveble limiter and the decrease when the tiles are removed, The 
plasma resistance obtained from le. Zeff and helicity balance is les s by 
about a factor of 3-4 than that measured electrically when the 150 tiles 
are in position. Removal of the limiter tiles increases the Zeff by about 
50% al though the loop voltage decreases from _30 V to _20V. 

The distribution of the measured 
CV density. with the 156 graphite 
tiles in posit ion , i s shown in Fig 1 0 " 

for I=220 kA and ItN = 7 x lO - l'+A.m 
together with 10 simul ations (SANCOl 
code (2) ). In all cases a constant 
diffusion coefficient, D. is assumed 
where the particle flux, rk' is given 
by r~ = -D V'nk" As illustrated in Fig 
I , Slmulations from 0 = 100-200 m2s- 1 

approximate the experimenta l curve. 

.. .. 

, ... , .. .. ""- \ ."" "'" 
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Using a fixed 0 value (100 rn 2s- l ) the emission profi les of the other 
c arbon and oxygen ion states are calcul ated, from whi c h the dens itie s are 
ob tai ned us i ng the norma l i nc i dence spec t rometer . The concen trat ions 
oh tained are 3% oxygen, If, carbon and 0. 1% iron with an overall 
uncerta inty of about 70%. (The sum of oxygen and carbon radiative powers 
i s used to est imate the concentration of meta lli cs , mainly iron, from the 
bolometer results . ) 

From the impuri ty i on state di stributions 
Ze:ff is calculated and is shown in 
Fl92. These values of Z~4f' and 
using Te.(r) = Tea (l -(r/al f with 
Tea ~2!>O eV, yield a plasma 
re s i sta nce which is less by a l ~!l 

the spa tial profile of the 

factor of 3-4 than that ootained 
electrically llnd including helicity 
balance but ignoring edge effects 
[3J . The Zeff p roflle 1S 1n 

"c---__ 

" 

contrast t o that measured 1n TJ)3 I1 11'\ _ 

[ 4 ] which exhibits Zeff~l in the 0 0 0 \ " pI asma bulk and Zef f - 4 at the ' /0 

periphery. With the lower le Fig 2 zefEProfileobt.a.ina1f=.lI;pun ty~Ol1 
values found in 'l1J1 I such a pro fi le state dutnbut~ons (220 }cA, n = 2xlol 9m- J, 

may account for the l oop vol tage 156 tiles in position) e 
wi thi n the experi menta I uncer ta i nt i es. However, the hi gh oxygen dens i ty 
(nOV .... 5 x 10 18m- 3 ) seen in T)~ II [5] at the periphery is much higher than 
in HBTX ( nQV .... 5x10 16m- 3 at r=20 cm), so that impurity effects together 

· · " • 

" "~'-----------

,. 

INSERTION DISTANCE 0 to m 

A 
I 

with a narrower Te profil e 
in '1f1 II indi cate 
qual; taU vely di fferent 
pI as mas , as rega rds 
resistance, in t he two 
devices. 

The impurity behaviour 
i s examined when a var i ety 
of mobile limiters are 
inserted [3] . In Fi g 3 are 
shown the behaviour of CV 
(2271AI. OV! (1038AI and 
total radiation as a 
function of I im; ter 
insertion distance from the 

Fig 3 ElectLm dens.itYlDIIIl'lli1"ed line int:ens.i.ties of t i I e s fo r I 4J .... 220 kA. The 
cv (2271AJ and OVI (1038A) ani total radiation, P resul ts were obta ined during 
ver.rus l.imiter (gra[hite) insertioo di.stan::e be~ the sus tai nment peri od (t .... 
the tiles fX}Sition 4 ms) and averaqed over 6 

di scnarges . The t o tal 
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radiation is from a bolometer in the vicinity of the mobile limiter while 
the spectral line· intensities are from a polychromator displaced 
toroidal1y by about 900 . The radiated power increases almost linearly 
with limiter insert ion distance indicating l ocal impurity contamination 
whereas remote from the limiter only the CV density shows any significant 
change and then only when the limiter (graphite) ;s inserted over 5 cm . 
(The 1 i mi ter was or i enta ted to intercept max imum magneti c fl ux for thi s 
data set which requires the greatest loop voltage to sustain the current 
[ 3 ] ). Si nce Te and ne remained largely unaffected by the limiter 
insertion the impurities are not responsible, at least globally , by an 
increase in Zeff' for the additiona l loop yoltage s seen with limiter 
insertion. 

A useful check on the 
genera 11 Y small ; nfl uence of 
leff on loop yol tage is 
proy; ded by the experiments I;: 
using a pyro l ytic graphite (Io.UI 

1 imi ter. An exampl e is shown 
in Fig 4 where the pyrolytic:;:, 
limiter is inserted 3 cm 
beyond the ti 1 es wi th an 
initial increase of 12 V ;n 
l oop voltage. The bolometer 

1( .... 1 

in thi s case is 20° 
t oroi dal ly di spl aced from the 
1 i mi ter. There is a sudden 
increase in the total 
radiation, Prad , at t-2 ms 

Fig 4 lbrpari.sa1 betl.een radiated po..ers (llOmali.sed 
to n ) l .. ith (full lines) and without d pyrolytic 
l.imi.Eer inserted 4 011 

" 
w 
2 , 
" • • • • 
~ , 
2 " , 
" , 

-- TI~(SIN 

---- II lUOUT 

TIME MSECS. 

PRAO
i

, 
, , 

P 

Fig 5 Radi.dted ~s (llOmWised to n ) with (full 
l.iJEs) arrl with::Jut ~ 156 gra[ilite til~ in 
p::>sition (I4> ..... 220/cA, ne = 2xl0 19m- 3) 

preceding that from CV and 
presumably due to burn 
through of the lower carbon 
states. At t ..... 4 ms the 
discharge is essential ly a 
carbon pJ asma wi th leff - 4 
and Te - 220 eV compared wi th 
leff _ 2 and Te ..... 270 eV at 
t=1 . 5 ms. The consequent 
further increase i n loop 
voltage at t _ 4 ms is about 
20 V which is close to that 
observed [3J. (The 20 V 
includes the larger dynamo 
electric fie ld necessary to 
sustain the RFP wi th the 
i ncrease (factor of ..... 2. 2) ;n 
resistivity). These results 
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confirl1 that the much I owe I' impurity inj ec tion with tile mohile qraphlte 
limiter, or;n the early phase II s ing il pyrolyt i c limi ter, has only a 
marg inal influence on the loop voltaQe . 

Comoarisons o f the radiati on with a'1d without tiles are shown in Fig 
5. The total radiation per electron ha s i nc r eased by between 5U% and lOOt 
whi c h co rr esponds to an increa se of Z fffrom about 2 to between 2.5 and 3 
for the same reI at ive distributions or imnu ri ty ionisation states . Tl-tere 
is about it factor of 2 increase in the CV and QVI concentrations ilnd abo ut 
a fourfold increilse in CrI influx . The latte r suggests a similar increase 
in the metall ic concentration. Scalinq froln previous results , where 
<'tbsolutely calibrated spectrometer s we I'!? dvailab l e , the impurity 
concentrations are ~6t Ox, 2% C and O. S't Fe with it resul tant Zeff: 3. The 
corresponding pl asma loop voltage, including helicity billance, ;s ~8 V in 
contra st to the measured value of _ 24 V at the se conditions . 

CONCLUSIONS 
The plasma resistance obtained from Te and Zef f usinq helicity 

ba lance is less than that measured electrically by about a factor o f 3-4 
with the 156 tiles in position, ilnd 2-3 without ti l es . Measurements from 
mobi le I imi ter expe riments co r roborate that ed Qe ef fects, rather than 
Zeff' dominate the plasma resistance except when there is a very large 
increase in impurity concentration (eq increase by a factor o f _ 10 in CV 
density) . 
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FLUCTUATION STUDIES ON THE ETA-BETA 11 EXPERIMENT 

Antoni V. , De Simone P . • Innocente ' P., Martin P., Martini S., 
Ortolani S. , Paccagnella R., Puiatti M. E. , 

Scarin P. , Valisa M. , Villor esi P. 

Istituto Gas Ionizzati del C. N.R. 
EURATOH-ENEA-CNR Association, Padova, Italy 

INTRODUCTION ------------The RFP configuration is intrinsica!ly turbulent since IMny mm insta­
bilities are simultaneoulsy allowed { 1 / . It has been suggested t hat these 
ins tabilities underlie ~he profile sust;inment process and also limit the 
plasma confinement I 2 / . The non-linear interaction of these instabilities 
results in an en han~ed-fl uctuation l evel for all of the plasma quantities , 
such as magnetic field, plasma density and temperature. In the past the ma­
gnetic fluctuations have been measured in ETA-BETA 11 and the ir properties 
discussed ' - 3 7. 

In this paper we compare the properties of the measured fluctuations 
of the magnetic field , density and radiation emiss i on. In par ticular the 
change in their characteristics during the sustainment of the plasma densi­
ty by pellet injection has been studied. 

EXPERUIENTAL RESULTS --------------------
Wi th the cur r ent in the range 150- 180 kA, the plasma density has been 

varied from a few 10 19 m- 3 , for a nom.al discharge, up to 1. 50 1020 m-3 

(almost constant in time) for the discha rges sustained by pelle t i njection 
{ 4_1 . The plasma density was meas ured by a two colour CO 2 interferometer 
and the radiation emission by a single chord SBD and a multicho r d Ebert 
spec trometer . An example of the waveforms of plasma current , e l ectron 
density and of Do line emission for the central and the innermost chord is 
shown in Fig. I for a discharge without (a) and with pellet injection (b) . 
For the discharges with pellet, larger fluctuat i ons are observed on the 
density and on the Du signals . 

In Fig. 2 the comparison between the average power spectrum of density 
fluctuations for discharges wi~h and without pellet is s hown . As fo und for 
the magnetic fluctuatio ns { 3 I. t he power s pec trum i s pea ked at low fre­
quency ('" 10 KHz) whe r e most ~f the power density is concentra ted. Fig. 3 
shows the typical amplitude of normalized density flu c tuations, i!. • as a 
func tion of plasma density. The rms of the density signal (averaged over a 
millisecond during the flat-top phase of the discharge and over many s hots) 
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is about 5 7. and does not s h ow any clear dependence on density . For the 

sam~ d is charges in Fig . 4 and 5 are plotted t he amplitud e o f the n,' rmalized 

fluctuations o f th e toro i dal magnetic fi eld at thto' wall, b$/ 1l 1' ,;:Iod of 

the SXR signal from t he SED d e tector. I n particular th e ampJ itlld e of tIll:' 

SXR fl uctuat ion s increases fo r discharges \~ it h pellet , whereas iJ <f I Et/! 

('oe:; not s how a c l ear change . 

The cross-correlation ana l ys is of the d en sity fluctuations with magne­

tic , SXR and DO! fluctua tio ns shows in any cOlh1iti on a poor correlation 

( t yp ically < 20%) for f r e quen c ies h i gher than 5 KHz . The fluct uati o n amp li­

tud e measured by the mul t i c hord spec trometer shows for the Da emission a n 

increase by a f ac tor of 2 between the normal and the densi.ty sustai.ned 
discharges but no s ubstantia l change in the prof ile. On the o ther ha nd, 
considering the correlat ion betwe en the central and the other chords, it is 
found, as shown in Fig . 6, t hat, with pellet , there is a largf.' radial cor ­
relation l ength (of the order of the minor radius a ) , whereas, withou t 
pelle t, the co rre l a tion length is st ill large but reduces to a/ 2. This va­
lue is comparab l e wi th the radial correlation length ('\, a/2) found by 
insertable probes for the magnetic fluctuations at low freq uency . 

DISC USSI ON 
From the ETA-BETA 11 results the density fluctuations are characteri­

zed by an amplitude of 5:::: , which is substantially highe r t han that of ma­
gnetic fluctuation s (typ ica lly 1-2 % when normalized t o the total magnetic 
field) . Horeover the density fluctuations have a poor correlation with 
thos e of the othe r quantities (typically less t han 20 %) • At high densities 
obtained by pelle t injection, the co rre la tion is still poor and the ampli ­
tude does not change . Th i s behaviour is diffe r ent from that of magnetic, 
SBD and Do f luctuations and suggests t hat , in the parameter range of 
ETA-BETA 11, the density fluctuations are weak l y coupled with the other 
fluctuations in par ticular with t hat of the magneti c fi e l d . 
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S'i'UlJI1::5 Oi; Ivii m :ISSION 1,'3.Cll PLAS:Ul FOCUS l<~ACILITIES 

.i.1 . Sado\':ski , J. Zebrcwski. E. Rydygier, cnd J . i(ucil:ski 

Im:t ltute for ~{uclear' Studies, 05- 400 Srlierk , Poland 

rl'ostrc.ct 

I on emis3 io~ from pp oachines has been investigated in many 

l aboratories, but no e~act scaling has been established except 
for empiric power 18\'15 describing the energy spectra /1/. The 

main aim of this r/ork VIas to extend previous s tudies of ion pul­
sef.i /2/ end to perfol'm detailed measurements of fast /~50 keV/ 
ions emitted by FP devices of different energy capacity. For 
tilis purpose use has been made of a small J,6-kJ PGU device 
and a large Pp- J60 facility /J/ operated at about 200 kJ. For 
comparative studies the results obtained previously with the 
25- kJ PF- 20 device /2/ have also been taken into ac count. 

Angular- and energy - distributions of ions have been measured 

and cottpa:oed for the machines investieated . Also compared were 
space-resolved ion pinhole pictures . Special efforts have been 

done to compare mass - and energy-s pectra of deuterons and impu­
rity ions, which were obtained by means of Tho.''!lson e.nlllyzers. 

The mean deuteron energy and the total "number s of delt~erons 

/above the thre shold JJO keV/ have also been found by means of 
a nuclear ectiv~tion technique using 12C/ d ,n/1J U and 27AJ./d , p/ 
28Al reactions and the known thick- target yields . Particular 

attention has been paid to time - resolved ion measurements real­
ized with miniature scintillation detectors placed behind the 

ion pinhole camera and the Thomson analyzer. 
It has been found that the ion emission from the PF devices 

demonstrates some similarity features , but evident differences 

depend strongly on para~eters and the operation mode of the ma­
chine. Interesting new results have cor..cerned the fine structure 

of ion pulses. ant! t he ion e~is3ioH ?ror.; the pml device oger ated 

at a higher repetition rate. 

III 

/2 1 

/JI 
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NE' .. 1 RESULTS OF PLASMA-FOCUS NE:UTRON EIHSSIQN OPTDlIZATION 

A.J e rzykiewicz ,f>'1.Bie Iik, Sz.B randt, K .Kociftcka, L.Kocil'iski, 
J .Kucinski, 1I.Na"',rot . 
Institute for Nuclear Studies, 05-400 5wierk,Poland. 

Abstract 

The !==aper presents the r esults of neutron e mi ssi on investi­
gations perfanned wi t h PF-36C and PC N devices. 

As it was reported previou s ly /1/ there was a n upper energy 
limit observed at which the neut ron yield from PF- 360 device de­
creased rapidly. To overcome this limitation and to study influ­
ence of the start-up-phase initial conditions on the neutron emis­
sion, an additional circuit ha s been installed in parallel to the 
main capacitor bank. This circuit includes 24,uF, 25kV, 7.5 kJ 
condensers which can be switched on before the main discharge. 
The crest value o~ the predischarge current reaches up to 175 kA 
/about 10% of the main crest value/. The influence of the predis­
charge has been investigated using several sets of elect rodes 
and insulators, chan~ing the deuterium pressure, the predischarge 
current value and polarity, as well as the delay between the both 
discharges . Integral and time-resolved neutron measurements have 
been performed under above specified conditi~ns. 
The results of measurements can be summarized as follows: 
- the application of the predischarge enables the neutron emis­

sion at higher energy to be obtained, but it is still smaller 
than resulting from the energy scaling low; 
the maxima of characteristics of neutron yield as the function 
of the pressure, as obtained with the predischarge, are shift­
ed to a lower pressure; 
duration of the inverse pinch Is shorter for the courses reali­
zed with the predischargej 
the neutron yiel d decrease when the predischarge current of op­
posite polarity is applied. 

The 8-kJ PeN plasma-focus device has also been used to 
neutron emission investigations at the repetition rate elevated 
up to 3 p.p.s . The neutron yield at the elevated repetition and 
continuous deuterium flow through the device vacuum chamber, is 
higher than that observed for the single shot operatioll. The dis­
pertion of neutron yield does not exceed )0%", and the shapes of 
subsequent neutro~pulses are more similar. The average neutron 
flux amounts to 10 n/s. 

/1/ A.Jerzykiev,icz et.a!. Nuclear Fudon Suppl.1 985, v. 2 , p. 591 
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NEW ASPECTS OF THE STABILITY OF EXTRAP DEVICE. 
M.TENDLER,DEPARTMENT OF PLASMA PHYSICS & FUSION RESEARCH,ROY AL 
INSTITUTE OF TECHNOLOGY,S-IOO44,STOCKHOLM 70,SWEDEN 
LGENERAL DISCUSSION. 
EXTRAP is a classical Z·pinch with a divenor[l].In its original version there is no toroidal 
magnetic field[2].The poloidal magnetic field has magnetic field nulls(the absolute value of 
the magnetic field is equal to zero at these null s) and the plasma surrounding these nulls is 
unmagnetized[3].The latter constitutes a very important difference with all other major 
configurations under consideration in fusion research.Nulls fall on the axis and on a 
magnetic field line separatrix.FieJd lines beyond the separatrix nulls are diverted. 

Obviously the kinetic approach is imperative to assess the issue of a strongly 
inhomogeneous Lannor radius. Therefore all attempts to unravel the physics of EXTRAP 
by employing models based on the ideal MHD approach have further confused rather than 
clarified the problems. 

A physically correct model nas to incorporate a separate analysis of the following 
regions[3J: 
I).the layer where electrons and ions are unmagnetized: 
2) the layer with magnetized electrons and unmagnetized ions 
3) the main body of the plasma,where both species are magnetized. The stability is 
adequately described by the well known local perturbation analysi s of a magnetized 
plasma,based upon imegration of the Vlasov equation along characteristics[4]: 
Solutions,res tricted by the first order quasi-neutrality constraints in each of these 
regions,have to be obtained and matched to each other. 
The s tri n gent matching of these solutions is the key to the assessment of 

this problem. 
The consistency of solutions in these regions,governed by a completely different 

physics,is much more important than the subtle details of solutions obtained,including an 
arbitrary number of tenns in each one of these regions. Phenomena of this kind are widely 
know n in other branches of physics. As examples;the tunneling effect in quanlUm 
mechanics[5] or the effect of inelastic collisions with molecules on the electron distribution 
function[6],might be memioned.The idea that to match solutions is more essen ti al for the 
assessment of the problem than 10 consider some subtle detail s of solutions in each one of 
them,was overlooked in the majority of studies on thi s subject[2J. 
Two important implications of the fact,related to the above-mentioned existence of areas 
with un magnetized plasmas are considered.The first is the line tying effecl,arising due to 
the magnetic field being frozen into an ideal conductor.Here,the role of an ideal conductor 
is played by hot unmagnetized plasmas,surrounding nulls.ln its simplest interpretation the 
line tying effect[7 ) imposes a concave fonn on the boundary due to the "frozen in " 
condition into metallic rods. Thence magnetic field lines are immovably fastened to these 
rods and potentially unstable perturbations are suppresed. ln EXTRAP either the solid 
copper rods or current sp ikes,f1owing around nulls might affect a plasma in a similar 
fashion.The latter implies that both of these equilibria are easily attainable in EXTRAP.On 
the other hand it is difficult to make to make a transition between them,because both of 
them are stable.ln order to gain a significan t stabitization effect the magnetic field pressure 
outside the current rods should significantly exceed the pressure of a confined plasma.The 
fonn of the plasma surface in the both equitibria is governed by the stability constraints and 
has a concave shape between these rods,as shown in Fig.l a &b. 
Although it is often declared thal EXTRAP is meant to be a hi gh 13 configuration ,the 

in nuence of a high 13 value in the inner core has never been properly accounted 



523 

for. Operating 'he device with a high filling pressure leads 10 the expulsion of a magnetic 
field from the dense area and thus to the expansion of a field free unmagneti zed plasma 
around the O-point.A very similar effect arises, when a low B plasma,with il magnetic fie ld 
frozen into it,is lost from the core,owing to a mass flow or,in other words,due (a the finite 
particle confi nement time there[3]. 
The second utterly important point,following from the ex istence of unmagnetized plasmas 

in EXTRAP is the issue of a Lannor radius and its impact on the stability of the latter 
configuration.Since early days of fusion research there is little doubts that JJerlurbations 
with high mode numbers in a classical Z-pinch are efficiently stabilized by the FLR 
effects[4].It is also well known that these effects do not affect rigid penurbations with low 
mode numbers at any significant rate. 

The latter leads to a notorious reputation of a Z-pinch of being violently unstable. The 
lifetime of a Z-pinch is usually limited by approximately Al fven time scale.On the other 
hand,discharges in EXTRAP seem to last longer. 

2.THE INFLUENCE OF UN MAGNETIZED PLASMAS. 
In the present study we aim to show,that unmagnetized plasmas, surrounding mIlls at the 

periphery are responsible for the latter effect. 
Following our previous study[3J,we distinguish the above mentioned three different 

areas.Assuming a low G value of a plasma in the vicinity of the separatrix,we consider only 
elec trostat ic perturbations.We so lve the Vlasov equation approximately in each 
region,integrate over the velocity space and impose the quasi-neutrality constraint on the 
first order density perturbations of both species.Match in g these solutions,we require the 
smoothness of eigenfunctions at transition points.The latter means that arbitrary constants 
are determined by the conditions imposed on the contin ui ty of the functions and their 
derivatives at the boundaries of the regions. Ramifications of this procedure reduce quite 
significantly the number of unstable modes. 

In tbe core of the plasma,where both electrons and ions are magnetized ,we adopt the 
existing solution,keeping in mind a non-local foml of ion responce due to the integration of 
the potential structure along an ion Lannor radius. This yield s: 

f 1 j(t)=-efO$(t){f +(ef<fI" +(eafol""Q)/mjQHi)<$> (1) 

where fO(E,XO) is a MaxweIlian function of integrals of motion and<$>=fdt CP[x(t),y(t),t} 
taken along the unpert urbed characlerisics .Thus,the ion response,given by Eq.(1) is 
non-local everywhere,owing to to the integrat ion of the potential alon g an ion Larmor 
radius. 

The latter here,might be a large LLR[2] or a small FLR[4Jdepending on the region under 
consideration. On the other hand,using Ihe idea,suggested by us before[6],the contribution 
of the potential peflurbation appears in the dispersion relation under the double imegral 
sign.Therefore,the form of the solution for magnetized plasma (region 3) is only slightly 
sensitive(Le.probably not sensitive at all) to the fine details of ion orbits in the 
unmagnetized area. 

Thus,in the core where the scale lengths of all plasma parameters are larger than a local 
ion Larmor radius,lhe expansion of the potential is justified and the local formulation 
suffices.Following [4},in this region we include the ion polarization drift,the classical 
averaging of the poten tial over an ion Larmor orbit and the Doppler shift due to the 
curvature drifts into the calculation of the first order of the ion density perturbation. Then 
we impose the quasi-neutrality condition. 

Turning to the solution of the problem in the region (l )(both electrons and ions are 
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unDlagnetized),we assume for electrons (he purely Boltzmann response to the induced 
potential perlUrbat ion.For ions ,the source term,given by Eq.(1) ,is modelled by a 
d.function,owing to the abrupt jump of the potential there. 

The most difficuh part of the problem is in the second area,where electrons are 
magnetized,but not the ions.However,the fonn of the solution is not sensitive to fine details 
of the potential structure as emphasized before. Therefore,we consider the inhomogeneity to 
be a constant and compute the latter from the condition of the quasi · neutrality.This 
procedure is a solution by the genemlized method of Galerkin moments. 

Matching these three solmions,obtained by different means,we arrive 10 the following 
worthy of being remembered conclusion. 
Contrary to the earlier beliefs, the finite pressure gradient has to be main tained at the 

periphery in order to fully exploit the effect of the nulls(fig.2) .The physical reason seems 
to be the essentiality to communicate the beneficial effect of null s to a maximum available 
plasma volume during a wave period. 
On the other hand the plasma pressure gradient at the edge is determined primarily by the 

edge neutral density,the parallel and the perpendicul ar confinement times and the energy 
inOux[8].Therefore to control this pressure gradient does seem to be much of a problem in 
EXTRAP. 
3.The passive feedback stabilization by currents nowing through X-point 
null s . 

11 is suggested long wave kinks in EXTRAP are stabil ized by image currents flowing 
through X-poi nts due to the unstable behaviour of ord inary Z-p inch pl asmas.These 
current s represent singular spikes in the current profile,antiparallel to the current in the 
pinch.The electrical conduct ivity of the plasma al these X-poin ts is larger than in the 

rest,owing to the well-known Spitzer relation 0' = 2 0' .i.Image current spikes in the area 

around X-points are induced due to the expanding or weakly unstable pinch current.These 

currems are governed by the relation';' = crjx ,where 4> is the ra te of the ~agnet ic flux 

change,O' is the plasma conductivity at the X-point and jx is the respective current density.It 

is obvious that if the plasma temperat ure is high and thence 0' goes to in finity then a current 
singularity ari ses at X poims. 

On the other hand, positions of the X-points are very weak func tion of both the pinCh 
and rod currents,given by: 

. ,=av(lpfl,) 1/4 (2) 
where as and av are radia.l distances to X-poinls and rods,lp and Ir are cu rrems in the pinch 

and rods. 
In the steady state the rate of change of {he magnetic flux in the X-point layer is equal to 

the rate of change of the magnetic flux of the plasma core (primarily the Oux,generated by 
the pinch current).Therefore the image cu rrents are linear functions of a perturbation and its 
derivatives: 

I;01=-c!; (3) 

where c is a conslant,varyi ng from 0 to I.The latter depends on the efficiency of coupling 
between the pinch current and the unmagnelized plasma,surrounding nulls. 
Usi ng Eq.(3) as the boundary cond ition,we get for the modified growth rate of the kink 

instability in a Z-pinch: 
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(4) 

Here,notations are the usual. Eq.(4) yields that the stabilizatioll might be attained,if: 

rim ~ [p1114R (5) 
Finally,this effect should be easy to observe experimentally by putting Rogowski coils 
around X-points and correlating the signal with the level of magnet ic fluctuations of the 
Z-pinch. 
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Figure Capt ions. 
Fig.l.Two types of equilibria a & b of EXTRAP 
Fig.2.The nomlalized maximum allowed growth rate stabilized by the pressure gradient at 
the separatrix. 
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A KELVIN-HELMHOLTZ INSTABILITY ASSOCIATED WITH AN INTERSECTION 
OF TWO DISPERSION CURVES 

J. A. ElIiott and G. D. Conway* 

Physics Department. UMIST, Ma nchester M60 l QD, U.K . 
• Research School of Physical Sciences, Australian Na tional University. CanherTa 

1. Introduction 

In this paper we r eport observations of a large amplitude coherent density 
perturbation within the private flux regions of a linear quadrupole which forms 
as a result of the filling mechanism. 

We present e vidence that this is essentia lly a Kelvin- Helmholtz instability 
dri ven by a veloc ity shear. How ever, there are o th er important features, including 
evidence of a mode which we have been unable t o identify, and which is not 
described by the very thorough theoretical survey o f Hast ie a nd Taylor (971) . 

Z. The Quadrupole Syst em 

Fig 1. shows the quadrupole magnetic field configuration. The flux surface 
which passes through the neutral field axis is the separa trix, and it defines the 
shar ed flux (field lines encompassi ng both conduc t or s) and the two priva t e flux 
(field lines e ncompassing only one conductor) regi ons . A full description of the 
device together with de t ails o f the main plasma parameters and features is gi ven 
by P hillips et al (197 8) . 

Each field line can be ident ified by the coordinates (IJI, z) where z is t h e 
distance along the axis and If the flux per uni t ax ia l length contained between 
the field line and the separa trix. Dividing by t he quadrupole current I gives the 
dimension less parameter 1fI I (c.g.s. units) which is defined to be zero at the 
separ atrix, and thus negati ve for field li nes in the private flux and positive in 
the shared flux . The hydrogen plasma is inj ec ted on th e axis from a duoplasmatron 
sour ce at one end of the device . It rapidly fills the layer -0.05 < '1'11 < 0.01 (hot 
plasma layer) and thence traverses the length of th e device under the influence 
of the!. x 1! and "VB dri fts . In this region n =:::' 109 cm-3 and Te ~ 10 - 13 e v. 
The ends of the device, and a ll internal surfaces of the plasma chamber, are 
separately earthed. 

The outer regions of the device are filled by secondary processes descr ibed 
by DaJy a nd Elliott (982). The gener a l flow pattern is illustrated in Fig.Z. 

Potential measurements reveal the exist ence o f several velocity shear layers 
in the device, but thi s paper is concerned with that which appears close to the 
conductors, at a position denoted by '#/1 '" -0 .17. 

The instability observed on this shear layer is flute-like in form, for which 
the fi e ld curvature should be highly stabilising. It appear s that the ve locity shear 
is s trong enough t o over come this effect and result in a ne t growth o f the mode 
amp litude . 

All the measurements presen ted in this paper were made with biased or 
fl oating single langmuir pr obes, usually in pairs. Two ch anne ls of fluctuating 
signa ls were sampled s imultaneously by a transient recorder (variable sample 
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I-atel , digitized and lransfered to a mini-computer fOl" storage on disc and subsequen t 
processing. 

Spectral densities and con-elation measurements used the procedures of 
Smith , Powers and Caldwell (1974) . Full descriptions of the Pl'occss ing techniques , 
arc given in separate papers by Conway and EH iott (1985 and 1987, "" ,b). 

3. Experimental evidence 

3 .1 Potential Profiles . 

A typical potential r/J f profile (fig. 3.) displa.,r a minimum at If'/ I '=' -0.03, 
close to the boundary be t ween the fast ( 2. x 10 m/sI hot electrons s treaming 
down tank (direct injected plasma) and the fast cold e lectl"ons and ions streaming 
uptank (reflected plasma) (Daly and Elliatt 1982) . In addition the profi le shows 
a level region or plateau in rpf close to the conduc tor surfaces ( 1f/!I <- 0.20); this 
saturation region is marked by a shal*p transition 01' knee implying a second shear 
layer. 

3.2 Sw-vey of density fluctuations 

A complete survey of density fluctuat ion distribution and pow e l' spectra 
for the private flux region is given in Con way and Elliott 0987a}. The mode here 
discussed exhibited a single spatial peak in the range - 0 . 23 <!p/I < -0.17, at a 
frequency of abou t 12kHz. At the maximum, n/n was of the order 20 - 25%. 
Correlation measurements have shown that the fluctuations mainta in uniform 
phase around a closed fie ld line, and propagate across th e field , longitudinally 
down the machine in the direction of the ion diamagnetic drift with a velocity 
in the laboratory frame of 2.6:!:.0 .4 km s-l . Coher ence length is compal'able to 
the mean wavelength . All these observations are consistent with the fluctuation 

being tRempla~rhl~tn-Jw-eviNotfflH?~Yhave been esti mated from t he transverse scans 
of floating potential. We have no re li able method for correcting fOl' t he effect 
of plasma tempel'ature, in order to obtain a more accurate estimate o f the true 
plasma potential. However, we obsel've that in the vicinity of the shear, 
temperature is varying only slowly, so float ing potential gradients are likely to 
yield a r easonable estimate of the true electric field , wit h the possibility o f over­
estimation. On this basis we estimate the ve loci t ies on either side of t he shear 
to be 21.:t: 2.5 km s-1 at 1JI/I = -0.15 on the fast side, and essentially zero in the 
region close to the conductor surface. A classic K- H wave shou ld propagate at 
the mean veloci ty i. e . "'" 10 km s-l, Qt' greater than the observed mode velocity 
by a factor of 4 . This discrepa ncy has not been resolved , and m ust await a de t ai led 
analysis of the K- H mode in a quadrupole field . 

3 .3 Dispersion analysis 

Four different methods were used to obtain the dispersion information , and 
these are discussed a nd contrasted by Conw ay and Elliott 0987b). One of these 
methods gave more detailed information than the others, t h e method of Beall 
et al 0982}. The method computes the spectral density as a function of w and 
k simultaneously, and is sensi tive to low power fluctuations in the region of k-values 
of interest. The result is shown in fig A as a contour map in the w - k plane, with 
the mode peak normalised to 1000 . There are clearly two dist inct branches to 
the dispersion curve, which cross at (w , k) = (70 krad/s, 24 krad/m), the point at 
which the instability shows a very strong shal-P maximum. Other methods of 
dispersion analysis yielded only the dispersion curves for the low k « 24 krad/m) 
region, and did not d irec tl y display the cross-over. The physical mechanism for 
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the instability is not yet understood. but it is expected to relate to the intersec ti on 
occurring at that point. 

The low er branch is linear (non-dispersive) from 0 to 18 kHz and is identified 
as the K- H mode. Theory shows that K-H modes are non-dispersive when unstable, 
but have non-linear curves when stable. The upper branch, from B to 32 kHz exhibits 
a broadly rec iprocal form, hut has a very low spectral intensity except at the 
mode peak at the cross-over. This mode ,has not yet been identified: it appears 
not to be described by the comprehensive analysis of HasUe and Taylar (1971) 
for multipo!es. (Two illustrative curves are fitted to fig .S: k ... IlIA) and k COl l/wz,l 

4. Stability 

We can estimate the re lative strengths of the destablising shear and 
stabil is ing curvature effects in the following way. For a simple oscillator descr ibed 
by an equa tion of the form y + w Zy = 0, the system oscillates stably if w'l is + ve, 
bu t exhibits unstable growth for ,.} - ve . There wi ll be an w Z value for the shear­
driven (K-H) oscillations, and a lso for the curvature drive n (flute) oscillations, 
and by consider ing these effects to be independent the ...... z values add in a lin ear 
fashion: w'ltot 0: tJf'l + "", zKH + ••••• For a K-H mode (Gerw in 1968) wZKH = -{Mku)l 
where u is the velocity difference across the shear. We estimate 
t..J 'l KH = -1.4 x lOll Sl. Hasti e and Taylor (1971) give a dispersion relation for 
low frequency, low k flute oscillations in a quadrupole field which yields 
(.oJ 'l f = 1.9 x IOIZ s-z for our conditions. This value needs to be adjusted to take 
account of finite k. For both cases , finite radi a l boundaries should also be taken 
into account . Nevertheless, th is order of magnitud e analysis shows that the system 
is close to margina l stability, justifying the conclusion that we are probably 
observing a K- H instability. 

5. Discussion 

Although the upper mode as ye t r e mains unidentified, we can make general 
observat ions concerning cert ain features of the dispersion diagram. The fact 
that the instability is sp atially located at the shear layer indicates that this is 
the energy source . The K- H mode showing a linear disper sion indicates an unstable 
mode ; however, the strong peak appears at the coincidence point with the upper 
mode, indicating that a non-linear interaction of the modes is primarily responsible 
for the large ampli tude . We suggest that th e upper mode is itself intrinsically 
stable : it is very weak away from the peak. Non-linear interac tions ca n allow 
th e oscilla tion at the peak freque ncy Wo to split into two secondary frequencies 
wl and ""'z, prov ided l/.Io = VI + Wz and Zko = kl + kZ ' For a negatively slop ing 
curve as observed (w,k) values are available that will a llow thi s. We therefore 
suggest that the weak oscillations of the upper mode are non-linear 'spread ing' 
o f the pea k along the d ispersion c urve. 

We beli e ve thi s to be an unusually clear e xample of this type of reactive instability, 
essentially driven by a non- linear interaction of t wo separate mod es. 
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OPTIloIIZATION OF INITIAL GAS DISTRIBUTION IN PLASloIA FOCUS 
DISCHARGES. 

R.G.Salukvadze, E.Yu.Khautiev, N.G. Reehetnyak, V.I.Krauz, 
A.A . Batenyuk, A.Ch.Chkhaidze. 

I.N.Vekua Institute of Physics and Technology, Sukhumi,USSR. 

Energy build-up in power sources (W) for plasma focus (PF) 
discharge systems ia accompanied by thermal flux increase on 
the electrodes and insulator and may lead to discharge cur­
rent leakage from the plasma layer compressed beyond the in­
ner electrode end. As a result of this, the current in the PF 
does not grow as wh, and the neutron output (N) increasingly 
falls behind the value which corresponds to the well- known 
scaling N~W2.. In the systems with 17d (Mather type), matching 
~s preferably accomplished by increasing the operating gas 
pressure. On using bigger-size electrodes, either the inter­
electrode gap "magnetic insulation" i s reduced , or the cur­
rent Wldergoes an additional decrease. However, in practice, 
the pressure may be increased up to a certain limit only, the 
discharge parameters remarkably degrading later on. 

In the KPF-) (40kV ,250kJ,l=24cm,d=11cm) and KPF-IM (22kV, 
36kJ,I=24cm,d=8cm) devices, i nitial phases and PF discharge 
parameters have been studied versus the operating gas compo­
sition and pressure for stationary filling and as a function 
of neutral gas density distributions a long the electrodes for 
pulsed filling of the interelectrode gap . 

Two types of breakdowns and plasma sheath formations are 
fO\Uld. In monoatomic gase s (He, Ar), breakdowns take place 
along the insulator and an azimuthally homogeneous plasma lay­
er is formed (Fig .1 a) .For molecular gases (N2 ,COZ ' air), at 
relatively high initial pressures (-:::.5Torr), from the very 
beg inning layer is typically split into radial filaments which 
are almost uniformly distributed along the azimuth over the 
plane crossing the insualtor-inner electrode interface (Fig. 
1b). For P=1 -5Torr N~ or CO;} at the same W the breakdown ty­
pes indicated above contest with each other. The filament 
formation process is vaguely observed in monoatomic gases as 
well, but only for extremal experimental conditions with the 
hiGhest pressure and the lowest power. Under the ordinary 
conditions, even the slightest impurities of molecular gases 
in monoatomic ones result in formation of filament within the 
uniform current layer typica l of pure monoatomic gase s. The 
curr ent fraction flowing throU6h the filaments builds up with 
increase in impurity levels untill the current along the in­
sulator becomes totally depressed (Fig .1c). 

For pure deuterium, the initial di8char~e evolution phase 
has certain specifics. For low pressure C"" 2Torr), an uniform 
small- scale structure develops/ 11 which aften'lards immedie t e­
ly levels out (Fig . 2a). With the pressure being further in-
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creased, within the small-scale structure backc;round, a large­
sCRle structure begins to evolve and there arise filaments 
similar to those observed in heavi e:c mo l ecular Gas discharges 
but with less defined boundaries. Por P-4Torr , these fi laments 
immediately split i nt o smaller ones and fUr ther on, the layer 
behaves a lmost in the same manner as for low initial pressur es 
but a certain azimuthal nonuni f ormity remains. For P ~ 8Torr 
the larGer-scal e s tructure becomes prevalent ( FiC .2b). It 
should be noted that fo r P=8-10Torr at W- 100kJ under the pre­
sent conditions there exists the upper limit fo r optimum 
deuteritun pressures with rather high neutron outputs still 
recorded for them. 

The results obtained indicate that in mol ecular gas dis­
charges, the breakdown types and plasma sheath shapes depend 
upon the W/P ratio. On increasing this ratio, e.g. by dimi­
nishing P, one can obtain conditions for uniform plasma lay­
er formation. 

The experiments conducted lead us to the conclusion that 
PF discharges have two optima of the initial pressures. At 
considerably low pressures an uniform plasma l ay er is formed, 
which drags the gas efficient ly f rom the initial region of 
the discharge volume . Simultaneously, at the beginning of the 
interelectrode gap the electrical strength is essentially in­
creased, this being necessary for spiking the discharge power 
in the end stage. The growth of intensity and total dUration 
of hard X-radiat ion component generation testify this. Neut­
ron outputs in low-pressure modes are smaller and less re­
producible in a discharge-to-discharge series. Since the PF 
generated ion beam intensities (during an unstable period) 
grow , the trend indicated may be due to the fact that the low 
-pressure modes do not lead t o the formation of a cumulative 
jet dense and prolonged enough, which serves as a plasma tar­
g et/2/. As distinct from above situation, higher pressures 
result in degrading the conditions for ion beam genention 
because of various current leakages from the main channel,the 
neutron outputs being somewhat increased but not reaching the 
scaling values. 

One of the ways for overcoming this cont radiction is to 
create profiled initial gas distributions with lower ed den­
sity near the insulator region. For this purpose, during the 
experiments on the KPF-IM device, deuterium was filled either 
through the system of apertures in the middle of the outer 
electrode or via the axial channel in the internal electrode . 
I n the second case, the coaxial outlet was plugged by means 
of a cylindrical copper cap, its bottom being 7cm away from 
the inner electrode end . Gas amount and its distribution 
a long the electrodes have been adjusted within the certain 
limits by varying the delay (~) between the opening time for 
the electrodynamic valve and the discharge onset. 

For radial fillings at small Y, the discharge behaviour is 
similar to the low-pressure mode described above. During t= 
= 0,6-0, 8 f!.' , a whole munber of discharge current drops and 



530 B 

corresponding voltage spikes is observed accompanied by the 
intense flashes of hard X-rays. The current layer becomes 
already instable at the stage of radial compression and 
splits up into a number of fi l aments; current transfer in 
each of the filaments is accomplished by electron beams/2/. 
On increasing~f the instable phase duration is reduced. The 
neutron output over the whol§ operating range of delays re­
mains at the low level (-10 (1 / discharge at w=)6kJ). 

Fig .) shows the deuterium pressure variation within the 
insulator region (dashed line) and near the electrode ends 
versus ~ , for the second type of filling with two values for 
press~re within the underval ve region: 1 atm. and ) atm. 
Fig.4 shows N versus tror the same time-scale as in Fig.). 
It is seen that on increasing the gas amount, neutron out -
puts rapidly grow untill the optimum pressure difference 
is mantained . When the pressure near the insulator begins to 
overgrow the pressure near the electrode ends neutron out­
puts become smaller than those fo r stationary fillings (ho­
rizontal line). 

Thus, on using the axial feedi ng method fo r the operating 
gas, one can obtain the best optimal conditions for initial 
discharge phase evolution and for incr easing the neutron 
generation efficiency. 
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l::i~IERGEUCE OP CliARGED Pi.RTI CLi:: .\HISQ'fROP¥ IN ~'HB 
MAGNETIZED PLASMA DUB TO I ON- IOn COLLISIONS 

Vikhrev V. V • • Dobryakov A. V., Rozanova G.A •• 
Yushroanov P . U. 

I .v.Kur chatov Institute of Atomic Energy ,l.ioscow, USSR 

ABSTRACT 

In a plasma confined by a r.1aenetic field the ion-ion collisions can 
resu~t in the emergence of ~xdsotropy in their distribut ion func­
tion. This effect emerges, "'hen the collisions provide the partic­

le distribution different from the ini tiel one. In particular, the 

. anisotropy should be observed at the relaxation of the isotropic, 
but not equilibrium , distribution to the lIaxwellian one. '1'he a."l.i­

Dotropy can also emeree from the LIaxwellian distribution of pm,ti­
cles, when inelaotic scctterings , re suI ting in the tre.m;foroation 

of these particles into another ones , occur . Theemercence of ani ­

sotropy in the charged fusion products at their isotropic birth 

in a plasJTIIl can serve as an example . 

The anisotropy emereence cffect is manj.fested most vigorously in 

the systems \Tl th 11ieh J3 ' \"!hen the Lurmor radius of particles i s 

\,;ulul'l;w:u·ull: \'1..L ~ll i;iu:! ei fec"ti ve dl.me.ns10ns or the system . 'l'he calcu­

lations of the charged particle distribution ani80t rOpy in the 7,­

pinch plasma are given in the paper. Both the rclaxation to the 

I.lexwelli an distribution and the birth of charged parti cles in the 

plasma as a re sult of nuclear collisiolW are considered. It is sho~7!l 

that in the non-skirmed Z- pinch, at the currents rv HM, more than 

90'; of all tri t .)DS and HeJ - nUClei, as a rcsul t of cJ..., -ci-reaction 

in the Z- pinch, move torl3rds Co cathode . The dentp.ron d1str1bu.ti o::!. 

func tion in the Z-pinch is found to become ani sotropic due to ela­

stic scattering among themselvetJ et t:1e rcla.'"{ation in this case, 

the particles Vii th an energy llir;her than the avcraGe thermal 

one move mainly to tl~e. cathode; \'/i th the lO;'/er one , m-1ft to an 

anode . High energy pm-ticlcs .. r coponsible for ncutron rncliution , 

drift to tIle cathode .,. .. 1 th a velod ty e;.:ccedinG the thcrf:lcl veloci ­

ty of ther;c pe.rticlcn i n the pJ.ecma . JIS n re sult , the fusion neu­

t r on radiation from the Z-pir.C!1CE ce...YJ. 1)0 .:m1:::::otX'opic . 
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CONFINEMENT STUD I ES OF RFP ' S IN HIGH DENSITY REGIHES IN ETA- BETA II 

Ant oni V. , Buf f a A" Car raro L. , Costa S., 
Flor G., Flora F., Gabe l lie r i L . • Giudicot ti L. , I nnocen Ce P., 

Hartini S., Orto lani S . , Paccagne l la R . • 
Puiatti N. E . • Scar in P .• Val i sa H. 

I st ituto Gas l onizzati del C. N. R. 
EURATQH-ENEA-CNR Association, Padova , Italy 

The sustainment of the pla sma density is one o f the crucial i ssues in 
RFP plasma confi nement. In fact at low densities , though high tempera tures 
are easily ac~ie~ed, Be values a re small er a nd confinement times a r e usual ­
ly degraded lIl t corresponding t o plasma electr ical resis t iv itie s large l y 
exceeding th~ classical value {- 2_/. 

Pel l et_injec~ion has already proven to be an efficient p lasma fuelling 
techniq ue { 2 , 3_1 .: I !:! this pape r r ecen t resu l ts ob tained with rhe inj ec tion 
of large pellets / ~ / into ETA -BETA 11 discha r ges a re disc ussed in te r ms 
of electron t empe~at~re, B , electrical res i st iv i ty and energy conf i nement 
time . Depending 011 the tim~ of pe llet injection , on the backgrou nd f illing 
dens ity and on gas wall load~ng_condi tions , var i ous density versus time 
behaviou r s can be obtained / ~ / . Therefore two se t s of high density d is ­
charges wit~ s!ightly diffe~ent time behaviours obta i ned with pellet 
injection { ~ 1 have been ana l ysed and compared with two se t s with no den­
sity contro l. 

The e l ectron density has been lueasured by means of ;! two co l our CO 2 
interferome t er and t he electron temperature by both a soft x- rays Si(Li ) 
detector and a 7-point Thowson scattering sys t em . All the data are averaged 
over several !l im itsr discharges and al so over t ime i n te rvals of abo ut 200 \Js 
in o rder t o ge t suffic i ent pho t on statist i cs for the PHA. 

Figures 1 ,md 2 show the electron de nsities and the cor r espond ing 
t emperatures vers u s t ime . The sets with pellet i n j ection are identif i ed by 
symbo ls in full. The differences in temperature though signi ficant a ppear 
to be less pronounced than t hose in density : this sys t ematically results in 
higher Ba values a t higher densi ties . Th i s is illustrated in Fig . 3 , where 

Bee :: < .nTee~/ (\2(a) /2\.10 ) takes in t ~ accoun t,the experimental Te ~rof i l es 
shown tn Fl. g . 4 and 5 for the cases ~o.'lth and wlthout pell e t respec tively . 

The time variation o f the resistivity a noma l y factor Z~ff ( 1 , 2 7 is 
shown in Fi g . 6 . In fact a va l ue of 4 for Z;ff ca n he cas~ly_j~s tifi~d by 
compu ting t he resistivity from an helici ty balance model L 2_1 . \olhen the 
densi t y is sustained and ma i ntained about constant the resistiv i ty remains 
prac tically c l assical . When the density is not controlled h i ghe r values are 
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obse rved at latc times, which, as ob se rved in the past I 1 / could be due 
to both and inc rease of the ion effective charge and a ~ha~ge i n the profi ­
les of Z('ff ' Te and current densi t y . The d i fference s in e and resis t ivity 
combine into t he e nergy confi nement t i me T ::; < oT > I VI cr: ST 3/2/ z* Ee e e cf[ 
so that improved conf inement is also associated to the higher dens i ties . 

The dependence of Bee ' Z~f[ and TEe on I I N observed in the pas t { -I I 
is confirmed also by these results . It must be em!,hasized t hat ill the de~­
s ity sustaine d dis c harges th e I/N parame t er l:~ll now be kep t cons tant in 

time a t '\, 3 . 5 · 10- 14 Am . This is favourable to the prospects of new experi­

ments ' -5 I and indi ca te s the plasma current t ermination ~s probably due t o 
lack of equilibrium . It would be therefo re very important to confirm also 

in ETA- BETA II the possib~li£y of extending the puls e l eng th by improvi ng 
th e equilibrium control /6 I . 

ETA-BETA II equ ilib;iu;;; relies on a conducting shell with b"0 . 145 m, 
0=5 ' 10-8 rim . Therefore one might e xp ect {-7 _7 a plasma displacement of 

~ 8 mm immediately af t er th e se tting up phase and subsequently inc r eas i ng 

with a velocity of "' 0 . 5 mm /ms . The tille behaviour of th e plasma s hift 
during a standard discharge, as derived from po loidal f lux mea surements is 

shown in Fig . 7(a) (solid line) . The initia l value is c l o se t o the theo r e ­
tical prediction , whe reas the subsequent ra t e o f increase is greater by a 

f a c tor '\. 4, which is probably due to the pr esence of 12 poloida l ga ps in 

the co nducting shell . The di scha r ge generally terminat es when the shift is 

~ 10 % of t he minor radius . 

Some prelimina ry equilibrium contro l has been obtained by varying the 
ratio of the currents in the in terna l and exte rn a l poloidal field inductors. 

This system has no flexibility and, due to the inc r easing flux needed to 
power crow - bar the discharge, produces a Bv ramping from ~ 2 to '\. 3 times 

the one theoretically requ ired without 11 shell, B~ {7_1 . Nevertheles s . 

s ince the diffusion of this field through the shell is relatively slow 
( < 20 % penetra t es after 1 ms), during th e first part of the discharge its 

effect i s benef icial to the plasma beha viour . Indeed , as shown in Fig . 7(a), 

for a discharge with ver tical field (dashed line) the p l asma shift i s 

< 1 cm for ~ 1 ms . As a consequenc e , ~ he plasma resistance i s lower by 
~ 10-15 % (see Fig . 7(b» . A clear imp ro vement in terms of allowed range 

of field and density progra~ing is a l so obse r ved, which allows e . g . to 
obtain discharges without the initial density "pump-out" (see Fig. 8) . On 

the o ther ha nd the discharge is always prematurely terminated afte r 
~ 1 . 4 ms, wh en th e penetrated ver t ical field ( '\. 20-30 % of B~) causes 

a large inward shift. 

In conclusion, sus t aining the density by pellet inject i on i n ETA-BETA 

11 results in higher 8 and improved plasma confinement. Pr eliminary experi­
ments with a vertica l fie l d i ndica te that this performance could be further­

l y improved by a better equilibrium control . 
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D2 PELLET I NJECTION IN ETA- BETA 11 PLAS~~ 

Antoni V. , Baseggio E . , Carraro L., Flora F ., Gabellieri. L . , 

Giudi.cotti L . • lnnocente P . , ~!artini S . , Puiatti I'1.E . • Sass B.*, 
Scarin P . , So;lIrensen H,*, Valisa M., Villoresi P . , We i sberg K.*, Zago S . 

Istituto Gas Ionizzati del C.N . R. 
EURATOH-ENEA-CNR Associati.on, Padova, Italy 

* Riso;ll National Laboratory, Denmark 

A s i ngle-shot gas gun pelle t injec t or developed by Ris~ _ La~oratory has 
been satisfactorily running on ETA-BETA 11 since July 1986 I 1 /. Recently 
the system has been used to i.nject larger D2 pellets (diameter - < 1 . 4 mm 

and 2.5 mm length) , with number of par t icles and speed varying i.n the r ange 
O. L-1.2 · 1020 atoms and 60- 170 m(sec, respec t ively, The pellet is inject i'd 

in the plasma radially through a 4 m long nylon guide tube and 1. 2 m of 
free flight in a differential pumfling chamber and manifold vacuum connec­

tion . The speed and the mass of the pe llet are measured respectively by 

optical detectors and a microwave cavity. The pellets have been injected at 
different times before, during and after the start of the plasma current in 

discharges with flat-top plasma cu rrent of '\, 150 kA. The average e l ectron 

density has been measured with a t\.;o-colour CO
2 

interferometer . In Fig . 1 

a r e shown three typical time behaviours of the average electron density 

obtained by injecting the pellet ZOO ~sec af t er t he start of the current 

with a speed of 120 rn/sec (the arrow i ndicates the time of the pelle t 
entrance into the vacuum chamber) . Curves (a) and (b) in the figure corre­

spond to pellets of the same n~minal mass (mp =- 1 . 2' 1020 atoms) and to 

discharges with the same filling pressure; curve (c) refers to a case with 

filling pressure lower by 30 % and m '" 8' 10 19 atoms . \fuen' ,the pellet 
enters the discharge chamber at t he ~tart of the pl asma, current, the 

electron dens i ty remain~ const,1nt during the discharge, with a value in the 
range 0 . 7-1 . 5'1020 m- . For example, Fig. 2 shOl.,.s the time evolution of 

the electron density (curves (a) and (b» and of the I/N parameter (curves 

CC) and (d» correspon~ing to two discharges in \.,.hich the pellets hav e the 

same mass (mp '" 1 . 1 • 10 0 atoms), velocity Cv '" 110 m/sec), and \.,.ith the 

same filling pressure . The e lectron density gurves show a high fluct:::at~on 
l evel ; however, the 6n/ n is similar to that measured without pellet { 2_/ . 

The density s ustained discharges produce a gas wa ll -loading effect 

that gives a significant gas influx from the wall, leading to higher 
densities also i n the edge r e gion. This is indirec t ly see n from t he visible 

line emission of low ioniza t ion s t ages of C, Cl and Fe that are not 
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observed in non-sustained standard discharges. 
Th e time behaviour of th e Du line measured th rough a dump in front of 

the entrance pipe of t h e pellet is quite different in discharges with and 

without pellet. In particular, with pellet, the emission persists during the 
discha r ge (Fig. 3) . \.[ 1th small pellets t he effect consists only in t he 

addition of a sp ike in the emission, s uggesting that the pel let is poloi­
dally deflec t ed and moved out of the line of s i ght , -) 7; with larger 

pellets, however , the emi ssion persists, possi bly i~di~ating a smnller 

deflection . In the latter case it is possibl.:: to infer that the ablation 
time is comparable to pulse lenght ( '\.. 1 msec) . 

The effect of the pellet is a l so seen in the time behaviour of l i ne 
emission in the XUV spect r a l range . For example , Fig . 4 shows a comparison 
of OVI em i ssion with and without pellet . In gene ra l a higher emission from 
impurities and deuterium is observed . The radial emission prof i le of 0111 
and OIV , ob tained by inverti ng the s i gnals measured by a multichord Ebe r t 
spectromet e r , are not too different froll those measured without pellet 
(Fig . 5) . In fact , the emission aft~ r the i onization peak, comes from 
the external region of t he plasma , both for discharges with and withou t 
pellet , consistently with the outward shifted equili bri um of the ETA-BETA 
11 plasma, which has no vertica l magne t ic field control {- 4 7. Howeverwith 
the pellet, the Da line emission comes from a reg i on wi der than without 
pellet (Fig . 5), indicating that neutra l a toms are present in a wider edge 
region . The average neut r al density , however, i s , within a factor of two , 
simi lar to that without pellet ('\, 1018 m- J ) . 

The electron t emperature prof iles remain fa irly flat throughout the 
discharge and, compared with discharges wi thout pellet , the central tempe ­
rature inc reases little ( 4 7. However the resis tivity remains almost 
c lassica l and higher Be values are achieved . 
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SOFT X-RAY ARRAY RESULTS ON REPUTE-l REVERSED FIELD PINCH 

N.Asakura, Y.Nagayama, S.Shinohara. H.Toyama 
K. Mi yamato. N. I nave'~ 

Department of Physics, Faculty of Science, 
University of Tokyo, Hongo 7- 3-1, Bunkyo-ku, Tokyo 113, Japan 

*Oepartrnent of Nuclear Eng i neeri ng, Faculty of Engineering, 
University of Tokyo , Hongo 7-3-1, Bunkyo-ku. Tokyo 113, Japan 

1. INTRODUCTION 

Recently, many experiments have shown that the RFP plasma can be 
maintained for a long t i me than the magnetic diffusion time and that tota l 
toroida l magnetic flux is genera t ed in the sustainment phase of the RFP 
d ischarge /1,2/. Experime nta l and numerical results indicate that these 
phenomena are due to a re l axation process leading to the lower energy 
state and tha t tillS process is closely related to MHO instabilities or 
fl uctuat ions /3,4,5/. The pr i ma ry interest in RFP phys i cs has concerned 
or. the causal mechan i sm of th is relaxation process. 

Soft X-ray measurements have been made \vith Surface Barrier Diode 
(SBD) arrays i n REPUTE-l RFP device ( R/a = 82/22 cm) /6,7/. Applying 
the tomography technique to the soft X-ray data , we can reconstruct the 2-
d imensional images of the soft X-ray emissivity and can investigate the 
dynamic mechanism of the relaxation process in the RFP plasma, 
experimentally . 

2. SOFT X-RAY MEASUREMENT SYSTEM 

Figure 1 shows the schematic view of the soft X-ray measurement 
system. The arrays of 7 SBOs OI nd 11 SBOs are arranged to view a minor 
c ross section of t he plasma from the vertical and horizontal diag nostic 
ports at the same toroidal position, respectively. The soft X- ra ys 
e mitted fr om the plasma are imaged on each diode array, passing through a 
circular pinhole of 5 mm diameter, In front of each detector, 4J.lm 
po l ypropylene foil filter is placed in order to cu t off visible and VUV 
photons due to the line radiat i on of light i mpurities . The line-averaged 
soft X- ray data are reconstructed to the cross-sectional emissivity 
profi le by the tomography technique /8/. 

In addition to these a r rays, 2 sets of simple arrays consisting of 2 
SBOs with 4J.1m polypropylene filter and viewing ±7 cm off-axis in the 
poloidal direction , are located at d i fferent toroidal positions . 
Toroidal propagation of the soft X-ray fluctuat i on can be observed by 
them. The magnetic fluctuation measurements are also carried out by the 
use of magnetic probes which are set at the plasma boundary, 
Si multaneously . 
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J. EXPERIMENTAL RESUNTS 

Fi'gure 2 shows typical time evolu t ion of the plasma parameters and 
line-oF-sight soft X-ray emission. In the sustainm ent phase of the RFP 
plasma discharge , the fie 1 d reversa 1 ra t i 0 F and pi nch parameter e rema in 
-0. 4 and 2.2 . respectively. The intensity of the soft X-ray emission 
depends mainly on the plasma current l p and filling pressure. Pf. In the 
case of relatively low fil11ng pressure ( Pf < 1.6 mtorr ) and high plasma 
current ( Ip > 200 kA ) d i scharge . the soft X-ray emissivity increases 
enough to be observed. \~hen the value of l/N exceeds 5xlO- 14 Am, the 
characteristic fluctuations appear in t he soft X-ray signals as shown in 
Fig . 2. 

Figure 3 shows the profiles of the soft X-ray emissivity in the 
period of t '" 1. 21 - 1.28 ms fo r the same shot as Fig.2. The emissivity 
increases rapidly in the hot core region from t '" 1.24 ms . In this phase. 
the displacement of the hot core i s small and the contour of the 
emissivity profile is almost ax isyrnmet ri cal . After a few precausal 
oscillations. an abrupt large crash of the emissivity profile starts from 
t = 1.27 ms. Figure 4 shows the t ime evol ution of the emissivity profile 
during the la r ge crash. The displacement of the hot co re becomes large 
( !:J.r/a > 0. 2 ) and the emiSSivity profile is distorted. In the period 
of t '" 1. 280 - 1. 286 ms, the emissivity profile changes to a hollow one. 
This result indicates the reconnection of the magnetic flux surfaces. 
After the crash, the profile of the sof t X-ray emiSSivity increases in the 
outer region of the pl asma ( rla > 0.7 ). 

The toro idal propagation of the soft X-ray fluctuation ca n be 
measured by the a dditional SBD detectors . The r esult suggests that the 
toroidal mode of the large crash has very low n number. 

The magnetic fl uc tuation measured at the plasma boundary has dominant 
m'" 1 mode with the frequency of - 100 kH z. The amplitude of the m = 1 
magnetic fluctuation and the differential signal of the toroidal magnetic 
flux are increaSing as the soft X-ray emiss i vity profile peaks in t he 
central hot region. Corresponding t o the succeeding crash process of the 
emissiv ity profile. the ampli tude of the m == 1 magnetic fluctua t ion 
decreases rapidly and m = 0 magnetic f luctuation appears for several ~s. 

4. SUMMARY 

l 'n the sus tainment phase of the RFP discharge . the characteristic 
fluctuation of the soft X- r ay emissivity repeats seve r al times. There 
happen the peaking and subsequent large crash of the emiSSivity profile 
afte r a few precausal oscillat ions. One period of the soft X-ray 
fluctuation ranges f r om 60 to 100 ~s. The amplitude of the soft X-ray 
fluctuation increases and the period becomes shorter as the plasma current 
i ncrea ses in the same discharge. I'lhereas the duration of the large crash 
a lwa ys remains about 30 "..s ( corresponding to ",100xtA in REPUTE-1 
experiments) and to ro ida l mode of this fluctua t ion has very low n number. 
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In this crash process , the specific distortion of the emissivity profile 
can be observed. Thi s resu 1 t i od; cates the recon nection of the magnetic 
flux surfaces which i s p r edicted by MHD non-linear reconnectio n mode l 
/4.5/. The behavior of the magnetic fluctuations correlate very well to 
this soft X-ray fluctuations . We find that the soft X-ray fluctuations 
observed ;n our experiments reflect the relaxat i on mechan i sm of the RFP 
plasma . These phenome na are considered to be driven by the g l obal MHO 
activities . 
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Fig . 1. Schematic v iew of SaD arrays ; the arrays of 7 saD s and 
11 saos are installed on the vertical and horizontal ports . 
respectively. The soft X-rays emitted from the plasma are imaged 
on each SBD array. passing through an imaging p inhole of 5 mm 
diameter . 
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Fig . 3, Profi les of soft X-ray 
emissivity in the pe r iod of t='.21-
1.28 ms for the same shot as Fig.2. 

Fig . 2. Time evolution of the RFP 
plasma parameters for high I / N 
d i scharge ; I / N- 5xlO- 14 Am in the 
sustainment pha se. Plasma current 
j p. loop voltage Vl. toroidal 
mag netic flu x ~)t . t oroida l magnetic 
""'ield at the wall Btw and soft X­
ray si gnal are shown. 

Fig. 4. Contours of the soft X-ray 
emissiv ity proflle in t he large 
crash as shown in Fig. 3. 
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REC ENT EXPERI MENTS OF THE RFP OEV ICE , REPUTE-l 

H. Toyama , K. Miyamoto, S. Shin ohara , Y. Nagayama 
K. Yamagis hi, N. Asa kura. A. Fujisawa . H. Ji 

Department of Physics, Faculty of Science. Un ive rsity of To kyo 
Bunkyo-ku. Tokyo 113. Japan 

Abs tract 

N. I ooue . Z. Yoshida . J . Morikawa, K. Hatter; 
Department of Nuclear Eng ineer ing, Faculty of Engineering, 

University of Tokyo , Bunkyo-ku. Tokyo 113. Japa n 

The variou s ope rational conditions , t he vertical fie ld control, 
ca r bonization and toroidal field ripple red uct ion. ha ve been tested to get 
bette r plasma discharges . The sc a ling of i on temperat ure as to plasma 
cu rrent and density has been oBtained using 8 channel polychrome ter. and 
the edge plasma properties have been stud ied by Langmuir probes . 

Int roduc tion 
The reversed field pinch device REPUTE ~ 1/1 ,2 , 3/ ha s a 22cm mi nor 

radius and an 82cm major ra di us . Ordinarily the d i scharges are done 
withou t limiters . and the main plasma parameters are as follows : the 
plasma curre nt Ip is· about ZOOkA at that fla t top. the c h o rd ~aver aged 
e l ect rfJ1 defsity ne measured with COZ laser in terferomete r is O . 2~ 
O.6xlO /cm at cu rrent f l at top , and tne discharge duration is about 
2. 2ms . In t his paper the result s of ion tem peratur e and Langmuir probe 
measurements will be reported after seve r al experiments to ac hieve bet t er 
plasma parameters . In a n a nother paper t he r esults about so ft X~ra y 
meas ure ments are presented. /4/ 

Improved discharges 
The optimum discharge obta ined so far is show~ in ~ i g . 1. The flat top 

o f Ip is250kA. a nd ne is main tain ed up to O. 5xlO 4/ cm . The durat i on of 
3.Zms 1S about 3 t1mes of s hell's skin time f or t he vertical fiel d 
pe netration. For t he pu rpose of reducing the mismatch between the pla sma 
current and the vertical field coil current wavefo rms. ohmic heating coil 
is connec ted in se r ies with vert 1cal field coil. The current of vertical 
fie l d coil is cont rolled by a shunt co; 1 with parallel connect i on. As t he 
result. the discharges with improved reproductivity and increase of the 
duration by about 20% are obtained in the case that step down transforme r 
ratio is 4: 1. Carbonization i s pe r formed at room t emperature by means of 
glow disc harge with the H~~CH4 (ratiO is 7: 3) mi xed gas . Afte r 
~rbonization . it is observ~4 th~t ' pump~out ' phenomenon d i sappears and 
ne is maintained up to 1.5xlO /crn for about Z.Oms. 

Ripp le reduction expe riments 
To reduce toroi dal field ri pple . trimming coils have been wound a t the 

outer side of the torus bet ween each toroid a l coil. As a rough estimate 
these tri mming coils are expected to reduce toroidal field ripp le f rom 
1.5% to 0. 3% at the plasma edge . The tr imm ing field is applied lms after 
the plasma initiation . when the plasma is in the RFP~configuration phase. 
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Consequently. one-turn loop voltage decreases from 260V to 230V with the 
increase of the plasma current from 220kA to 230kA. Furthermore. the low 
frequency part ranging from 4kHz to 10kHz of toroidal field fluctuations 
is found to be reduced , especially outside the reversal surface. which is 
main ly m=l mode and has good coherence in space and time. 

14easuremenls of i on temperature 
The ion temperature Ti has been measurtG from Doppler bloadening of QV 

line(2781A) , and the dependence of ion temperature on plasma parameters 
has been studied at current flat top. Figure 2 shows the time evolution of 
oxygen lines. For comparison, the central electron tempera ture of plasma 
Te ;s calculated from Spitzer's formula . In typical discharges Ti is more 
than 100eV, which is higher than Te around 60eV to 80eV. It ;s found that 
Ti increases with the decrease of ne ' with the d"n.crease of Ip . As the 
resu lt, it is shown that Ti is proport ional to Ip · ~/ne(fig. 3); the range 
of the QarafJIeters is following ; Ip from 100kA to 250kA, ne from 0.1 to 
2.5xlO lll /cm j at the current flat top. As for the dependence of Ti on the 
drift paramete r . which is defined as the ratio of electron drift velocity 
to its thermal velOC i ty, it is shown that Ti i~2reases linearly with 
increase of the drift parameter from 0.0 to 1. OxlO . 

Edge plasma 
Langmuir probes , which consist of four cylindrical molybden um tips , 

are used as double probes or s ingle probes to measu r e radial pr ofiles of 
ion saturation current ' Is t, floating potential Vf a nd their 
fluctuations . At the reversa~ surface region , (1) lsat has a steep 
gradient ; (2) Vf has minimum value in radial direction; (3) fluctuation 
level of toroidal and poloidal magnetic fields , Isat and Vf , are higher 
than thos e in the other regions . Mo r eov e r , a frequ e hcy spectrum and a 
wavenumbe r -f r equency spectrum is measured for both po t ential and denSity 
fluctuations near the reversal surface (Figs . 4 and 5). Potential and 
denSity fluctuations show quite different properties at the same spatial 
poi nt, whi ch sugges ts e l ectromagnet i c characters t1 cs. For I p :: 11 OkA case , 
the fluct uation level at the central region is also measured. It is shown 
that fluctuations have almost the same level at the edge reg i on as the 
central region , which is typically 2-6% for magnetic fields. and around 
20% for dens i ty. 

Conclusion 
The discharges of REPUTE-l have been improved by means of the vertical 

field cont rol , carbonization and OoSoidal field ripp l e reduction. The ion 
temperature is propo r tional to Ip • /ne, and the results of fluctuation ' s 
spectrum by Langmuir probe measurements are presented. 
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Fig . 2. Time evolution of oxygen lines of typ i cal discharges . 

Ibl 

Fig. 5. Wavenumber-f requency spectrum for density«a) , (b» and 
potential«c). (d» fluctuat i ons near t he re versal s urface. 
Here. y and z ind icate pol oida l and toroidal directions. 
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Enhanced Co nfineme nt of Accelerated Ions 
in focused Discharges 

v. Nardi. l. Bilbao, J. I3rzosko, M. Esper, C. Powe ll, D. Zeng 
Stevens Institute of Technology. Ho boken . New Jersey 07030 

A. Bortolo t tl , F. Mezzett l 
UniversHa di Ferrara , Ferrara 48100 Italy 

Characteristic features of the energy spect r um of accelerated 0+ 

ions with energy 0.3 MeV ~ E ~ 7 MeV have been experi menta ll y determ ined 

for the con f ined ions in a pla sma focus pinch via the 0-0 neut ron 

spec trum and for the ejected ions via a va riety of ion spe.ct r omete rs, 

I'l1th or without nanosec t i me r esolut ion. A strong correlation ex i sts 

between (i) neut ron yie ld y in a sing le shot and (i f ) escap ing 10n-
2 n < _ 

beam fluence d ",Id!» dE I ... hich increases with Yn as long as Yn '" 2 Yn' where 

Yn 1s the mean value of Yn over hundreds of shots under ident i ca l condi­

tions of pressure. capac1tor-bank voltage, electrode geometry . . In shots 

\'11th Yn :> 3 Yn the ion em ission fa ll s belOl" the limit of detectabl1ity. 

Thi s 1s verified by observations of the i on emission in all direct ions. 

The insert ion of field distortion elements between the el ectrodes increases 

Yn by a factor:> 3 without affecting the co rrelation between ion fluence 
( - 9 and Yn Yn :;' 10 for a 6 kJ. 6 Torr D2 shot) . The di stribution of the 

curren t in t he interelectrode pl asma reg ion and the induced variat ions 

via field di stort i on el eme nts are monitored by magnetic probes. The magni­
tude of the observed current-inten sity peaks control s ion-a ccel erating 

fields and ion confi ning fields. The charac teristics of the confined 

popu lation of acce l erated ions and those of the ej ected ions are consisten t 

with an acceleration mechanism whi ch 1s ext remely loca liz ed in space« lOOvm) . 

In pa rallel with spectromete r data nuclear activa tion of gaseous targets 

and of solid targets ; s used as fu rthe r method for di scr iminating among 

dif fere nt processes of ion acceleration. 
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NUMERICAL OPTIMIZATION Of DENSE PLASMA FOCUS 
M. ZAKJl.ULtAH, T.J.BAIG llnd G. MURTAZA 

Deptt. of Physics, Quaid-i -Azam univ. Islamabad , Pakistan . 

A generalized snowplow momentum equat lon describing the dynamiC be­
h.aviour of high density Z-pinch base :! on ideal MltO model is used 
fOI" numerical optimizat i on of a MaUlr-type Plasma FOCUS as a func­
tion of the physical paramete r s li"-" aspect ratio , radius ratio , 
chdrging voltage , capaci tance of th! bank, external induotance of 
the circuit , filling pressure . bre i .kdown interval, length of the 
insulator s l eeve . and specific heJ.ts r atio y. The results are found 
to be in agreement with the empiri~al values of the existing devices. 
The y also suggest that the figure (f merit ni may be enhanced mani­
fold by choosing suitably the experimental p a rameters. 

Dense plasma focus is a simple functional device. However, its theore­
tiC'ill understandinq is not very sa tisfactory. Potter (197 1 ) and Haxon et al. 
[1')71~) developed a t......::> dimensional NII D code and determined the dynamics anu 
structure o f the current sheath. Al thouqh t heir study was very helpful in 
undel'standing the physics o f the machine , yet it could not be employed for 
designing a dev ice. Using ideal MHD equations, we have developed a model f ot: 
the dynami ca l behaviour of a Nather - type plasma focus with a view to ach ieve 
numerical optimization of the device vis a vis variation of different experi­
mc.ntal parameters. The dynamics of the plasma fOCus exhibit th r ee distinct 
phases - breakdown a nd formation of th e C1;I"rent sheath, axi a l rundown t o the 
ti p of the central e lect rode and finally 'he radial co llapse to the z-axis. 

The cur rent sheath s tructure dU l:ing the axial rundown phase is yoverned 
by the equation:; 

d~? ( 02 1 2/R2) slnO_ \~Z/d1'lz 
dl:Z Z 

d 2 R (o.~ 12 /k2)cose_ (dR/dT)2 
(iT2 - R - Ro 

alorl(; wi th the cu rre n t equation 

where 

di 
dT " 

i" 111 0 , T: t/to 

1 - f i dT - 1l('\Z/dT) 
---1~-

" % , Io -Vo(Co/Lo)~ ~o" (LoCo). 

( la) 

( IbJ 

12) 

Vij is the chargi ng 
volLilyc , Co the (;apa<; itance of the capa.; .tor bank and Lo the external induc­
t':IU (;C of the (;i,rcuir . Z. a n d R represent tne position of the cu r["cnt sheath 
" "rmalizcd with the aeceler<l t or length : ' 0 and outer radius b r espectively . 

2 2 2 2 l.i . 
1" .. (~oVo Co I 41'n ob zo ) , (tu .. Ct (zotbJ and n "' (~Qzo/2rrLo)ln(b/a) appe.H 

as dilnensionless scaling parameters . a is the radius o f the inne r electrode 
ilnd (10 the ambient g a s (lcnsity in the ~cce leratar . Rcr:(a/b) and e .is the 
anrJlc whi ch the can ted current sheath 1.I!kes with the z-axis. 

For the study of radial co llapse i,hase, qenerali.zed snowplow momentum 
e quiltion as derived from the ideal HHO lRodf~ l [Zakaullah et al . (1987)] is 
used. Besides the tern1S of the original snowplow mome ntum equat i on, some 
new tetms llc cour,ting for the tens i CK1 due :0 azimuthal ma gnetic fie l d line~ , 

k i,x,ric p re~sllre and compressible natute of the p l asma column , arise. For 
11,,, r •• <.Ii ... l t;ollill )SC phase o f the I, lilsrn<, f~.~us. the equation t akes the f onn 
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Table): J.:xper h entoll rolrame ter s o ! diffe .. ent device s . 

\ 

D to V I C J.: Co ( UF) 1.0 ( nil) 
~ UoV~C~Rl E .~Lg-=¥ c , " (' -l4?r

o
b ~ rJ-!it;21n(b!a) of' REFERENCE "0 • , ,,-

l. Los Alamos Scientific Lab. " 3J -0 . 65-0.115 -0 .011 - 0 . 99 s. 1. 92 Mathe .. 11965) 
Univ. of Cillifo .. niil 

>- Los Alamoa Sc~nt1!ic l.<1.u. " " - 0 .69 - 0 .017 - 1. 7 '. 0 1.0 Mather et al. 
Univ. o f California (1968) 

,. National Aeronautics and Space US 18 - 0.9 - 0.025 - 2.3 '.0 1.0 ,Jalufka et al. 
A.dministration, Langley (1912) 
Research Centre, Virginia. 

.. Applied Physics, Technische '.1 " - 0 .3 - 0.02 - O. 94 4.0 3.l2.5 Michel et al. 
Hocnschule LlarmstaOt r.K.G. (1914) 

n 

'" s. I.ab. de Fiaiea del Plasma, 51,43,33 • 0.35 - 0.025 -O.H-O.El '-' 2.65 Gratten lit 0.1. 

'" Univ. de Buenos Aires (1971) 
Argentina . .. UM DPF Univ. Malaya, " " - 0.65 - 0.25 - 0.46 '.0 , .. Lee et al. 
Malaysia. (l9B4) 

1 . UNU!ICTP DPF Univ. Malaya, " 110 - 0.64 - 0.245 - O. J9 .. , , .. Lee et ill. 
Malaysia. (1986) 

.. SPEED 2, Physikalisches Institut I " - 0 . 19 - O. 00008 - 2.6 1.0 ,.0 !';iea (l9B6) 
Universitat OIlsselderf F . R. C. 
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where Rp i s the time dependent r-aaiu5 of the plasma column and Ri its ini ­

Lial radius whcn pinching just started, both normalized by the radius of t h e 
inner tl lectrooc , and 'f is the specific he"t~ rat i o. 'l'he associated equation 
for the currant in the eil-cuit may be writtfn as 

di l -1i dT + 11\ UdZldT)ln (ReRp) /U + 111 iZp (dR/dT)/WR
p

) 
d'l' - ______________ ~ ______ _"O_ ______ ~ __ "_ ____ _"'_ 

l+t1-fl)Z In(R~R)/U 

- (4) 

p p 

where U= (zo/a), (l1"(~OV~ d/4n2 Po a ') .\;, 
\.JUZo 

S"(2p~ LoCo/poa 2 ) and n) = 
211LO 

are dimensionless scal ing parameters, Po is tile ambient pressure in the 
a c celerator and Z the length of the pinche'] plasma filament. 

p 

Wc Shal l so l v ... the equations (1-4) numerically using one hundred 
po int mesh in L.!Igrangian coordinate system. If we choose the pa rameters 
U" 0.64,6=0.2 , Il"'O .5,zo/b=6.0, Ro·O.3,Il - O.05, z\_O .1 5 andy= 5/3 , 
the numerica l solution descl"ibes the fOl"milt::i ':m of a current sheath and its 
ev(> lution during the ilxial phase as well a:, the radial collapse ph a se. This 
is depicted in figures 1 and 2 . The choiCe ) 1" the scaling paramete l"s is fo r 
the purpose of i l lustration an d is based ('lr the empirical data summa l"ized 
in tab l e 1. 0 represents tre tiJI:e interval fe-r breakdown and forma t ion o f 
l: lIr r eJ,t sheat h normalized by tD and Z\ is the r~tio of t he length o f the 
in;, ,,l ato r ,;]e",ve and the accelerator . The numerical model is also employed 
t o s t uny the inuividual effect o f the sca.'.n<) parameters on the behaviou r 
u f Lhe pinch ra t io and t he confin€:men t time of the focus plasma . We have 
sp.::c ifically estima t ed the nT value as a function of the parameters Ra , Z\ , 
11, ( tand zo/b . The e f fect uf remaining paruneter s is rather weak. The resu ~ 

It!:l olre summol rized in figure] (\nd ca n be usefu l as a guide in design ing a 
.i.;n!:>e p lasma f ocu» of appropr iate characteristics. 
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:!L: :'101-as are bl ocked. by el~ctro3t::ltic ~.: irrors .. :ts I7lai.."1 para .. e­

ters Hre as fol l m-!s : Nagnetic fi. :J:;'c. 0 .5'1 at line cusp , .L'lugging 

~lcctrostati c:-ie1c. 2Ch.'V / cr:. at l ir.o cusp and at point cusp , 3pa­

ci:lg bet,reen point cusps 2Ccm, ].adius of line cusp 1Ccrr" :1ace 

5 - 4_ 
pressure of the device .10 ~a. 

Hydrogen plasQa i~ produced by a pulse~ electron beam.The de­

nsi ty of pla3!r.a is measured by means of ar. electron current co­

l:~c~ed at the ffi10de . Typical densities a r e about 4.7 . 1C11 cM-3• 
The ion temperature is estimated from the character istics of 

thG! grid 

potential 
energy anal;)"zer a.:1d is typicall y about BOaV ~ !'lasma 

is about - 300V .. Thc results of recent experiment3 can -

b) sUflUTIar ized as foll ows : 
1) Confinement time is 3ms to 5ms and theoretical result is 

4.6ms at saree condition.The sag .of -tne P9tential in the anode 

region is about -200V. 

2) The rel ation that the inj ection electron veloei ty is pro­

por t i ona l to peak axial magnetic field is obtained in our expe­

rimen t (See Fi g .1, here I is magnet current).The optimum inj ec­

t ion positi on obtained 9:;cperimentally is 27 .5.:! C. 5em from the 

centre of the macbin e . 
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3) Experiments have demonstrated that the life time of pl asma 

increased by the order of 103 can result in significant reduc­

tions in plasma end los ses.The electrostatic field provides this 

p1ueging . 
4) The scalling law between the density and the magnetic field 

(n~B2)has been proved . Same l aw has been achieved in Similar 

kind of devices in other countries.Fig .2 shows theoretical limi­

ted den s ity(1) and experimental r esults at the diffirent injec­

tion energy of 92\1(2) and 31101(3) • Another propertie~~ of plasma 

confinement haye been also determined , for exampl e , the dens ity 

verSus the injection energy, the life time versus the magnetic 

f i el d and the injection energy and s o on. 

S) The potential sag profile in t he anode region 11a .3 been mea­

s ured(See Fl g . 3 , here aT} arrowhead i.,di cates the stopping injec­

t ion time) . The r esult 8ho\"s tha t there is a potential shielding 

in thiS kind of device . It "till influence t he effect of the pl.ug­

ging . HoH to reduce space el ectron charge in the anode region i s 

very important topic !'or this kLYJ.d ef ::1.~Vice . 

~he energy spectra of ions and electrons have t Gen rr..easured 

and two kinds of ion temperature h~ve i)een observed in t:1e expe­

riment . The results a r e di ffirent frcm allother j evices . f.s ShOiffi 

in Fi g . 4 , they are BCeV and ;t.j.GeV during a period :from ~ms to 4 

ms , where t=O corresponds to the el ectron gun turned 0::1 , t=4rr,.<e; co­

r r esponds to turning of~ , but ocly sigle temperature a I'pears at 
O. 3r.,s after turning On a.nd at o. 3rns ~ftar turning off w \"le thL'""lk 

an 9lt:;!ctron bea=.-r1asma int '~raction is a possi': l >3 r eaS On. ':ie [~.re 

going to :JtU'.l~! t hf"!sl] problems in :!e:tail tl:i s ye~r . 

Next s ter. , we plan to develop t he \.~o·'ic .) into cm 61cctrosta~~ic.l 

plugging .;n:~ ;lue ::i t:-_ C'. ~ =&at.:.v ~ po-t'.mtilll i1":: !'':1 :lxi~~-,:.ro~tri c: 

tarder.l I.!':'rror . 

;::&~GrC:1C.J3 : 1 w ~. w,·,, :·~.:.;1·CYltic7 , ~'~~':::: -T:-:-7:':"2 

2 . t<J.~. n<V<l<fQ.mb.g,,)I~ . A. 3. 32 , :(',7<: ;j' 
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3 . ':iun ·-·l-on£;- '·'u , :;uc. :'usion <l11U ",;"1. !."::;{<=:. 5 , 2 (1985 )~08 

FigtU'£! Capticn s : 

r.'ig . , the lirr,i t ir:.g condi "i:ion ef -al'3c-crc·:-. i~j ectiGn 

Fig . 2 the scf:tlliL':.€,- lau v! i:·l o:..::::--~ ,-:o:1.">ity 

Fi£o :5 t h e ~ota:1tial sag !J1 .:!llO':C :'~':)G':"o:r. 

Pig . 4 tb:~ ion ;.:nel~gy c p :-;ct;rt:L: 

'DL--L __ ~ __ ~-t~~~~-L __ ~~ 
10 2." 3D 40 

Fig. 1 magnet current r(A) 

t ime t(ms ) 

Q r--~,,-r--, ~ .,,--., 

Fig. 3 
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ICRF HEATING AND CONFIN EHEN! EXl'ERllIENTS ON TANDEH 
NIRROR GANl'.A 10 

M.lchimura , S. Adachi, T.Che, H.lnutake, K.Ishii, A.ltakura, N. Fuj ita , 
J.Jeong, r.Kariya, I.Katanuma, Y.Kiwamoto, T. Konrloh, A.Hase, 
S.Niyoshi, Y. Nakashima, T.53ito, K. Sawada , F . Tsubo i, N. Yamaguchi and 
K. Ya tsu 

Plasma Research Center , Univers ity of Tsukuba , lbar aki 305 , Japan 

ABSTRACT 
lCRF heating experiments using antennas installed in the cent ra l 

cell in GAt-ll-tA 10 are reported. The pl asma is su st a ined when t he 
resonance of w/wc i"'l exists nea r t he midpl.:tne of the anchor cell. 
The plasma of which density is 10 13 cm-3 is produced by arranging t he 
phases between an tennas . The particle confinement t ime increased 
remarkably up to O.45sec with the combination s of ECH and NBl in the 
parameters of n=3 .5x lOI2 cm- J and fi ~1.2keV. 

INTRODUCTION 
The concept of tandem mirror with thermal barrie r has been 

demonstrated by TIL,{-Upgrade/I/ and GMR-IA 10/2/ . The effici ent 
formation of a plug potential has bee n rea lized in associa t ion with a 
t hermal barr ier and t he decay of the t he rmal barrier has been mainly 
due t o the cl a ssical proce sse s in e~~~ 10 experiments/3/ . The 
higher centra l ce ll ion temperatu r e and the lower barrier density 
plasma is requi red in t he startup phase of the tandem mirror . The 
pl asma s ta rtup by using ICRF is reported by s everal devices/4,S,6/ . 
In this pape r, we desc r ibe the plasma startup by using lCRF which i s 
su i tab l e f or the CANt-lA 10 t ype t andem mirror cha rncterized with 
inboard minimum-B anchor a nd axisYlllTletrized pl ug/barrier cells. 

EXP ERIMENTAL RESULTS 
The schematic drawing of the magne t i c field conf i guration of 

eM!}1A 10 and l ocations of ICRF ante nna is s hown in Fig . l . So- ca lled 
Nngoya Type-IH an tennas without Faraday sh i eld and cerami cs cover are 
i nstalled in both ends of the central cell . The conventional double 
half t urn antenna , o.l"r, is set near the west Type - Ill antenna . The 
cyclotron resonance layers of w/ liJci ==l, \,There w is the applied 

CENTRAL ANCHOR PLUG/BARRI E R 

B(kG) 
CELL CEll CELL 

3 0 

2 0 RF 
10 I - -----

0 
0 5 10 Z (m) 

..E.i&.J The sche matic drawing of the magnetic f ield of CANMA 10 
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frequency and wei the ion cyclot ron freq uency , exi s t bo th in the 
central ce ll and in the anchor cell at a s ame t ime ;)s shown in Fig . 1. 
Gas -pu ffe rs only in the central cell are used . The plasma can be 
sus tained by the central cell ICRF i n the case t hat the w/ wci"'l 
resonance exists in the anchor ce l l, t he ions streaming from che cent ral 
ce l l arc heated a nd trapped in t he anc ho r cell . ThEm the pla sma to t he 
pl ug/b ar r ic l- region is r e duced . The strong ion hc .::a t ing ha s been 
observed in the anchor ce ll from the c ha r ge e xcha nge neu t ral measurement. 

1'0 clari fy the mechani sm o f the plaslJl.:1 s ustainme n t , wc have do ne 
the exp e riment s under the condit ions of the fixed frequency <lod Chang ing 
the magnetic fie l d s trength. By chang ing the magnet ic fiel d s tr e ng t h of 
the central cell and anchor cell independently. we confirm~d the 
essential cond i ti.on o f the pla sma sustainment is the existence of the 
w/wc i = l r cson SllCC near the anchor- midplane. The l i ne den s ity of the 
cent r al cell obtained by chang ing the whole fields, c hanging the anchor 
field and Changing the cent ral field with f ixe d others are SUll1lla rized 
in Fig. 2 , as a funct ion of B/Bre s , where B i s the magne t ic field 
s trength at the a nchor midpl.:m e or t hat under the Ty pe - Il l an tenna and 
Br es the resonance magne tic field streng t h . Both the wave-excitation 
a nd the resonance in central 109 -2 
cc 11 have no con t r ib ut ions t o 101(r-"'-'c"mL ________________ , 
the plasma sustainmcnt. 
These experime nts have been nl 
done by using only Type-Ill 
antennas . As s hown in Fi g.2(c) 0.5 
the line density it! the 
centra l cell inc rease s as t he 
val ue of B/Bres decreases . 

n1 

Li.J:...L 0.5 

0 
0.5 

cBg-o 0
000 00 -w 

r~1 
10 

la) 

I b) 

15 

Cent r al cell line density 
obtained by ( a) changing the 
whole fie lds, where B i!' the 
~ignetic field s trength at t he 
anchor midplane, (b) c hanging 
the an c hor fi el d with fixe d 
cent r al fie ld and (c) chang i ng 
the centra l field with fixed 
anc hor one, where B is the 
magnetic field s trengt h under 
Type-11 I ant e nnas 

10
14 -2 

1.01( cm 

nl 

05 

0 __ 8:, 0 

000 0 -----
00 0 

I c ) 

~o_o 
o 0 

O~~------~~~~----~ 
0.5 lO BIBres l5 
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In the condition of B/Br es<l, the 
slow wave can not be excite d. 
Then the fa st wave is considered 
to be effect ive for the higher 
de nsity plasma production. 
Because the Type - III antenna is 
mo r e effective for the slow wave 
excitation , we have added a OHT 
antenna for the fast wave 
excitation . In Fig.J , the 
maximum density obtained in the 
central ce ll are shown as a 
function of w/wc i under the OHT . 
The density up to 10 13crn- 3 is 
obtained by the combination of 
Type-Ill and OHT antennas . 

Because the rf cur r ents on 
two elements of the OUT flow in 
the opposi t e phase, the right 
hand polarized fast mode , m;;+ l, 
is excited mainly in present 
experimental conditions. The 
Type-Ill ant e nnas also excite 
m"'+ 1 modes. The n the two types 
of antennas couples strongly 
with each other . The effect of 

1.5 

m 
'E 

u 
m 
~o lO 

u 
C 

0.5 

0 ' , 

W/Wci 

, , 
, IS 

..Ei.&....:..l Central ce l l densi t y as a 
function of w/wci under the 
OHT antenna 

the coupling appears on the loading r es istances of each antenna . 
Figure 4 shows the temporal variations of the central cell line density 
and the loading resistances of the OH! antenna. It is noted t hat the 
peaks of the loading resistance correspf'nd to humps of the line density . 
The loading res istances oE the east and west Type-Ill an tennas have 
out-oE-phase depende nces aginst the line dens ity. The peaks on the 
loading resi s tance of DHT antenna appear between t hose o f both Type-Il l 
antennas . The phasing betwee n the DHT and Type-Ill antennas is 
sensi t ive for the density increase. The fast mode s are possihly excited 
s trongly , when the OHT antenna enhance t he mode which is oscilla t ed 
by east and west Type-Ill antennas. 

The plugging exper imE:nts in ICRF heat e d plasma have been done and 
the para Llel conf i nemen t time of O. 45sec has been ach ieved on the 
parameters of n::03.5xl0 12 cm-3 and Ti ::oi . 2kcV . \-Ie are now proceeding the 
higher density pl ugging experiments up t o 10 i3 cm- J . 

SUfV~ARY 

The pla sma startup with the centra l cC!ll ICRF ant enna is r ealized 
unde r the condition that the resonance ex i s ts in the anchor cell. 
The ions wh i c h pass t hrough the ancho r ce ll are hea t ed and tL1pped. 
The targe t plasma for the NB l is formed wit hout any gas-puff i.ng in th e 
anchor cell . The fast wave is effective t o the higher density pLasma 
formation in the central cell of the tandem mirror . 
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Ei&.....i Tempo r al va riat ion s o f (a ) cent ra l cell l i ne dens i ty 
Clod (b) the l oading resistance of the DIIT ante nna 
under the condition of w!wc i=2 . 5 
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Function of the Conducting \'la11 on Stabil ities of the Hot Electron Ring 

Ren Zhaox;ng Ding L iancheng Fang Yude Huang Chaosong Qiu L ijian 

Institute of Plasma Physics , Academi a Sinica , P.O.Box 26, Hefe;, China 

Abst ract 
In this paper , fu nctions of the conducting wall on stabilit i es of the 

hot el ect ron ring in the simple mirror are described in both experiment and 

theory. The fl uctuati ons of cold plasma and hot electron depend closely on 

the rad i us of hot e l ectron ri ng and have t he minimum amplitude and coheren ­

ce when Rh/Rw ;s about O.B. He re , Rh and Rw are the radi i of hot electron 
ring and conducting wal l , respectively. 

Introduction 

The experimental and theoretical i nvestigations on the stabilities of 

hot e 1 ectron plasma have been performed. But because 1 t is more complex, the 

satisfactory result can not be obtained unt i l l now[l] . 

According to the theories[2 ,3] on hot electron stabilities in a hot e­

lectron plasma. the f l uctuation of its interchange mode ;s stabi li zed by the 

cold plasma . This condition is always satisfied to operate at T-model. How­

ever the hot elec t ron Bh ope rated in lo','/er magnetic f ie l d strength at the 

mirror centre is lower t han that in optimum strenflth . But in case of the 

former, the second harmonic resonance layer is nearer the magnetic axis of 

mirror, it seems advantage for stabilizing interchange mode of hot el ectron. 

\·Jhich factor cause the energy loss of it , then? 

II Experiments 
The experiments were performed in a axisymmetric mirror mach i ne named 

HER with some parameters: central fie ld strength Bo be i ng from 4 KG to 5 KG, 

mirror ratio being 2.2 and the radius of stainless s teel chamber being l2cm. 

The plasma is produced by the microwave from a gyrotron launcher (P\J=15 K~I, 

f)J =20.4 GC , H01mode). The parame ter of the cold plasma can be measured by a 
multiple-monochromater set one end of mirror, two fixed Langmuir probes near 

the conducting wall and a movable pI·obe which is able to destroy the hot e· 

lectron ring at the midplane of mir ror. The parameters of the hot electeon 
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can be measured by diamagnetic lOOP5. a hard X-ray spectrometer and two EeE 
receivers . 

(1) The functions of Bo on the parameters of the hot electron ring 

When BD increa ses , the radius Rh and 3cm EeE power PEeE of the ring al­

so increase. But when Rh is close l y conducting wall Rw. PECE reduce(Fig.l). 

The dependence of Rh on Bo can be explained uy the function of BD on the 

position of second harmonic resonance layer. And the dependence of PEeE on 
Bo ~Iill be investigated in the following. 

(2) Function of Bo On the fluctuations of the cold plasma 

The normalized fluctu ation amplitude 6I/1 of the cold plasma near the 

hot electron ring can be stabilized by it. The ring with hi gher Gh can al so 

reduce the 61/1 of whole plasma. Si nce Bh depend on Bo. then ~ 1 / 1 still de­

pend on Bo· 
(3) Hot electron fluctuations caused by cold plasma 

The fluctuation f)'equency of hot electron inte rchange mode is near its 

drift frequency. But the signals from 3cm ECE receiver involve mainly the 

drift wave fluctuations frequency of the cold plasma. An important case is 

that the coherence between ~l/I near the conducting wall and PECE is redu­

ced contineuse ly when the hot electron ring is closely i t. 

4.0 4.2 4.4 4.6 4. 8 5.0 B. (KG) 

Fig.l ECE power PECE of hot elec­

tron ring varying with Bo 

.5 .6 .7 .8 .9 1.0 R,./R,. 

Fig.2 The variat i on of v,acuum energy 

varying with Rh/Rw for different m 
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III Theoretical analysis 

It has been known that, in the past theories on stabil ized hot electron 
fluctuations, the cold plasma effect on its stabilization is only consider­
ed and the function of conducting wall is neglected. Now we consider a re­
versed case that the former can be neglected and the latter is the only 

stabilizing mechanism . which ;s mainly dominated by the variation of vacuum 
energy in the MHO energy principle. In the vacuum region inside the ring, 
the scalar potential of the perturbed field may be written as 

(1 ) 

Here. Im is a modified Bassel function, and m and k are the azimuthal and 
axial mode numbers, respectively. A ;s a constant determined by the bounda­

ry condition. 

In the vacuum region between wall and ring, it is 

~ 2 (1)oC[ lrn( kr) - ( 1';'( kRw) I Kflt(kRw) ) K,,(kr) Jexp[ i (kz+mB) J (2) 

Where C also is a constant. and the prime denotes a derivation with respect 

to the argument. 
Considering the actual thickness of the ring measured in the experi­

ment, we 4ssum~ the thin-ring approxi ma tion. Therefore. the fluctuation of 
it can be considered as a surface current and its f l uctuation has the form 

of surface profile. Thus, considering the boundary conditions of the per­
turbed magnetic field , we can determine the A and C in equation (1) and ( 2) 

If the ring is long and thin(kRh« l, kRw« l), we may finally obtain 

(3) 

Here, L is the length of it and {6aha)2 is the current fluctuation averaged 

over parameter z. 
According to relation (3), we may draw fol l owing concl us ions: 

(1) at'lv i s always pos itive and , therefore, the conducting wall always plays 

stabili zing rote for the hot electron fluctuations; 
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(2) For a certai n azimu thal mode number, t here ;s the optimum rate of Rh/Rw 

for stabilizing ring fluctuations by conducti ng wall. Th e Rh/Rw app roac he s 

to 1, as the azimuthal mode increases (F ig. 2). 

IV Discussion 
Our researches provide the new evidence in both experiment and theory 

for the problem related in section 1. The analysis in the section III \~ell 

corresponds with the experiment. 

(1) The energy loss of the r i ng can be caused not only by hot electron in­
terchage mode. but a l so by fluctuations of cold plasma; 

(2) The fluctuations of the r ing can be stabilized by the conducting wall 

near it. During Rh/Rw=O.8, the fluctuations of whole plasma were reduced 

apparently; 

(3) The optimum posit i on of the ring also was der ived from the interaction 

between it and wa 11 ; 

(4) Up to nO"'I, th i s stab ilizing mechanism isn't clear and should be f urther 

inves tigated. 
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r: u :cTIlON 1I ~:'\TlNG I N A iUll!;t' IJ:l) PI..MjMA OF' A THI::T'\'l'ltON OI SCII Ul.GI: 

M.A. Ilou rham, H."\'. E l Gaml!. l, Il.N. El Shed f and A.M. S ho.gar 

Plasma Physics Depllr tment., Nuc lear llea811.rch Ce ntre , 
Atomi c Energy Autho r ity, Atomi c L'n.e rgl 131:>9 , Cai ro, Egypt. 

Abst.ract. 
In Il Thetat.ron di acha r ge lfith a p l asma of an isotropic elec tron energy 

dist.ribut.i on , du e t.o e l ec Lro D a cceleration by the induced e l ect.ric. field, 
ins LlI.bilit.y i a deve loped and gi ve s rise to the exci t.at.ion of e l ect.romag ne t.i c 
wa ves. The epi t.hermal trans verse emi t.t.ed e le ct.romagnetic wa ves a re due 
t.o t.he tran eformat.ion of t.he long itudinal e ie ct.ro8t.atic 08 ci11.,,\,1008 , and 
p r opagat.e !Lt. a right angle t.o t.he direct.io n of the magneti c fie l d. The 
e l ect.rons are heat.ed sig nificantly due t.o the elect. ri c fie l d fluct.uat.io n ll, 
all t. he plasma in hand becolDe s t.urbulen", and coll isionless lDechani SIDS 
becolDe to be effective . 

Int.roduct.ion 

The gene rat.ion of e l ect.romagne t.i C Yavell from an anisot.ropic 

lIt.udied t.heore t. ically and e xperiment.all y in 11. number of previo u lI 

p las ma ill 

yorks(I-6) • 

Kinet.ic instabilities were observed i n a number of expe riments Yhere t.he 

e lect.ric field is perpendi cular to t.J.!. e magnet.ic fi e ld , as s o c iat.e d yith t.h e 

gene rat.ion of e lect.romagne t.ic radiat.ioo(7,8). The non-linear effect.s might. 

arrhe due to t.he exist.ance of e lect.roll os cillat.ions and elect.ric fi e ld y it.h 

large amplit.ude. , and t.he generat.ed Yaves wou ld be in t.he ne i gh bourhood of 

t.he upper hybrid resonance freQuency(9,10). and plasma become s t.urbulent." as 

inst.abilities are excit.ed(1l,12) resulting in t.he hea ting of t.he plasma 

part.ic1es( 12) • 

Expe rilDen tal Se t.-up 

Measureme nt.s are carried on a phllllHt. produced in a The t.at.ron dill charge 

of 4.KJ store d e ne rgy. The discharge current. of up to I:>OKA is alloyed t..o 

pau t.hrough a a i ng le t.urn coil of 14 aplit.ted sec tions , tot.al lengt.h of 80 

cm and 8 .:> cm diameter aurrounding t.he discharge tube. The working gl'La (H
2

) 

ill alloyed to e nt.re t.he discharge t.ube via a cont.rolling valve, and 11. ring 

g loy discharge eerns for preheating. ~Iagne t.ic probee, double e lect.rical 

probes and microYave detect.ion ant.ennae could be freely IIIOve axially and 

radially for diagnost.ics purposes. 

in a previous york( la) • 

FUll det.a.il s of t.he syat.em is described 
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Expe ri~e nLal Results and Discussion 

.Ieaaurement.s of t.he emitted elect.romagnetic r adh,t. i on for the wave length 

8 and 4 mm sho ... e d that they originat.e rrom the plasma their, a nd their re l at.­

ive int.ensit.iea increase yith the increase of t.he bank ato red e nergy. Fig.( l ) 

ahoys the variation of t.he reh,ti ve int.ensity against t.he stored ene r gy . The 

em t tt.ed waves have also a dependence on the in i tial gas preaaure aa aholm in 

Fig. (2 ) . a hoving t.ha t the radiation takes place beL.,ee n 0.1 and 0 .00 1 mmllg 

At higher pressur ea,t.he most excitable ha rmonics correspond t.o) . 8mm while at 

lowe r pTa.aures t.he harmonics yhich correspo nd to). _ 4mm a re excited. 

The radial distribution of t he e!litt.ed .. ave relative intens ity, Fi g. (3), 

ahoy'!! t.hat. t.he plasma is a s ource of inte ns ive elec tromagne tic radiatioD with 

a characteristic frequency GU d",2.4 :s.: lOll Sec-
1 

for}., .. Bmm, aud for)' .. 4mm 
11 -1 ra LU

rad
-4.7 :s.: 10 Se c ,and the excitation takes place at the layer where the 

plasma is inhomogeneo us and the e l ectr on dens ity fall s rap i dl y as s hown in 

Fig. (4) • The plasma e l ectron temperature hll.S its ma:s.: imum at the axis of t he 

di scharge, and decays rapid l y near the tube walls. The harmonic structure of 

the gene rated waves showed that the II1(1 St excitable is the 8th for). _ 8mm , and 

the 10th for) _ 4mm, as shown in Fig. (S) and Fig . (6). The ha rmon i c stru c ture 

revealed that the radiation takes place at the neigh bourhood of the upper hybrid 

r esonance frequency, which fulfill the form tU d ' W" • nw . (£.02 +",2 )1 / 2 
. ra I ce ~ ce 

for)' .. Smm, and c..v d ,. 2 W
h l 

f orA '" 4mm. The ca l cu l ation of the upper hybrid 
ra I1 I 

frequency fo r A - &uti shows thatW
hl 

'" 2.38 x 10 Sec- and "" d for t he s aIDe 
11 -1 ra 

yave l ength is 2.36 x 10 Sec ,and fo r)' _ 4111111 t.he hyb r id f req ue n cy is 2 .4 x 

lOll Sec- I .. h il e the r ad iation f re quency is 4.71 x lO ll Se c-
1 

This r e ve ales 

that t.he r adiation takes place near the upper hybrid re s onance f r equency wit.h a 

radiation frequency o f t he order ofc..Vrad ..... Whl or tcJ
rad 

.... 2U?d whi ch conforms 

.. e ll wi th t.he theory, IL nd i ndicating the po ssi bi lit.y of t.he long i t.u dinal o sc il­

lat.ion s t.o be transformed in t.o electromagne ti c radi!ltion where one of the comp-

onent6 of th e complex permitivity t.enso r app r oaches :Le .·o (2) Ilence, a mo r e 

ge neral i'l.e d form will be l.() r ad '" n~e(~e ' a nd CA) r ,1(1 is in t he range of 

W hl or 2Wh l • 

The detect.e d hi gh fr eque n cy osc i l lations a r e in Lh e f r e'ju e ncy rang e of 

the ion cyclot.ron frequency, which i s Lypica l fo r low 11 pl o..~JU Jl , !I.'HI thus the 

ene r gy t.ransfe r e wh i ch l eads to t he he a ting of t.he p l a s mll. e lec t r on $ mi g ht be 

oying to the ion-cyc l otron and the ion-sound in s talliliLl e!:! . 

The ge ne ra Le d waves p r oved 1.0 proll!l.g o. t.e at n. ri r.,:ht o.ll J; l e to the direct.ion 

of t.he a xial wag lle Li c fi e l d, a s ShOWIl I n F" i g.( 1 ), which pr edi c t.s t.he e !(cit.at i on 

of t.he l ongit.udina l o $cil lo.t. iolis of haTlnoni c st. ru ct.ure, and lellding to the 

ge ne rat.ion of e l ect. r ow"g net.ic r ad iati on 
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Co n clus io n 

In a 10y B inhomogeneous pla8WA of a Thet-atro n discharge, the long itudinal 

oscillations are t.ransformed into transverse e l ectromagnetic radiatioll with a 

charac terilt.ic frequency in the neighbourhood of the upper hybrid r esonance, 

.. he re o ne of the compo ne n ts of the comp l ex permit ivit.y tensor approaches zero, 

Ion-cyclo tron and ion-sound instabilit.ies Ilre r es pons ibl e for t he pr ocess 

of ene r gy t.ran sfe re, and reaulting i n the heat. i ng of plasma elect.rons. 

The alDi t.t-ed rll.d i at i on propagates at a right ang le to the direction oC t.he 

axial magnetic fi e ld. 
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MHD STABILITY OF Ph-\SMA IN AN AXISYl!,METRIC OPEN-ENDED 

SYSrEi,j riITE 110i.;?AAAXIA.L CELLS 

V.V. Arsenin 

I.V.Kurchatov Institute of Atomic Energy , Moscow , USSR 

The flute instability in a low-pre ssure plasma I'll thin 

the chain of traps, includ~ng the cells with a transversal size 

comparable with a characteristic magnetic length, is studied. 

The stability-average minimum B Principle-is snol'm to be rea­

ched , in particular, in the -combination of a fat simple mirror 
... ~ .... _ ~. __ "'~_'-_"'': , __ ," _____ .: __ T_ ....... .:_ 

" -~" ...... ~~ __ .. _v ...... "'--1" --0---- - .-- ----- ~ .... -.. ~ ....... -.... -... - ....... -- .. -._-_ ... _----

the f~~J~ decay rate on the equatorial plane in the simple mirror 

arc less stringent than those in the knOI'm case I \";hen the only 

fat simple mirror provides stabilization of the rn ::1 mode of 

oscillations . The stabil ity conditions (requirements to the pres­

sure profiles across the field) for the syztem with a ring-like 

mirror produced f:. t t:'e radial periphery of a throat vii th the flux 

expanding from the equato:-ial plane are derjved . 
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DIAGNOSTICS OF HYDRODYNAMIC IMPLOSION 

EFFICIENCY OF LASER- IRRADIATED SHELL 

TARGETS 

A.S.Shikanov , G. V.Sklizkov, YU.A. Zakharenkov 

P.N.Lebedev Physical Institute, USSR Academy 

of Sciences , Moscow, USSR 

ABSTRACT 

Methods of experimental investigations of basic hydrodynamic 

processes relevant to the determination of laser- irradiated shell 

target implosion efficiency are considered . Diagnostics of msss ab) 

tion rate and implosion vel ocity ia analyzed. On the base of expe­

rimental data (ion mas8 - spectrometry and critical density dynamic 

chronography) odtained at "Delfin- l ll laser facility 1 t ia demollstr<: 

ted that high- aspect ratio shell targets could be imploded with 

hydrodynamic efficiency of 10%. 
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SHOCK WAVE MOTION IN AN IDEALIZED MEDIUM 

Carlos Alejaldre 
Asociacion Euralom/CIEMAT 
CIEMA T, 2r040 Madrid, Spain 

EIi A. Mishkin 
Polylechnic Institute of New York 

New York 11201, U.SA 

A spherical, ar cylindrical, strong shock wave may move avvay 
from the center, or axis of symrnetry , or be center , or axis of 
symmetry, bound. In the first case , the shock is due to a sudden 
release of a substantial amount of energy E at the center of the 
disturbance-an explosion. A sudden release ot an evenly distributed 
energy far avvay from the center of the disturbance causes a strong 
implosion. Spheric ally imploding shocks acquired great impartance 
with the emerging possibility of achieving matter densities well above 
those characteristic of the solid state. The mean free path of the 
very energetic a particles produced in a thermonuclear reaction is 
shortened then by several orders of magnitude, enabling thereby a 
se~-sustalned react ion. Implosion is viewed, therefore, as necessary 
In achieving controlled thermonuclear fusion by Inertial methods 1. 

The mass, momentum, and energy conservation equations of a 
spherical, v=2, or cylindrical, v=I, shock wave moving through an ideal 
gas with constant specific heals, 1=cp/c" read2, 

QI ~ + ~(3 U + ".!!.) r r = 0 

dIU + 
I 

T orP = 0 ( I) 

d I (pp -~ ) = 0 
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P.P and u. the pressure. density and vetoclty of the gas. respec"ve~', 
are functions of rand t . 

With the motecutar structure of the gas negtected, there is no 
characteristic tength , therefore eqs. (1) admit a self-similar 
solution 3, 

where P(U, K( ~) and mu are the non-dimensional pressure, density 
and velocity , respective~, dependent on~ on the· self-similar 
variable ~:rlR, . This solution reduces the partial differential equations 
(1) to the set of ordinary differentiat equations4, 

- (u-~) d(tnR X + ~V 

C2 
X( V - 1) + ), V 

),_ R,R, (3) - - d( tn P - • 2 
~~ Rs 

-(u-~) d( In P = ~X+~H + 21. 

where V.U/~ , X:d(U and the self-similar coefficient A depends on~ 
on 1. C2(~) is the reduced speed of sound. 

The representative curve of the stat e of the compressed gas5 
,obtained from the fundamental equations (3), 

X(V-t)!· AV(V-t) - (X • ,y • n/1)C2/~ : 0 

is shown in fig. 1, together with the straight line that passes through 
the mapping of the front of the shock and of its tall. In thts case , the 
approximate reduced pressure P, density R, and vetocity U reduce 
to si mpte ctosed expressions. 

A physicat solution must be singte vatued. An implosion 
experiment performed anywhere, at any time, must follow the same 
self-similar coefficient A. The imploded ideal gas with Ihe adiabatic 
constant 1, is characterized by a singte-vatued A(1)and a unique~ 
defined representative curve (4). Inlegrating equation (4), the 
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reduced functions P(~) . K (0 and U(~) are obtained. In fig. 2. a 
comparison is made between the values obtained for the gas 
pressure from a numerical solution of the nonlinear conservation 
equations with those obtained assuming a linear representative 
curve. 

f . ............. ... V ( t ) 

.~ :;; 1 

~I--~----------------~~ 

" " X( t) 

Fig. 1 
The representative curve obtained from a numerical solution (N.S.) 

and a linear approximation (LA.) 

Through a study of the singularities of the characteristic curve. 
an analytic solution for the se~-similar coefficient a-I/(I-)j can be 
obtained. The difference between the values obtained analytically 
and those computed numericalf,!6. does not exceed 0.0015 (0.00 12, 
when v-I). al 1- 5/3 and 0.014 (0.008. v= I) al 1=7/5 , wilh the analytical 
values being Ihe smaller ones. 
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EFFECTS OF ELECTRON DEGENERACY 
ON ALPHA PARTICLE TRANSPORT IN rep-PELLETS 

G. Kamelander 

Austrian Research Center Se i bersdorf, 
Institute of Reactor Safety 

INTRODUCTION 

In most of reF-simulation computer codes it is assumed that 

the react ion produc ts emerging from fusion processes deposit 

their energy to the background plasma at the place they have 

been produced L-,,2_7 . In L-3_7 a formalism has been provided 

to include particle transport effects into the simulation 

code . This formalism basing on the POKKER- PLANeK- equation 

allows al so conside ration of wide angle scattering due to 

COULOMB collision . Extensions of this theory to nuclear ela­

stic scattering have been published by L-4 I . It has been de­

monstrated in a further paper L-S_I that consideration of 

transport effects may have sometimes remarkable influence on 

the burn characteristics of ICF- pellets . 

As a consequence of the high compression of the pe llet at low 

temperatures the electron component is degenerate. Therefore 

the assumption of Maxwe ll ian electron distributions for the 

evalua tion of the FOKKER-PLANCK - coefficients in L-1 to 5 1 is 

not justi fied . The effect of a degeneracy corrected transport 

equation on the burn characteristics of ICF-pellets is the 

subject of the present paper. 

ANALYSIS 

The collision term of the FOKKER-PLANCK-equat ion is given by 

(~~~), = t L~ [SCLb(~E)~o.(;"£'f)l+TCLb(r.f)!~Q,} ( 1 ) 

where ~ a is the test particle flux and ~ equal to 
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~~ {l- ~2)1~' The summation is extended over a ll plasma con­

~ituents . Sab and Tab are the FOKKER- PLANCK coefficients 

which are dege neracy- corrected for the electron component . A 

detailed analysis to calcu l ate the corrected FOKKER-PLANCK 

coefficients is given by L-6_7 . The evaluation bases on the 

FERMI - DIR\C distribution function which is approximated by 

well-known formulas for weak and strong degeneracy . For par­

tial degeneracy the fugacity is approximated by tables stored 

in the compute.!" code . The degeneracy-co rrected FOKKER-PLANCK 

coefficients cannot be evaluated in a closed fo rm but by 

numerical integration . Special care is taken to calculate the 

DEBYE-radlu5 being an argument of the COULOMB- logarithm 

appearing as a factor of Sab and Tab ' For strong degeneracy 

it is calculated by L-7_7 

= 

ne being the electron density, Te the electron temperature 

and TF the FERMI-temperature . 

( 2) 

The computational method to solve the FOKKER- PLANCK is simi­

lar to L-3_7 . A degeneracy- corrected transport option has 

been included as an option into the simu l ation code MEDUSA­

EUMOD . 

RESULTS AND DISCUSSION 

From L-6 7 it is known that degeneracy correction leads to 

very significant modifications of the FP- coefficients for 

dense plasma . Nevertheless the degeneracy correction effects 

on burn characteristics of r CF- pellets are only important if 

the hot spot in the pellet is not sufficiently pronounced in 

the moment of maximum compression, i . e . the temperature pro­

file is flat. Under these circumstances transport effects 

become important . 
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As an example a compressed DT- pellet with a density of 

2 , 1.107 kg/m3 , and an ini tial temperature profile ranging 

from 10 8 oK to 4,6.10 7 oK is gi ven. Fig . 1 shows the corre­

sponding degeneracy parameter i.e. the fraction of FERMI - t em­

perature and electron temperatur. Fig. 2 shows the stopping 

power of the plasma near to the boundary at the beginn ing of 

the burning phase. The fusion energy as a function of the 

t ime calcu l ated by the cor rected and the uncorrected models 

is presented in Fig . 3 . I t is demonstrated that the di fferen­

ces became very significant. Finally the corrected and the 

unc0r r ected stopping power at the plasma boundary is shown 

for the beginning a n d for an advanced state of the burn ing 

phase in Fig . 4 . In Figures 2 to 4 the curves (a) refer 

to the degeneracy corrected and (b) to the not corrected 

calculations . 
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TIME LAW PULSE EFFECTS ON THE HYDRODYNAMICS OF ION BEAM FUSION 

A. Barrero and A. Fernandez 

Depart ment of Thermo and Fluid t~echanical Engineering , 
University of Sevi l la , 41012 Sevilla, Spain 

ABSTRACT The self-s imilar expansion genera t ed by an intense l ight ion ~ 
pulse-;[ ene r gy per nucleon Eb=Eo(t/TlP a nd current intensi ty Ib=Io(t/t)~1 
(O< t <T) impinging on a planar t arget is considered. Quantities of in terest 
in inert i al confinement fusion such as the ablation pressure and the mass 
ablated rate as function of time for several values of the law time expo_ 
nent p are obtained . 

In a recent paper (FERNANDEZ and BARRERO 1986) , the authors found that 
the one dimensional motion generated by an intense ion beam pulse impinging 
on an initially cold half space plasmas of electron density no becomes self_ 
similar when the beam parameters (energy per nucleon Eb and current in tensi _ 
ty per unit area Ib) depend on time as Eb=Eo (t/l)2/3 and Ib=Io(t/T)1/3~(<:tt<1) 
1hey showed tha t the plasma motion depends on a dimension less nurrber Ch!101 Io/~ 
v.hich contain the basic beam and plasma parame t ers. For 0»1 , results show 
that there exits a well defined ab l ation surface separa ting an isentropic 
compression region from a much wider expansion flow where the beam energy 
absortion occurs . 

In this paper we have considered the effECt o f the time l aw on the hy­
drodynamics of the ion beam plasma interaction. To t his end , we consider a 
planar target impinged by an ion beam whose parameters depend on time as 

I =1 (t/T)2P-l 
b 0 

and assume that t he values of Eo ' la and 1 satisfy the condition 0»1 (abla­
tion regime). The expansion flows produced in this case, neglecting heat 
conduction and radiation, becomes se l f-si milar since the restriction imposed 
by solid denSity is relaxed (densi ty becomes infin i t y at the ab l ation sur­
face as we shall see later) . 

We have assumed planar geometry , and a quaSi -neutral collision-dominared 
plasma . The beam, which is considered both cold and neutralized, transfers to 
the free electrons a momentum R per unit volume and time given by 

4 2 nnb Vb 
411e Zblnll--~[ 1/2] 

mev~ (2kT/me ) 
R 

'Y 
= 211-~[ J

o
exp (- t 2

)dt - yexp(_y2) ] 4t(y) 

(MIYAMOTO 1980, JACKSON 1975) ; e,me and Inll are electron mass and charge 
and Coulomb logarithm respectively. Notice that we do not include the effect 
of the inelastic collisions on the stopping power , so that we should only 
consider low Zi targets (NARDI et al.1977, MELHORN 1981, OLSEN 1985) . 
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The beam pulse, starting at t=O , is incident from x = _ ... on the solid 
half-space x>O; assuming that the beam parameters depend on time as 

and 

we may 

Eb(t) = mbv~(- ... ,t) /2 = Eo(t/ljP 

introduce self-similar variables 

(0 <t<t) 

u{() 

(eZb/IO)(2EO/mb)~nb(x , t)(t/l)1-3P/2 

Vb(X , t) /[(2Eo/mb)~{t/l)P/2J 

[n(x , t)(t/T)1-3P/2j/nr 

v(x , tl/[(Z.kT fm. )~(t/T)P/21 , r , 

T(x,t)/IT (t/')P) 
r 

x/[ (Z.kT /m. j};;1(t/T)p/2-1 j 
, r , 

and then, the equations describing the expansion flow of a fully ionized 
plasma produced by impinging a solid target with an ion beampu!se,are 

3 Zi +1 
2-Z-') 

i 

"bub = 1 

dUb ~ _ ~ t(Bu
b

/9 ) 
d( 3 

ub 

E) (p) d v + d(vu) = 0 
(32- 1 v - 2+1 f.:'d( ( 

B = (m E /~ kT )~ 
e 0 0 r 

and to simplify the equations. we chose a convenien~ 
and density 

m kE 
e 0 

and neglected terms of order 
(the case of interest in ion 

(1 ) 

(2) 

(3) 

(4) 

'"b 
+--- (5) ut) , 

refprpnce temperature 

small 

For n «n (n being the solid density) there exits a well defined abla 
tion surfa~e sgpar2ting the rarefied expansion flow, where the absorption -
energy occurs , from the high density compression zone in the right. It is 
worth to notice that inequality nr«no corresponds to condition a» l. 
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The implosion velocity of the ablation surface is slow when compared 
with velocities in the expansion flow, so that to analyze the expansion in 
the ablation regime, the ablation surface may be set at (=0 , where to match 
with the cold h igh density compress i on region the density goes to i nfi nity , 
both t emperature and velocity vanish, and the pressure takes a finite value­
then for values of t he beam and plasma parameter such as n «n we rray wri te' 
as boundary condi tions u=8=O and v8=y at (=0 , where y is ah un~nown cons_ 
tant defined i n terms of the ablation pressure as: 

Z.p (t/rjl-5p/2 
, a 

Y = --'-i( Z"".-','l')::n"kT;C--
, r r 

In addition, at the plasma vacuum interface xv( t ) (which must satisfied the 
condition dxv/dt=v(xv,t)) we have zero density and undisturbed values of 
the beam parameter: 

v=O vb=ub=l at (+2u/(p+2) 

notice that system (1) - (5) must be solved subject to six boundary condi_ 
tions since y is unknown . 

I t is easy to verify that the solutions of system (1) - (5) behave in 
the neighbourhood of f;:=O as 

where 

u =C(_i;)1/6 
b 

B=Z.C2/[5Y(Z.+11] , , 
and A is an arbitrry constant . 

Once the expansion is determined one may calculate the ablation pres­
sure Pa and t he abla ted mass rate per unit area m as a function of the pa­
rameters of the problem : 

P = [ (Z . +1)n kT !Z . Jy(p)(t/T)5P/2-1= P y(p)(t/T)5p !2-1 
a 1. r r 1 a 

"_( kT!Z)~ yE( p )(t! )2p-l _TYB(p)(t! )2p-l 
m_ mi r i nr A(p) T _m A(p) T 

in terms of the beam and plasma parameters P
a 

and m 
3 

8 Z . +1 A.E I ...Y, 

becomes 

P =5 . 9 10 --'--[~J2 Pa 
a Z. 3 

1. AbZbZil 

E
2

A. 
o 1. - 2 -1 

2 kg m s 
AbZ

b
'[ 

where E , I and T are in i~ev, Acm-
2 

and nanoseconds respectively, FigurES 1 
and 2 sRolllo the ablation pressure and t he ablated mass rate as a function 
of ti me for several values of p. The obtained resu l ts may be now applied to 
det ermine the acceleration efficiency of thin f oi ls impinged by an intense 
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2-D NUHERICAL STUDIES OF NON-UNIFORHILY IRRADIATED THIN SHELL TARGETS 
AND OF THE IGNITION OF ICF PLAS~~S 

S. Atzeni 

Associaz i one EURATOH-ENEA sulla Fusione, Centra Ricerche Energia Frascati, 
C.P. 65 , 00044 Frascati, Rome, Italy 

1. INTRODUCTION 

The interest i n th i n shells as laser fusion targets is motivated by 
the fact that the driving ablation pressure P neede d to attain a certain 
implosion velocity v i s a decreasing func t ion o f the aspect - ratio, or ra ­
d ius-to-thickness ratio , A = R /fJR of the she ll (approKimately P 0:: v2/A) . 
On t he other hand, thinner she'ils ~ose more stringent requirements to the 
uniformity of irradiation, and are also li kely to be more sensitive to the 
ablation- front Rayleigh - Tay l ar instability. Roughly speaking, long sca l e­
length perturbations, e.g., due t o laser non-uniformities correspond ing t o 
spherical ha rmonics f = 2-;'1 6, could result in macroscopically asynunetric 
implosions, that i n a reac t or size target could even hinder the at tainmen t 
of cen tra l ignition. Shor te r scale-length laser non-uniformities and target 
imperfect ions (with wave numbe r k comparable to llR_l ) , could instead seed 
the most dan gerous modes of the Ray l eigh-Taylor ins€ability of the ablat ion 
fr ont. 

In t his paper we report, in preliminary f orm, the firs t numerical re ­
sults on the effec t of long- wavelengt h (.2 = 2-;.8) la ser non - uniformities on 
high aspect ratio (A = 100-;'300) D-T gas filled ' glass shells , and also on 
the i gnit i on of asymmetric, compressed t arget configurations. 

For both studies we have used t he 2-D Lagrangian fluid code DUED, 
which has bee n documented extens i ve l y elsewhere [1]. Here it suffice s to 
re ca ll t hat DUED makes use of a three-temperature model , with flux-limited 
conduc tivities. It also takes into accoun t nuclear reactions a nd time de­
pendent di ffusion of the alpha-pa rticles re leased by the D-T reactions. 
~Iatter prope rties are included by means of an appropr ia te real - matte r Equa­
tion- of-State. Laser -matter interact i on is descr i bed by means of a 2-D ray­
tracing algorithm, tak ing plasma r efraction and inverse - Br emsstrah l ung ab­
so rption into account. 

2. HIPLOSION OF NON -UN I FORl'IILY IRRADIATED SHELLS 

Recently, it has been s hown that two limiting implosion regimes exis t 
fo r ablatively accelerated shells, depending on the l aser pulse and ta rget 
charac teristics , namely , i) a more "soft", purely ab la tive regime , and i1) 
a shock-multip l exing regime [2]. Implosions in the f ormer regime result in 
higher densit ies , while higher temp e ratures (and also, in current experi­
ments' higher neu tron yields) are obtained i n the la tter regime . In order 
to perform a rather ge neral investigation , we have then made two series o f 
numerical experiments, with the 2- T version of DUED, for a target imp l oded 
in regime 1) (case a) I and a f or target i mploded i n a regime close to re­
g ime ii) (case b) , respectively. Target a) has Ra = 250 ~m , A = 100 , and is 
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irradiated with a laser pulse with wavelength A :;: 0.53 ~m, energy E :; 200 J 
ann tria ngular t i me shape, with 6t(FWillI} :;: 3 ns and dse-time of 1 ns. Ac­
cording to 1-0 simulations the shell maximum compression is attained at t :;: 
5.0 ns, but the first shock already reaches t he center at t:;: 4.2 ns. Host 
of the target implosion can be described as a free - fall. In case b) we have 
considered the target aod laser parameters of a Roc hester experiment (3], 
namely R :;: 350 !-Im, A:;: 250, h:;: 0.351 IJm, absorbed E :;: 1. 6 kJ, 6t(FWHM) :: 
700 ps (~n a Gaussian pulse with peak power at t :;: 1.2 ns and pulse dura­
tion of 1.4 os). We have assumed centrally focused irradiation, with a per­
turbation (constant i n time) described by Legendre polynomi als with .e. ::; 
2,4,8 and peak- ta - valley relative amplitudes M/I in the range 0.01-0.30. 
Since peak intensities for ca ses a) and b) are a%out 5xI0~2 and 8xI0 13 W 
cm- 2 , respectively, absorption is efficient and classical; also, thermal 
conductivityp smoothing of the irradiation non-uniformities should be poor. 
Since P er I , with ~ ::::: 0.6';'0.8, we then expect pressure perturbations M/P 
a P(6I/I). 

We measure the shel l deformation at time t as the ratio E(t) ::::: (R -
R . )/R(t), where Rand R . are the maximum and the minimum vallr~xof 
tw~nfuel-shell intelfa1:e raditTsl~ respective l y, and R ;; (R - R . )/2. The 
results of the simulations are found in agreement witlPa~ sirHlrfe model, 
giving e ;; ~(toI/I)C, where C ;; R /R( t ) is the convergence ratio of the 
she ll. As a typical res ult, in Fig.ol we show the mesh somewhat after s ho ck 
reflection at the centre , but prior to the reflected shock- shell collision, 
for three targets of cla ss a), for mode number f ;; 4, and toI/I ;; 0.02, 
0.06, and 0.10, respectively. 0 

As far as the inner gas is concerned, a rather general feature is 
found, which is a also apparent in Fig. I, namely, the convergence of the 
deformed shell induces jet- like perturbations of the gas, opposite in phase 
with the applied l aser perturbation. It is worthy to observe that analogous 
structures have been observed in the numerical s tud y of cy linde rs imploded 
by a non-UnifOrm pressure (4]. 

The effect of this phenomenon has not in general be evaluated quanti-

Fig. 1: Class a) targets (see main text) ir r adiated with a non-uniformity 
described by an f ;; 4 Legendre mode and peak- to - val l ey amplitudes of a) 2%i 
b) 6%; and c) 10%. The figures show the mesh of the imp loded shell s at t ;; 
4.5 os. The marked cu rve is the fuel - shell interface. 



t- 0.75 ns 

t· 1.40 ns 

1.1.60 ns 

1·1.40 ns 

Fig . 2: Implosion of a class b) 
target (see main text) irradiat 
ed with non - un i fo r mity describ~ 
ed by a sum of Q=2,4,8 Legendre 
modes, resul ting in a peak-to ­
valley amplitude of 17% . Solid 
lines: mesh; dashed lines: rays; 
the arrows indicate the fuel ­
shell interface. 
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t atively because in the presence of 
strongly sheared flows the mesh of DUED 
distorts substantially , thus leading to 
premature termination of the s imulations. 
However, while for case a) implosions 
t his occurs well before s t agnation of the 
imploded shell even for ve r y small values 
of I:J.I/I , for case b) implosions this 
only occours for relative l y large values 
of M/I (I:J.I/I about 0 . 20) and in any 
case nog much 'before shell stagnation. 
Fo r instance in Fig. 2 we show the implo­
s i on of a class b) shell irradiated with 
a perturbation consisting of a certain 
composition of the modes Q = 2,4 and 8, 
with global ~I/I = 0.17 . 

An impartang effect ,.,hich remains to 
be addressed is t he Rayleigh-Taylar in­
stability of the fuel - shell i nterface, 
and its interaction with the reflec t ed 
shock. 

3. IGNITION OF AN ASTIfrIETR I C, IN ITIALLY 
ISOBARIC TARGET 

The fuel configuration of greatest 
interest fo r i gnition studies [5,6] is 
that in which the fuel is isobaric, a 
central hot-spot with radius R!, tempera­
ture Th , and density PI ' being lsurrounded 
by col"d fuel with dens\ty p »P

h
. As a 

first approach to the 2-D s~udy of this 
p roblem we have simulated with the com­
plete, 3- T version of DVED, two simple 
configurations, in which either an ellip­
soidal hot-spot (with axes band b ) is 
contained in a spherical cola D-T system 
(with radius R ) or a spherical hot-s pot 
is contained cin an ellipsoidal system . 
For the moment we have only considered 
cases in which 1-0 ignition is non-margi­
nal (e.g . • by taking Tb ~ 6 keV, <PhRh) = 
0.3 g cm- 2, <p R > ~ 3 g cm- 2, and Ph/p 
> 10). We have c f~und tha t in these case~ 
even a 2 : 1 deformatio n of either the hot­
spot or the full target has little effect 
on ignition and burn . An example of such 
a study is reported in Fig . 3. Here ini­
tially the hot-spot has b = 62 . 5 !JIB, b 

= 125 !Jrn, Th = 6 keY and Ph = 30 g C01 - 3 , and i s inunersedrin a sphere of 
O- T, ,-nth radius R = 154 !Jm, T ;:: 350 eV and p = 500 g cm - 3 . Figures 3a 
and 3b show the eVblution of th£ burn-\~ave, whife Fig. 3c that of the in-
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ward moving disassembling wave. In th is 
case the fractional burn-up of the fuel is 
about 90% of that the equivalent I-D case. 
Further studies are necessary to extend 
these preliminary results t o a more general 
se t of initial co nditions and to sbortber 
scale - length asymmetries (e . g" by tak i ng 
l = 4716 modes of pe rturbat ions of the hot­
cold fuel interface). 

4. CONCLUS IONS 

The results of Sect. 3 , if validated 
by furthe r s tudied, would i nd icate that, in 
the absence of fl uid instabilit ies and of 
quasi - turbulent fluid motion , a va l ue of (. 
up t o unity could perhaps be to l erated in a 
reactor size target. Tbis , in turn, would 
limit the irradiat ion non-uniformity to 
6.I/I «C~)_ l. Caution in using this resu lt 
is h~wever needed i n view of t he findings 
on the behaviour of t he converging and re ­
flec t ed shock waves i n the O-T gas . Indeed 
the la tter phenomenology, wh ich seems t o be 
cons i stent with recen t experimenta l [2,3 J 
and numerica l results [7], requires mo r e 
accurate and specific s tudies . 
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INSTAB ILI T I ES AND SYMMETRY EFFECTS IN LASER PLASM A 
INTERACTION 

P.M. Velarde, J.M. Aragones, l. Diaz, J.J . Honrubia 

Instituto de Fusion Nuclear (DENIM). po Cateliana 80, 28046 Madrid, Spain 

Several instabilities are studied in some extent performing two dimensional 

simulations. For mixing of two materials we have developed a 2D-hydro Particle-ln­

Cell (PlC) code (ARWEN). This effect can be more important than the Rayleigh­

Taylor instability in some high-gain targets. Strong numerical (antral is needed in 

order to limit the numerical diffusion for reliable results. A summa ry of these 

properties is presen ted . 

Actually Raman Scattering (SRS) remains as a problem in laser fusion. We have 

continued with the simulations with WAVE code in 20. By now, results are agree 

qual itatively with the reported ones, bu t some poi nts have to be further cia rifled. 

We have implemented the ANTHE M codel2l (implicit PlC and MHO) for conduction 

problems with the produccion and amplification of B-fields (as Nernst advection). 

W e are continuing the previous simulations about the Nernst advection with 

inertia, higher frecuency lasers and diffe rents atomic numbers. 
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TRANSMUTATION PRODUCTS AT FUSION REACTOR FIRST-WALLS 

Per lado, J.M ., Sanz, J., de la Fuente, R. 

Instituto de Fusion Nuclear (DENIM) Univ. Politecnica Madrid 

1.-INTRODUCTION 

The effect of radiation-induced transmutation products in the mechanical 
responses and bulk material properties of the structura l materials in fusion 
envi ronments has been remarked by different authors and experimental 
evidences have been obtained [1,2,3] , 

Among the different produced elements the most considered and studied 
has been the helium, and that was started in the mid -sixties with the research of 
the (n,a)-produced helium in structural, material of the fision reactors [41. 
However, the main effect in fision, and even in fast fision reactors is the 
displacement damage because the cross reactions of the neutron induced 
reactions are relatively small. When the neutron spectra of the fusion reactors 
are considered an important increase o f the current cross sections is obtained 
and the effect of the transmutated product by neutron reactions can be very 
significative. 

The mechanism of the incidence of helium production in the material 
properties must be viewed through t he atomic behaviour of the metal 
structures where the helium is implated, and the nucleation and growth of 
helium bubles [1] . Experimental results under eq ui valent conditions to fusion 
reactors show the existi ng dependance of the changes in tensile strength, creep 
rupture, fatigue and sweeling whit the generation of helium in the structures . 

As it was pointed out in other works [5], the general strategy that has been 
adopted follows the above ideas in the sense to separate clearly the 
determination of the primary damage state (initial defect production due to 
displacement damage and transmutation reactions) and the succesive 
mechanisms of the diffusion and interaction of the created defects . 

The aim of this work is to present the results obtained with three different 
neutron spectra on two stainless steels which are candidate to be structural 
materia ls in the future NET device. We analyze the generation of transmuted 
elements in general and particularly the helium generation . The use of our 
computational codes allows us to obtain general results for each component 
elements which can be easily treated . The significance of the helium production 
in comparison with other elements is presented together with the main 
contributors for the different cases to the helium generation. 

2.-CALCULATIONAL PROCEDURE 

In the calculations presented here, we use the general procedure 
developed in our Institute for activation problems, but properly adapted for the 
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analysis of transmuted elements. The scheme has been reported (6] and applied 
to the activation of some stainless steels [71 . It makes use of an activation code 
ACAS [6) which has a central algorithm from ACFA [S). The UKCTRIIIA [9) data 
library has been used in our calculations. The se lected response functions (gas, 
solid impurities generation) are analyzed with a fast and general module, PAC 
[61. which is here appropriatte to this transmutation problem, PACTR. 

3.-RESULTS 

The three d ifferent spectra that we ana lyze in this wo rk can be 
represented by their typica l mean energy : vesse l of a fision reactor < E > = 0.31 
MeV, magnetic confinement fusion < E > = 4.856 MeV, inertial confinement 
fusion assuming a final compreSSion of pR = 4 g/cm 2 < E > = 1.59 MeV. 

The two stainless steels that we have been studied correspond to the 
denomination: DIN 1.4914 and 316l SS, and the two both are considered in the 
design of the NET project. 

let us first start w ith the considerations on the relations of the total 
transmuted elements w ith the helium production. In f ig . 1, and 2, the increase 
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and decrease of the element concentration s in the log rarithmic of the 
percentage of the weight variation versus t he total exposure (MW x V/ml) is 
represented . In both cases, a fractional helium production less than that for 
other elements (Mn, Cr, V, Co, Ti) is observed. 

In o rder to give a representatio n of the spectru m infl uence in the helium 
generation, the f ig . 3 represents the helium concentration in appm versus the 
exposu re fo r the three diffe rent spectra. A larg e difference is observed among 
t he fision and f usion which in any case is larger for magnetic spect rum . These 
conclusions shown for DIN 1.4914 can be extended to 316l SS. 

Th e main contributors f or heliu m production for the two steels are 
represented in fig . 4 and 5 which give the hel ium concentration ve rsus exposure 
in the case of the total amount and the corresponding for each one of the 

" 

Fig, 5,- He-production (APPM) from 
different init ial element vs. 
exposu re (DIN 1.4914, 
magnetic spectrum). 
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Fig,6, - He-prod uction (APPM) from 
different initial element vs. 
exposu re (DIN 1.4914, ine rt ia l 
spectrum) 

sign ificat ive com ponent element. In both cases, the iron is the most important 
initial element, which in th e case of the OIN1.914 represents almost the totality 
of the helium existance. The same effect is also noted in Fig . 6 where the lCF 
spectrum is conside red. Nickel contri bution in this last case becomes more 
important tha n in magnetic environment, and under MCF spectrum and 31 6l SS 
shou ld be the second important element. 

Th e unit concentration curves fo r iron and nicke l initial compone nts iJre 
shown in fi g . 7 and 8. They represent, the helium production motivated by tf~ese 
two in itial components versus exposure, with d ifferent spectra . The influence of 
the spectrum is remarkable when observing the contrary effect for i ron and 
n ickel in t he hel ium generation . 
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X- RAY AND OPTICAL SHADOWCRAPHY OF LASER HEATED CAVITIES 

I.B . Foldes(*), R. Sigel , Ch en Shi-Sheng(+). K. Eidma nn , R.F . Schma l z, 
G. D. Tsakiris , S. Witkowsk i 

( *)Hax-P Janck-Ins t itut fUr Quantenoptik , 0-8046 Carching , FRG 
( +) 00 leav: from .Ce ntr a l Res:a rc h In s ~i t ute f or,Phys ic s , Bu~apest, Hun ga r y 

ShanghaI- InstItute of OptlCS and F lne Nechanlcs , Shanghal, 
People 's Rep ub l ic of China 

The transfor~ltion of puls ed l ase r r ad iation i n to thermal so ft x-rays 
becomes possibl e wit h the appl ica t ion of the closed geometry of small 
cav i ty ta r gets . The ho ll ow go ld spheres are excellent too l s for laborato r y 
s tudies of radia tion hydrodynamics, and the y a l so have a poss ible future 
application for inertial confinement fusion . Radiation confinement and 
t emperature i s generall y i nves tigated by soft X- r ay spectroscopy I l l . A 
complementa r y me thod, i . e . the i nve s ti gation of t he ou t ward reo tio n o f the 
cav ity wall is presented he r e in order t o obtain in fo rma tio n on the mass 
a blatio n and pres sure a t t he inner wall of the cav i t y . 

The t hird harmon ic , >' '''0 . 44 ~m radiation of the Asterix Ill . iodine 
laser sys tem was focu ssed into the ce nte r of the entrance ho l e o f the gold 
ca v it ies (P i g . I) . Cavit i es of 250-300 ~m d i ameter we r e prefe r e n tia l1 y 
used, the wal l t h ickne ss was va ried be t we en 2 and 8 ~m . The laser pu lse 
duration wa s 300 ps and the maximum abs o rbed energy 15 J. 

OPTICAL shodowgrophy 

loser generated 
X _ ruy poinT source 

'" 
3 ps d ye l os~ 

puls e --, 

CAVIT Y 

r. X - ra y 
s hodowgrophy 

Fig. 1 
The scheme of t h e 
experiment 

The opt i cal shadowgr aphy used 3 ps dye laser pu lses of 0 . 58 ~m wave­
length 121 . Images o f the cavit i es were obtained in each of the s i.x f rame s 
(rela ti ve de l ay : 3 ns) from a di rection app rox i mately perpend i cu l ar to 
t he main l ase r beam. The observation angle was 1350 i n t he case o f X- ray 
s hadowgraphy . 
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The point pr ojec tion method 1]1 was used for X- ray s hadowgraphy . A 
4-5 J pulse was split off the main laser beam a nd tightly focussed onto t he 
Cu backlighter after an optical delay of 3 or 6 . 5 ns. A spatial resolution 
of 30 ~m was obtained . The de tec tor was a Kodak 10 1-01 film with At filter . 
The optical density on the f il m I·;ras caused partly by the 1.5 keY, partly by 
the 8 keY r'H~iation of the backlighter. !.,Ihereas the cavities we re expected 
to remain opaque for the 1.5 keY rad ia t ion, i t was observed that the ones 
with the thinnest, 2 ~m wall thickness became partially transparent fo r the 
backlighte r radiation. This observed transparency is expla ined by the 
stronger penetration capabil i ty of the strong K-h o1.nd em i ssion of the back­
lighter at 8 keV. 

There are some ge nera l features in the optical and X- ray shadowgrams . 
The rear wall ""hich is direc t ly hit by the A"'O .4l! ].Im radiation is pre-
ferenti.~lly accelerated . The local intensity hen~ can ~e much higher

1 3 
-2 

(-5 ,1 0 1 Wcm-2) than the average absorbed la ser tntenslty (SLS2 . 6 · 10 Wcm ) , 
thus the' local ablation and acceleration is hi.gh . The other part of the 
wall shows a remarkably uniform but slower outward motion. The un i form 
motion is att r ibuted to the ablation caused by the X-r ays rece i ved from 
the primary spot . These characterics are visible on Fig. 2a . 

An interesting obse r vation can be done in the case of X-ray shadow­
grams for cavities of 2 ].Irn wall thickness , 6 . 5 ns after the heating lase r 
pu l se . The cavities become strongly transparent by that time , and the den ­
sity of the highly transparent wall material seems to be decayed . An in­
ternal, l ess transparent, no t spherical structure can be distinguished . 
This is explained to be caused by the s t alk which disturbs the spherical 
symmetry and causes a mo re complicated hydrodynamical be haviour of the 
ablated material inside the ca v ity . 
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F'i g . 2 
X- ray shadowgram 3ns 
after the heating pulse . 
Direction of laser 
be<Lm : from left to 
right . 
Wall thickness : 2 ].Im 

A lot of information can be derived using this transparency of the 
thin wall cavities . It is possible t o obtain the density profile of the 
moving wall the first time from t he X-ray shadowgrnms. We us ed the fact 
that the cavity expansion is basically spherical. After digitizing the 
film density and converting it to X-ray intensity the 2D isointensity cur­
ves could be plotted in Fig . 2a . Now the radial d~nsi t y pr of i Ip was de ter-
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mi ned in the upper hemisphere along the dotted line with a n Abe l i nve rs i o n 
(Fig . 2b) . 

An ave rage veloc i ty of (2 ,)-2 .5 ) '1 0 5 tm/s of the density maximum is 
obtained. Besides the densi t y maximum a large amoun t of material can he 
observed inside the cav ity . Th i s refers t o hi gh ab lation which can be caused 
by th e X-ray d rive only . Even the maximum density appears to be app roxima­
te ly 2 ord e rs of magn itude less t han solid density . 

Fig . 3 shows the increa s e o f the ra dius with time for cavities wi t h 
2 !.l ID wall thi ckness, heat ed by 2 . 1'1 0 13 \~cm-2 ave ra ge l aser fliJx . The dis ­
placement of the oute r contours of the cav ity determined from the X-ray 
s hadowgrams (x ) i s in good a greement with that obta i ned fr om the o p t ical 
s hadowgrams (0) . The posit i o n o f the de nsity maximum from the X- ra y pic ­
tu res (6) co rresponds to a smaller velocity. 
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t I ns l 

Fig . 3 
The increase of cavity 
r ad iu s with time 

The r es u l ts a re i nt erpre t ed in te r ms oC the ablative heat wave (AHI.]) 
model 141 . This is baseJ o n the ablative hea t wave dr i ven by t he sof t 
'·-r ays in t o the cavity I"all , and assumes th e rTlwlizati o n of laser r ad i a ti o n 
t o black-body r adiation field ,"hi c h is in e quili bri um \~ i th th e wa l l . Th e 
r es ults of t he AI!H model whi ch a r e in agreemen t wi th tha t of a multigroup 
r adia tio n hyd rocode ar e plotted in Fig . 3 . The ag re emen t between the I\HW 
model and the mo tiQ.n o f the den s ity maximum i s s at i sfac tor y , with thf' 
model slightly underestimatin g the experimental r esults. 

The expe r imental Stili in g with abso r bed lase r flux is .1 1.<;0 wld] des­
cribed by the v-S L1 0/11scaling law of t he ralcu l ll tions 141. The m:;x inlllm 
accelerating llblation p r essure W;:IS -lTpa and th e mass Hb l :tt i n n r iltf' 
- ! .2· !O-3 g cm- 2 . Thl" dl:!viat ion hetwee n exper iml' nt ami tht-'nry i!': more ('nn-
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siderable i.n the case of cavi t ies .... it h thicke r wa ll s , where on l y the Outer 
co ntours can be seen (t hey are not transpare n t). The difference can he 
explained by the kin etic pr essur e of the pla s ma fl lling up th e f i nite sized 
cavi ties and caus ing a pos t-acceleration of the wall which W':15 not t aken 
into account in the ca l cula tions. ':' he AH\~ velocity drops wi t h the initial 
wull thickness . do and the k i netic pressure effec ts scale wi th d

Q 
- 1/2 , 

the r efo r e the r e la ti ve importance of the l atter increases for thlcker walls. 

The wide dens it y prof ile and t he 10\~ measured dens ities can be under­
stood neither wit h in the fra mes of the model, nor by the s imulations whi ch 
predic t hi.g h densities and low tempera tures eve n when they take i nto 
account radi a tion t ranspor t. A density decay is expected if the ..... al1 be ­
come s heated du ring expansion. Radiatio n preheat is a poss i ble mechanism , 
but no t too probabl e for t he r ather thick gold ..... alls 151 . Our simulations 
shO\~ that the accel erated ma t erial i s left in the condensed s t ate . 

We suggest fragmentation of the expanding cavity wall as a possible 
explanation . Obv i ously such fragmentation must occur if the materia l re­
mains in the co nden sed sta te because the surface a r ea of t he cavity canno t 
increase so much , consequently t he wa ll s i mply breaks . The fragmented \~all 
may the n expose a la r ger surface to the radiation and t o the outstreaming 
plasma , thus an enhanced flow of energy steams into the fragments . It 
cou l d happe n t ha t in t his way the wall mater ial become s vapori zed during 
expa ns i on . The effec t ca n be call ed e nhanced preheat due to fragmentat ion. 
Additional ev idence for fragme n tation is served by the detec tion of lo ng 
X- ray pu l ses (3-7 ns) from t he cavity , which refer t o a ra ther high , 
10-20 eV radiation temperatu r e . Thi s mi ght be caused by t he leakage of 
radia tion through t he wa ll f r agme nts or radi a ted by t he wa ll if it is 
heated after fragmen t a tion . 

It can be concluded that i n t he futur e attent ion should be paid also 
t o fragmenta t ion , i . e. the exact equation of sta te of the material. this 
effec t may be namel y presen t in other t ypes of l ase r targets as a consequ­
e nce of deformation by be a m nonuniformi t y or Rayle i gh-taylo r instabili ty. 
the obs erved s ymmetr y and velocity of t he cavity expansion supports t he 
spec troscopical resul ts and confi rms t he predictions based on an ablat ive 
heat wave driven by the therma l soft X-ra ys in t he cavity . 

Th i s work was supported i n part by the Commission of t he European 
Conununit ies in the f r amewo rk of the Association Euratom/ I PP . 
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ABSORPTION OF LASER RADIATION IN THE COLLISIONLESS 

REGION OF THE PLASMA AT LASER FUSION EXPERIMENTS 

F. F. Kormendi 

Institute H .T. M., Belgrade ,Yugoslavia 

It is well known that the appearance of suprathermal 

e lectrons / 1/ in l aser fusion experiments , whose ori gin is 

a lso a subject of theoret ical investigations, reduces the 

e ffectiveness of implosion /2/ and thus represents a con -

siderable problem . In order to give an appropriate explana­

tion of the generation of energetic e l ectrons in l aser pro­

duced pl asmas, we shall anal yze the nonlinear interaction 

of l aser radiation with trul y free e l ectrons which form the 

collisionless part of the created plasma at high temperatu­

res on the basis of our results in nonlinear quantum el ee -

trodynamics obtained earlier 13,4/. 

Let us assume that at the interaction of l aser radia­

tion with a free charged particle of initial and final four 

momenta Po' p, respectively , n monochromatic photons of four 

momenta ko are el astically scattered to k with a simul tane­

ous absorpti on or emiss ion of N photons. T he conservation 

l aw 

p + nk + Nko 
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determines the necessary number of scattered photons n , 

The trans i tion probability per unit time P ' at optical 

f requencies may be factorized in the form /4 , 5/ 

( '2. ) 

with Pn= Kn , K ~ 1. This condition determi nes the thres­

hold incident beam intensity le 

le = hw3/r c2ff" , o 0 

Wo being the angular frequency of the photons, ro - the 

classical radius of the part icle , above "'Ihich the absorption 

becomes probable . At incident l aser beam intensit i es 

and wo= 1015 rad/ s the effective cross section f oL' the ab­

sorption of one photon by a fre e e l ec t r on i s 

respect i vely . lith tile he lp of t:hcse reuults one may eva-

lua te the e ne rgy exc hange rate be t v/een t he pho t on l"ie l ci 

and the e l ectron 
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d E f '- ) do - i; -- = c m (",o .- 1Yl ( !") w cif' dS2 
'dt: dQ 0 • 0 J (3/ 

\..rhere n/p:/ i s the e l ectron distribution , n/kol- the photon 

density. At incident l aser beam intensity 

w ~ 
o 

I ~ 1015 Irllcm2 _ 1016 Vl/cm2 

1015 r ad/s , a singl e pul se of ~ t = 10- 8 s duration 

may accelerate on electron to 

C; E = 10; eV - 106 eV 

respective l y , if the initial kinetic ene r gy of the i'ree 

electron does not exceed E, = 104 eV . 
" 
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PI{I::LtN[ '~ARY ~lJ:: ,\S [J l{t:NENT::i OF PL.r\S ~lA TEI-lI'EKUUKE NW CON Fl;.iE~lE N r rI m: L~ ,[,It·: 
I{E,(I~IPI.o SI'HI~\{[C·\L f'lNCH 

E. P'lo]at"l'!l1 A* ,111·1 V . ( :HLV 

Nat( ,)11,11 K.cRear c h COIl !wi 1 o)f CillM d il 
Ott<llla, C.<In!H1a (1,\ (I '{ ;l 

ABSTRACT - In a pilnt e:<peri1nf'llt.ll prlJ,I~T.l," of In,)rl'~<lt irlitLll cO)[\l lel1 s~r 

hank ener~y ( .. lKJ). tile spheri ci-Il pinch me.:i1i1nl..:;p! of p1;:1;;ma cnnt'lLmn(:! llt 

a nd compression leads to: 1) a 1,1.3-;'fI.'I temp.-!ra tllre Jf 7)0 eV , ;lU.:! 2) :\ 
COlltFlim~ent time of 5.4 usec . Horc ,wcr, the pLaslna i .. st>lhLe during the 
Cl)nt ,linment time . In dLscharges in rienteriUln , nelltrnns .I r e em i.tt ed c lose 
to l07 per shot . Fr Otn the c>::[lP-rl'nent;ll f1ar'llnet(~rs or th e plasma, onc C<lfl 
rledve a particle density f ur the sh0c kerl gas eqll ,'l to 1 . 21 :< La l';l CII1- 3 
,1!1d a product nT '" 1. 73 x 10 14 cm- 3·::;ec. 

I . Experiment 
The s!)he ri CAl pinch cl)nfigllr(ltioll l~ cha r >t c terizerl by a hot , rlense 

rL1s'na i n the cen ter of a spher'! , pLasma which is contained amI cOlnflr es::;e d 
by s pherici'll ,>hock waves cre'lted hy strong discharges at the pl!rip hery of 
the metal vesse l. !'i~u re I reports in schemati.c form the disc!vt rg;e 
vessel . Both the central plasma ancl the periphePtl shock waves are 
created by electr i cal rli.scharges th r ollgh electrorle.,. In the p i lot 
I::!xperimental program that we hav'! Cllrr ierl so far . in orclt:!r to visuallze 
th e plasma motlo" , we have adopted a cylindrical con fi gllPltion , rather 
than sp herical. In other words the vessel is at present A cylinder of 
1.1 5 cm he ight and 2 cm radius, closed on one side with a mlO'tal rlace and 
open on the other side from where the plasma CAn be observed . 36 
electrodes are rarlially Accol'lmodatecl fl.long the per iphlO'r03 1 ci r c le of the 
cy linder, so .1S to have 36 sparks . All dis charges , includ ing the centra l 
on'!, are individually f ed by 0 . 5 ].JF co ndensers cha r ged to 10.5 KV . By 
careful ly adjusting che gap of the centra l spark, self-breakdown of thls 
gap occurs first, the UV radia tion from the plasma so created triggering 
all peripheral discharges. 

Figure L s hows thr~e streil k r ecords of the cent rll.l plasma when i t is 
copressed by the imploding shocks . The first record at left is a record 
of'the plasma luminof>ity time history, as observed with an image conver t er 
c amer<!. . The origina l pressure of the hydrogt:!n gas i n che chamber was 6000 
Torr , corresponding to a dens ity of 2 . t4 x 10 20 cm- 3• This record shows 
that the central plasma i s being compressed by the imploding shocks . 

Since the plasma lumi nosit y can only provide a general i ndication of 
the events occurring in a plilsma , w<! r ed uced the plasllu luminosity 
recorded by the came r a and ob t ained the streak record shown in t he center 
of Fig . 2 . l.,re observe now that the cen tra l plasma seems to disapp~ar at 
t :: 6 ].JSec from the initiation of the discharge. I n other words , the 
pias!ll8 he comeB black at the time of maximum compress i on . Clea rly, this 
effect is a mani festati on tha t the plasma hlockbody radiat i on , beca use of 
che comp ression and subsequent temperature rise, shifts towards the XUV 
range . 

*Also with Advanced Laser and Fusion Technology, Research Division . 
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In ( I f ler tlJ hav~ ,1 confirma tion of thl s I'e pL1 Ct>rl in f ront o f the C:.lIO­

~ril a 11 ;'II-r"w 1l.1,...' int~rferf'nce f-tlt f>r cent red ~t ;\, .. 3900 A. l-Janrl '4irlth 60 
.\. W~ virtual Ly r~.I ected in thi s way all visible l i ght t!lIi:Ct>I"'t that lit " ~ 
3901) A. Thp. streak r ' !C'lrri at t he rt ~h t of Fig . 2 !lh,,,, ... the fi nal plas lIll. 
Cle;lrl y, this is the hott'~st pl<l~'I'\.f Fl) r .ne .1 duri ng the cmnrressi 'lll rha:'l :! . 
T"' i " r';'II\(Irkably ,ta~le pLasma lasts'" S. t. ~ec . 

Tile same t!Kperiment was then repc;l tel1 hy fully en" l ' )~lr'l)1 t h e cyl i ndri­
cal rli<;ch"lrge chamher with D .ne t al rlilt,! <ud w<)r!<.i.lIg '"L th rlcuterll1m. Four 
calihrated sllv,,"r ilctivati ()1l nf'!ltrun .-tetl:!ctors were r"di.d Lly and s ymme tri­
cally pLilce,l 01\ a 61)D s.,lt d COlle >I113 Le hllvi np; ape'( at the centra l plasma . 
Neutrojn:,; wer!;! det :!c t etl in thl'3 exp~rlment . "'i~hln the anoye so111 angle , 
an,1 , ... ttt,l n tht.! eXI\f!:rt int~ .,tal t!rrors , thn neutrons Were sym,net ri c<llly e'llit­
terl . Their >lye rage llu'lIbe r wa::> 7.11 )C 11)6 per shot. 

2 . Analysis 
The imploding shock waye, as shown .l.n ~'i g . 2 (left and central rhoto­

grarhs), reAch the central plasma after - O. !j lSec. At this time coml>res­
sion hegins . KnOWing that the radius of the cylindric>!l vessel is 2 cm . 
the shock waye yelocity is therefore Vs '" 2 . 50 )C 10 6 cm os ee- 1• The s hock 

waye velocity Vs 1s related to the e nergy riensity deposlteri at the rerlph­

ery of the vessel through the fol1o~illP; relation r I j Vs '" 42 . 16 

(Es/Hs) 1/2. We find EsINs = 3 . 52 x 10 5 Jig . The yolurre of t he ho t plasma 

is assumed to be a small sphere , ... hose rartius r = 7 . 94 x 10- 2 cm is ob­
tained f r om the size of the plasma in F.ig . 2 (right photograph). Hence, 
the vo lume V is: V = 2 . 09 x 10- 3 cm 3• Finally , the con tainment time il> 
assumed to be the time duration of the plasma shown in Fig. 2 . I t is 
T = 5 . 4 lJsec . We are now in a position to deriye both plasma temperature 
T and ayerage ~article density np , ItS follows. The final plasma pressu r e 
Pp is: Pp - (np/2) kT . This pressure InuRt he equaterl t o the imploriing 

shock waye pressu re Pi : Pi" (4/3) po(Es/Ms) ' He nce. we find: 

np = (8/3) po(Es/Ms)(kT)-l , where Po" 10- 3 gr. cm- 3 is the initial gas 

density at 6000 Torr. On the other han d, the Maxwell aye rage (f] y> 1s 
given by: <(1 \"> '" 2Yn/n~ T V, where Yn is the t otal number of neutrons 

emitted by the plasma . Replacing the values of the parameters found be­
fore one gets: (0 v> - 3 . 67 x 10- 23 (kT)2 , where kT is now expressed in 
KeV. On the other ha nd the depe ndence of <ov> on kT is given by : 
«(J v>" 1 . 50 x 10 - 14 (kT)-213exp (-IS . 6(kT)-1I3 j . Eq uating thi s expression 
for «(J v> with the p r eyious o ne, we find: kT = 0.73 KeV . This is there ­
fore the plasma temperature. If we now insert in the f ormula fo r n p the 

Yalue of the parameters fou nd before and the va l ue of kT just found, we 
get: np" 8.03 x 10 18 cm - 3• Thi s is the Byerage particle density . 

Clearly , the transmitted shock within the plasma comp ["esses the gas by 
a factor of 4 . Hence, the particle density of the shocked gas 1s 
0p = 3 . 21 x 10 19 cm- 3• With this value of np and for T - 5.4 lt5ec one 

gets n T - I. 73 x 10 14 cm- 3 sec. 
p 
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"\hstro. c t 
Th e work i s d e voted t o the s tudy or t.. he 11 0 n- 1 i n e a r Il lwnomt:n Q. in pla.s wlls 

where s urfa ce wave s are coup l ed to t..he intense ill c ide nt e l ecL r oumg ne tic 
wo.ves with ma x imum abs orption 8.t r esonanc e . The plas Ula l n ye r i s s ubj e cte d 
to a con s t.ant c xierno.l mag ne tic field in Lhe 'l-direc tioll. ..I. propo s ed 
fun c tion for t.he d on s iLy liistribuLion i s Ilppli e ti in the r l:!g ioll of p l asma 
inhomo gc nuit.y. Compute r s imulation of the equat.i o n s whi ch d es cribe the 
ge n e rllte d wave has be e n made Ilt. l a s er fr e que ncy range for a d e ns e p l asma, 
and e l ec l.ron p l a s ma den s il.y prof il e s are de du ce d. The de pe nde n ce of t he 
plasma e le c tron frequ e ncy on the plasmn e l ec l.ron de ll s ity i s n.l s o de du ced, 
n.nd t he c r i t.i c a l d e n s ity i s ca lculute d lI l<..,)r ..... "';?~ 

Introd u c tion 

I' la smo., by its ve r y na t ure, i s a h i g hl y no n-line ar e l ec tri c me dium, and 

the in vest i go. t.ion of t he non-linear phenome na i n p lasma would Clarify l.he 

import.a n ce o f l.he k ind s of p l asma in s t a bilit.ies , p la .. ma heat.ing , plas ma 

conf ine me nt., pla s ma radiation, p las ma di f fusion and wa ve ge ne ra t. ion ( l) 

Th e e ffe c t s o f non- linear wa ve int.e raction in Il la smas a llow f o r l.he 

poss ibilil.y of exte nding the fundam e nta l phys i c a l co n ce p t s to mo r e compl e x 

s i tuo. l.ion s , pr i mar i ly to inhomogene ou s plasma in a s t r ong ma g n e ti c fi e Id, 11.8 

we ll as to bounde d plas ma. The inte raction of e l e ctromagn e tic wave s with 

plas ma o.od t.he corre s pondi ng wave genc r o.tion s arc fruit.ful e xnmpl cs . This 

is very importo.llt for p r actical problems of las er controlled fu s ion and it 

pre sents much fund8.Dl c nta l int.erest, a s s u ch int.e ra c tion i s charo.cterized by 

0. numbe r of non-linear phe nomenae. 

Th e purpo s e of this work is to study t.he non- linear inte ra c t.ion of t.he 

S-polarize d r lidio.tioo and s urface waTe s in a p l asma. 

de n s it.y di st.ribution i s proposed to be s inus oida l. 

Th e plasma elec t.ron 

Due t,(I 0011-1 inear 

int.e r act. ion in a plas lDa, t.here may be a change in t.h e p l a s ma pararoeters and 

abs orpt.io n of t.h e waves occures(2 , 3) At. e l ec t.ron de n s it.ie s lDuc h less than 

crit.ical ( n / n c « 1), t.he plasma doe s not. g reatly affec t. th e lI'ave propagation 

(G:::tl) . As the de ns ity of t.he plaSlDo. aproo.ch es t.he crit.i c a l d e n s ity ( 11.1.. 

which cJ ...., w .) t.he influence of t.he plas lDa i s mu ch in c r e a se d a s G_O 
p ra 

The critica l den s ity has 11.0 import.~nt. rol e in de t.ermining t he r eg ion 

where t.he influe n ce of the p l a s ma i s g reat. . 
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Figu re (I) s how s t.he propo se d e l ~c t.l'" olL de n s it.y profil e n(x) .. D
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S in(ll x/ a), 
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PROGRESS IN INERTIAL CONFINEMENT FUSION RESEARCH AT DENIM 

Velarde, G., Aragones, J.M., Honrubia, J.J., Martin ez-Va l, J.M. Mfnguez, E., 

Ocaria, J.l. , Pe rlado, LM. 

Institu t o de Fusi6n Nuclear (DENIM) . Univ. Pol itecnica Madrid 

, .-INTRODUCTION 

The resea rch activities in Inertial Confinement Fusion (ICF) at DENIM are 
focused mainly in target physics, simulation and understanding of expe rime nts. 
To this end , we have recently developed several models and numerical tools for 
the characterization of laser and ion beam-plasma interactio ns the target 
physics analysis, and material act ivation and damage. 

Ene rg y depOSition by laser or ion beams to the p lasma, radiation transport, 
a tomic physics, charged particles, supra thermal and thermal electron transport 
have been the main improved topics, and a description of some of them w i ll be 
presented. 

Some resul ts on the target analysis conSid ering laser or ion beam with 
different pulse tailoring wil l be presented . In addition, numerical simu lations 
were done to study the infl uence of different aspect ratios in the efficiency of 
the implOSion and burnup of ICF targets. 

2. SIMULATION MODELS 

The ICF p hYS ics and computationa l developments at DENIM are 
incorpo rated o r closely re lated to the NORCLA code for one-dimensional 
simulation of plane and spherica l lCF targets. Figures 1 and 2 show the improved 
simu lation models included in the NQRCLA code [1 J. 

The NORMA segment can compute the linea r stopping of ex ternal ion 
be ams using analytical sto pp in g powers along radial tracks, with space 
dependent densities and temperatures at selected timesteps. 

The laser interaction is considered at two simulation levels : ray tracing 
c0J pled to hyd rodynamics and particle in cell (PlC) . The ray tracing algor it hm 
has been proved to be f lexi ble, cheap in computer time and easy to implement. 
It incl udes cu rrent co rrect ions for non Maxwellian electron di st r ibut ion s, 
ap proximate facto rs for stimulated Brillouin scattering and stimulated Raman 
scattering and rad iation pressure proj ection in the radial direction. The PlC 
WAVE code [2J was used for more deta il ed si mu lations of laser interaction . In 
particu lar, the growth and saturation of SRS was simulated [1] showing its 
impo rtance as mechanism in the hot electron production . A lso, the WAVE code 
w as used for simu lating a neutralized beam impinging on a un iform plasma slab n . 
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Braginskii fluid equations for thermal electrons h.w.? been incl uc ec in th.: 
NORClA code to be coupled to the charg e parti cl e lr.:r.;;p?rt throUg~l a 5-::,1 -
consistent electric field . The diffusion approximation of the electron flUid 
equations is solved by the method of (hang and Cooper. This model provide" '1 

tool for the one dimensional simulation of hot electrons in laser produced 
plasmas. 

Besides, we have implemented the ANTHEM code [31 (implicit PlC and 
MHO) for conduction problems with the production and amplification of B 
fields (Nerst advection). t aking into account inertia effects, higher frecuency 
lasers and different materials. 

The NORMA hydro solver has been extended t o a fUlly implicit so lution of 
the energy equations in 3 temperatures (electrons, ions and radiatio n ). 
Radiation diffusion can be treated in a grey approximat ion, with Rosseland 
mean opacities. The multigroup radiat ion d iffusion and discrete ordinates 
transport set of subroutines have been recently completed in a quasi-implicit 
coupling with the energy equations, and benchmarks are being completed [ 1J . 
For mixing of two materials, Rayleigh -Taylor instability and symmetry stud i( ':e 
have developed a 2D-hydro Particle-i n-cell code (ARWEN). 

Atomic data (EOS, ionization, conductivities and opacities) are available 
from t he DENIM Atomic Tables which have been generated using a new family 
of atomic codes [1.41. The PANDORA code uses the screened hydrogenic average 
atom model, whereas the ADELA code solves the DIRAC equation by the HFS 
method for average atom. The GEMINIS code computes the opacities. Recently, 
a new NLTE code (LIRA), which solves the time dependent rate equations, has 
been developed and tested . 

A Thomas-Fermi code computes tabu lated EOS and ionizations tor 
elements in any T-p grid. This model provides also the mean ionization and the 
average ionization potential for partia l ionized atoms in plasmas with any 
degeneracy, wh ich are used to calculate ion stopping pow ers of the bound and 
free electrons of partially ionized plasm as. The model has been extended for 
ca lcul ations of the linear dielectric function in p lasmas with any degree of 
ionization and degeneracy. 

The t ime-dependent Fokker-Planck t ransport equation for charged 
particles is solved by a finite-element method [51 . Numerical benchmarks have 
shown that the method is very efficient. 

The transport of knock-on deuterons and tritons by neutron scattering has 
been recent ly implemented in a coupled way to the neutron transport 
calculation [1,2] , The neutron distribution function provide the energy-an gle 
dependent source of the recoil nuclei, w hich are transported by the same 
procedure as the alpha rarticles. Th e CLARA code has been extended for 
simu ltaneous transport 0 neutrons, alphas and knock-ons, calculating not only 
the energy depOSition and momentum transfer but also the transport of mass 
(thermal ions) and the isotop ic evolution by neutron reactions. 



3.-A NAl YS IS OF DIRECTlY DR IV EN TA RGETS 

Com puter slIl1ula tio ns have bee n carried our on hE..}V/ nilC light ion, .:m d 
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to IJ btain a better und erstanding of the pulse shape, masses and aspect ratios 
IIlf1uence in the high gain performan ce. The publ ished works [1,6] related w ith 
thi S subject present more details about the cha racteristics of the energy 
depOSition , implosion and burnup phases and show the range of variation of 
the d ri ver energy for effiC ient power product ion . A synthesis of the resu lts for 
lig !: t and heavy ions wil l be presented . 

Some other related works have bee n pe~formed In order to characterize 
the t arget with some well defined bUrrlup parameter w hich allows a simple 
coupling of the neutronic responses of the ICF fUSion blanket with the neu tron 
spectra leaklllg from the target [7] . New simulation models and related works 
ha" :;' been develo ped in order to take In to acco unt th e act ivat ion of fusi,)n 
Ill i endls, and a t enta t ive sch eme of rn ateflal d amag e have bee n rece'l t ly 
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DISTRIBUTION OF ION IZATION STATES IN PLASMAS 

Mfnguez E., Serrano J.F., and Gamez M .l. 

Instituto de Fusion Nuclear [DENIM] 

1.-INTRODUCTION 

Low density ptasmas, such as magnetic confinement fusion plasmas, are 
characterized by t he reduced influence of particle collisions and photon 
reabsorptions. The corona model is the most usefu l tool to calculate the 
distribution of ionization states in th is range of plasma densities. For higher 
density plasmas, such as laser and ion beam plasmas, Z-pinches, and other 
inertial confinement fusion (ICFJ concepts, electron collisions and radiation 
interactions must be considered to determine a realistic distr ibution of 
ionization states. The Saha equation is usually applied in the higher range, and 
the collisional radiative model (1] must be used for the intermediate one . 

This work contains a numerical model to determine the distribution of 
ionization states by solving the time-dependent rate equations. It is a useful tool 
to analyze atomic properties in ion beam plasma interactions, and to obta in 
radiation energy from bremsstrahlung and total energy in ICF targets. Also, it 
can be used to study laboratory plasmas, as well as to analyze the effects of 
impurit ies in fusion reactor plasmas. 

Finally, the method has been applied to obtain results for argon and 
selenium plasmas, which have been compared with more detailed models. 

2.-IONIZATION MODEL 

The model used in this work solves the time-dependent rate equations. 
The processes conside red are collisional ionization, radiative recombination, 
dielectronic recombination and 3-body recombination . The ionic states are 
coupled through the ground-state, and excited states are not considered in this 
case, although they can be determined w ith other model coupled with this one . 

The energy levels for each ionization state used in the coefficients of the 
rate equations are determined by using a screened hydrogenic average atom 
model [2] with additional corrections given by pressure ion iza t ion, continuum 
lowering and spin-orbital effects, to the energy levels obtained through the 
analytical Dirac expressions for an isolated atom. 

In a steady-state solution, the ra t io of ion abundances at two ion ization 
states, f , and f,.l is given by the ratio between the collis ional ionization and 
recombination coefficients, yield ing Z-1 coupled equations. The numericiJl 
solution used to solve both the time-dependent and steady state equations is 
provided to be very fast and sta ble. So, it should be used to work on-line with 
the hydrodynamiC equations. 
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3.NUMERICAL RESULTS 

The test cases chosen fo r comparing this model are two : one for argon 
plasma, and other for se lenium one. In both cases the plasma is assumed in a 
steady~state. optical ly thin with negligible external photon flux . 

The first case, reported by Stone and Weisheit [3J is an argon plasma, at ion 
density of 5,6 x 10 19 cm-3, and temperatures from about 100 to 10,000 eV. A 
comparison between several NLTE codes. shows up importants deviations 
between them. The model here explained has been also compaired, essentially 
the average ion ization and the ion abundances. The figure 1 represents the 
average ionization for the above conditions of temperature and ion density. 
The d ifferences found came from the atomic model used for determining the 
coefficientes of the rate equations. 
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Fig. 1. Average ion ization vs te mperature f o r argon plasma, ion density of 
5.6 x 1019 cm-3. 
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The second case has been reported by Y.T. Lee (4) to check his program in a 
selenium plasma, used to study x-ray lasers. In th e figure 2. t h e average 
ion izat ion versus temperature for an electron density o f 5 x 10 23 cm-] 
calculated with this model shows a good a,9reament with the code reported by 
Lee, when the dielectroni c recombination IS taken into account. Finally because 
of the big differen ces found when the LTE and co rona models are used, the 
conclusion must be focused to the use of NLTE models, more or less d etailed 
depending of the analySis under studying. 
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Fig . 2. Average ionization vs temperature for selenium plasma, electron density 
of 5 x 1020 cm-3. 
(YTL--- new model; LIRA with DR -x-x-x-; LI RA without DR, - e-e-e-) 
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4.-CONCLUSIONS 

It has been explained that in several ranges of interest, for instance : laser 
interaction with ICF targets, Z-pinch experiments, x- ray lasers and plasma 
spectroscopy experiments, models such as corona or LTE are very far of the rea l 
physical situation, so rate equations must be employed . The mode l here 
presented predicts average ionization and ion abundances w ithin a permisible 
error, with a negligible calculation time. So, according to this, the model should 
be a preliminary candidate to be co upled to the hydrodynamic equations. 
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ANALYSIS OF RADIATION ENERGY TRANSPORT IN HIGH TEMPERATURE MEDIA. 
APPLICATION TO ICFTARGETS SIMULATION AND DIAGNOSIS 

Jose Luis Ocana. 

Instituto de Fusi6n Nuclear (DENIM). Univ. Politecnica Madrid 
po Castellana, 80, 28046 Madrid SPAIN. 

1.- INTRODUCTION 

A major problem in the analysis of radiation energy transport in dense, 
high temperature media (typical of ICF systems) is the strong non-linear 
character of the temperature dependent radiation source term, even under the 
assumption of local thermodynamic equil ibrium (LTE)1 . 

. In addition, the coexistence of relatively optically thick and thin regions on 
both sides of the energy propagation front (typical in radiation dominated 
problems) difficults in a very important manner the calculation of energy fluxes 
across zone interfaces in a proper way, mainly because of the extreme ly 
different physical properties of cold and hot materiaI2,3. 

In order to overcome some of these dificulties when using formally more 
simple treatments (diffusion codes, tipically), and as a way to obtain a prediction 
calculational tool for the analysis of experimental diagnostics, a radiation 
transport code has been developed, and some appli cations of it to characteristic 
problems have been made, including the generaly considered as a reference 
problem of propagation of thermal Marshak waves into cold, optically thick 
media with explicit consideration of the frequency dependence of the material 
photon cross sections. 

2.- 8RIEF QUALITATIVE ANALYSIS OF THE RADIATION TRANSPORT INFLUENCE 
ONTHE DYNAMICS OF ICFTARGETS 

Previous calculations carried out in the frame if the NORClA code4 (in 
which the energy transport by radiative processes is taken into account through 
diffusion conductivities) showed that radiation plays a major role in the ignition 
phase of ICF targets because at a few KeV it becomes an energy conduction 
mechanism dominant over electron +suprathermal particles conduction, a 
critical change happening over a short range oftemperature5. 

According to these results, the success of the ignition seems to depend 
critically of the temperature evolution of the fusion fuel over that phase : if the 
fuel isothermalization resulting from the hydrodynamic compression attains a 
given temperatu re (say some KeV), ignition wi ll presumably succeed and the 
fusion burst inmediately deploy. 

In add it ion, the thermal radiation originating from the hot zones of the 
reacting fusion fuel has been acknowledged to play a not less important role in 
the process of fusion burn conditions propagation to relatively cold material 
surrounding them : In this process energy transport by charged particles + 
neutrons are recognized as the fundamental mech anis ms in charge of 
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temperature feedback and energy delocalization5 but ene rgy transport by 
thermal radiation to more external zones has been observed to have an 
important effect over total fuel confinement time via thermal expansion of 
these layers. 

3.- CALCULATIONAL TOOLS DESCRIPTION 

In the non·linear radiation tran sport problem, the temperature and 
density dependent emitting and absorb ing properties of the transport medium 
have to be obtained in terms of the past history of the radiation field and vice­
ve rsa : The knowledge of the radiation fl ux at any time al lows for the direct 
determination of the energy an momentum sources to be included in the 
corresponding hydrodynamic equations characterizing the transport medium 
behaviour. 

Further, in the cases in which local thermodynamic equilibrium (LTE) 
cannot be assumed, as, for example, in all those situations where the medium is 
optically thin (re lati ve ly transparent) to rad iation (typical for diagnostic 
applications), the radiation f ield itself, including its detailed frequency (energy) 
dependence, influences to a critical extent t he transport medium optical 
properties an emission dynamics and, consequently, the non -linear character of 
the problem is significantly strengthtened. 

In the case of simplified geometries such as one-dimensional planar or 
spherical, it has been found more convenient ( and so proceeds the developed 
code) to obtain the terms responsible for the energy and momentum 
contributions to the THD eq uations taking profit of the formal expression of the 
radiation transport equation itself, i. e. in the way: 

~+v.F=I "dvl dno' (B - n 
at 0 4n a 

[laJ 

aMd + V.M,= ~ I" dv 1 dQQ o· (B - n [lbJ 
ilt Co 4n a 

instead of following the usual practice described for the general case in ref. 6 

The developed code PLANCKY7 solves the radiation transport equation in 
a multigroup frame for the energy (frequency) va riable of the radiation specific 
intensity I (r, v , U, t), with angu lar dependence taken into account through a 
discrete ordinates treatment, and uses the results obtained for t his quantity to 
obtain the corresponding terms for coupling to the medium hyd rodynami cs in 
the way given by espressions (1). 

For the appropriate treatment of the spatial var iable discretization in 
order to yie ld the correct limits both in the cases of optically thick and optically 
thin media, an original scheme has been adopted based on the statement of the 
flux conservation over each spatial zone and the ensemble of discrete angular 
d irections, and current correction at the zone interfaces in the case of optically 
thick medium to give the corresponding diffusi on limit. 

The time variable treatment is carried out in an semi-implicit way in the 
transport solution, and iteration is provided for accordance of the radiation 



614 

source to the transport resulting variation of the medium properties. 

Originally the (ode has been developed for the solution of LTE problems, 
but simple modifications in the sou rce term will al low, in connection with the 
radiation 4 hydrodynamics coupling phylOSorhy, for the reso lution of non-LTE 
problems with strong energy dependence 0 the radiation source. 

In addition, the program can treat w ithout major dificulties radiation 
transport problems in which Compton scattering has a significant importance 
(i. e. very high temperature problems). 

3.-APPLlCATIONS 

In order to test the results of the developed (ode, two different problems 
were chosen for which the code obtained the temperature profile evolution in a 
given medium and a comparison was established against the traditional 
references w ith indication of the computational effort required in each case. As 
a sample of the capabilities developed, we present here the corresponding 
results. 

In a first case, the problem was analyzed of the propagation of a thermal 
Marshak wave into an in itially cold slab of co nstant (no n frequency or 
temperature dependente ) opacity. The slab thickcness was 1.5 m.f.p ., the 
spatial mesh 0,1 m.f.p. and the time step O,Os/c m.f.p . . A set of 4 discrete an9ular 
ordinates was used and the energy range (0,1 To - 10.1 To) was divided In 10 
equally spaced groups. 

Th e results obtained (see fig. 1) compare remarkably well with the 
reference provided by Campbell8 ( shown in solid li ne). The computational 
effort required scales as 0,0017. sec/time step/energy group/material 
zone/discrete direction in a CDC Cybe r 170-835 computer, what gives a 
reasonably good code efficientcy even with a simplified transport-medium 
temperature coupling as the considered one. 

r-AIISHA)( u:I!.E PROPAGATlOIi 
TtI1'~~AruRE()((V) 
18.8,-,-~~~-~------~--'---, 

Figure. 1 

et,. l00l 

1. 28 1.13 !.fi3 
RADIUS{CMJ 
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The second problem analyzed was a similar one but with energy 
dependent opacities for the medium. In this case, a 100 m.f.p. (0) thick sla b was 
chosen according to the same reference and a 50 zo nes spatial mesh was 
considered. The corresponding results (plotted in figure 2), were again 
reasonably good, the computational effort being in this case a bit higher than in 
the precedent one (-0,0022 sec. vs. O,0017sec. per unitcalculational module), 

In addition to the described kind of simple but rather critical problems, the 
described radiation transport analysis capabil ity is being ' applied to the study of 
more realistic problems such as the dynamics of ICF targets, particularly in the 
fie ld of analysis of planar and spherical targets compression experiments' 
diagnosis. 

It is hoped that the capabi l ity provided by the detailed treatment of the 
energy and angle variables could serve as a useful tool for both the appropriate 
simulation and diagnostics interpretation of the treated kind of problems. 

TtI'f'~RATUR[ (I( [U) 
1 • •• r------~-;-, -;-,-.... -----__, 

0.8 .lUI . 8.28 8.10 8.68 8.88 1.118 
RADIUS(CM) 

Figure. 2 
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DEVELOPMENT OF THE PEAKING REGIMES IN PLASMA 
AND EFFECTS OF THE ENERGY LOCALIZATION 

N.V. Zmitrenko, S.P. Kurdyumov, A.A. Samarskii 
Keldysh Institute of Applied Mathematics 

USSR Ac.Sci., Moscow, USSR 

The questions of the descri9tion of the energy balance 
taking into account the heat production and propagation proces­
ses (for example, by an electron heat conductivity) often play 
a decisive role in the study of plasma. The investigation of 
fusion ignition stage leads to situations like that both in 
the inertial confinement targets [1] and in the magnetic con­
finement systems t 2]. 

On one-dimensional plane case such problems are described 

by the equation T 
'aT" 2..~(T)~)1"Q(T) t>O,-=<"-(-I-= . (1) ~t 'il"C. (A 'i)"C. P , 

Let us consider a Cauchy problem for (1) with the fo llowing 

initial conditions 
T(z,O)=T.(z» T.(t) >0 at I~I < R, To("jzO at- (2) 

1'-' '>-1<., R.<DO, ""'" r;,r<)~T.,=r.(O) r.{,}"To{-~). 
The dependence k(T) = KoTG', Ko>O, v;>O is characteris-

tic of plasma. The classe s of the initial distributions (2) 

('t ~o) , that are metastably localized a t . time duration to, 
..J. er R.t. / a') (3) 
00 ~ :1.(0'+9) / (Ko Tm ) 

T(t,t)=O for all 1""1<. and O<t<t-o are shown at C) ]. 
Boundary regimes T(o, t-) , that produce these localized pro­

files of temperature are peaking ones [ ) ]: T(o, t) : q o (y-tJ "> 
Cl .. > 0, - ;. ,<: It $ 0 J r < tf < 00. 

The peaking regimes originates in a natural way in a nan­

- linear medi um with 't(T)~ct<>T.fJJ '10>0,13>1. In this case 

the problem (1), ( 2 ) has a self- simil ar solution [ 4, 5] 

T(z,t-j=~o"(tf! - t)~ 8{J) I !="-[{Kot:") 1~ (tf -t)'" ] , (4) 
1 jJ-o-' 

where ,,::. - --, h7 = and e fs) is .f ound f rom 
. ;3 -, fl (;;-f) 

an equat l on I v I I ,8 
- h e rm] e = ((J e) .. f) (5) 

. I r I () 
with conditions e (0) = 0 and f) e .... 0 , - 0 at I ~ I"''''' 
Th ese solut i ons describe an asymptotic sta ge of a proces s , 

when l~~{t"t (T)cltr/'t »j::~r. ('jot,,- . 
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s olut i on 

which des-

cribes a localized heat struc t uloe with the invariable in time 
size of a burning region 

L r = vi Ky,?o' "t r > "IT 0 !:' ~. 
LT depends only on medium properties Ko , ~ and ~o (fun­

damental length (FL». On case of HS-regime (;B<fr-t-1) the 

localization is absent , the burn region size _(f.,_t)m grows 

(6) 

wi th the time (In < 0) • At I' > <r .. 1 (LS-regime) a half-width 
f 

of a heat structure shortens, and &(l)~Cfj2J - "-~·1 at 
I ~ \ -+ 00 • In this case (S) has a set of solutions (lIeigen 

functions" (EF) of a non-linear problem). Their number is 

"'iF=[Q. - [T"-J/o..JJ> " J.,~,,-~~ ,["-] is an integer part of 
G\... [6]. Constant C~ is the analog of an eigen value for an 

n 4 . . 
i-th EF: 17( (t) ~ C,. J - ~-'-'f > C, >~. > L> J • The form of EF 

(1~ i$ "J 0"::;2.,) fi=3.1J', ~F;:12) is shown in Fig. 1. If LS-regime 
is es tablished with non-self-similar and finite initial data, 
the solution has a form of the first EF and is always strictly 
localized [7] (the asymptotics at I! /-> "" is not realized). 

This is connected with the majoration of the LS-regime by a 
certain S-regime, which has a finite burn region size ( see 
Fig. 2) . 

Let us consider the case of an electron heat conductivi­
ty and a heat source tzZlT (T) , which i s caused by a local ab­
sorpt ion of 0< -particlies of DT-reaction. The power approxi­
mations [1 ,8] of CZ~T{T ) show that the source works in S-re­
gime at r"'S'<ev • The corresponding FL (6) iB.J'Lr "'o.'2.(jcm-1 

[ 8]. The result of the computer simulation of t he (1), (2) 
problem under rt.IJT (r) from [9]and taking into account the 
bulk emanation (which dominates for T.$" KeV ) is shown at 
Fig. 3. 

The investigation of HS, Sand LS-regimes in a multi-di­
mensional case and for a density distributed in space is car­
ried out in [10 , 11J. 

The solutions of the following type x 
F, (DC,i:) ~ Sol (~f' 0"/, (s), ,: -;r;r; (7) 

(Mo is a plasma mass, x.. is a Lagrange mass coordinate, 
BDc':::conSt- ) are constructed [1 2 , 13]for a system of one-
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-dimensional equations, which describe plasma granting th -e 

ty- pical dissipa tive processes (heat conductivi ty, viscos i ty, 
sources and sinks of heat). These solutions are the generali­

zation of a S-regime for this case, when gas dynamic motion 
is essential. Some of It· are shown at l!' ig . 4 for t he case when , 
plasma in compressed by a cylindrical piston. Here~:::'l. [3·10 }[ 

¥;' 1 II [ "" -l/' j-1 n '1,,; - 8fJ K(-<r -t ) sF, [TokT 7.53-10- 'tr-t) :> > density f=o[t_6?-10- 'er-t) J 

magnetic field ~=kto_3Sf(t,-t;-I] in CCSE system, M.~O.94g/cm. 
The heat structures, caused by a source action _(ohmic heating. 

thermonuclear heat production) originate from (7) regime provi­

ded that adiabatic exponent cl' <:- (axial) or J"< i- (spheri­

cal symmetry) [12, 1J] • 
The realization of the (7) regime for a theta-pinch c~n 

eliminate the electron heat conductivity losses along the 
axis dew to the localization effect [.141 . The estimat i on (3) 
gives for the pinch length Lp::: 21< the following val ue Lp':;-

2:'/lt0 10V<re>S12.tono- 1 i CM.J where <7i> (eV) is a temperature 
in the middle of the pinch, to (s) is the localization time, 
and density no (c.c. ,...,,-f) at the ends i~ constant (S-regime). 
The table of values Lp , i, and to from [ 14 J depending on 
parameter nto is given below for (re> ~ 1 Ke V..J K: compres-

~ 4 16 -1 (t t)- ~ sion ne = 10 and "0 = 10 ccm • If n... {2 - along 
the entire pinch length, Lp decreases 1,6 fold (LS-

regime) [14] • 
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STIMULATED RAMAN SCATTERING IN THB PRESENCE OF FILAMENTATION 

H,C . Barr, T.J,M . Beyd and G. A . Coutts 
University of Wal es , UCNW, Bangor, Wal es 

Abst r ac t: A model is d escr ibed fo r Stimul ated Ra man 
Scattering (S RS ) in which t he plasma de nsity and l ase r 
intens ity profiles h a v e been c orrupt e d by fil a me nt ation and 
whi c h accounts for the interp lay between th e e ff ect s of the 
inhomogeneity , the kin e tics ' and the fo c llss ing o f the incide nt 
and sca tt ered light waves. Waveguide modifications to t he 
SRS e missi o n spec trum are di scussed. 

1. Introdu c tion 

Stimulated Raman Scattering, the resonant a mpl ificatio n by 
a l ight wav e o f a plasma wave an d a scatte r ed light wa ve of 
lower fr eq'uc n cy , is ex p ected to be a co n ce rn in t h e 
int erac tion o f l aser radi at i o n with the l a rg e t arge ts 
conceive d f or inertial co nfin ement. Experiments to dat e have 
b ee n c har acter i zed by las e r beams having no isy int e nsi ty 
profi l es . S u c h variations may be ex a cerbated by the 
fil amen tati o n instabili ty or self-focussi n g of b eam hot spo t s . 
Such loca lly intense lAse r radiation will mak e sns thr esholds 
mo r e accessible; against thi s , the tra nsver se in homoge n e i ty 
will inhibil S RS as will th e incl'eased Land au damp i n g i n the 
l ow densit y regions excava ted b y t he fo c ussed lig ll t. 

2. Mod e l 

We assum e an elec tron s lAb pla s mn having a sinusoidal 
density prof i le 

(1) 

a n d inc idenl l ase r lig h l whose e leclron osc.illalory veloc i lY 
is 

~o = 2vo(Y) si n ( k ox - wo t )i (2) 

whel"e vo(y) 
polArizalion, 

is consisle nl with n o(y) a nd whi c h, 
salisfies the Malhieu eq ualion 

f o r lhi s 

v o " + (a - 2q cos 2n } v o = 0 ( 3) 

2 2 2 2 2 2 222 
wh e r'e a = ( wo - wp - koc )/ l< c , q = e:w p /21< c and 
n = Ky. wp.is lh e p la sma d e nsi l y correspondin g la lh e 
mean densily No' When q ( I ,vo (Y) is approxjmat eiy 
unj f orm whj l e , if q > I , th e I ig ht is s t ro ngl y foclls!-;ed ot· 
gu id ed. T il e c h oice o f (1) ['epr'ese oL s a n infinite a rr ay o f 
d e nsity ChAn nels , fl owever, wh e n q > 1 , wave e ll ergy is 
localized or trapped withirl a si ngle c h an n e l a ri d he rlre we may 
ex p ect the anAlys i s Lo d escr ib e the b e h~vjour o f B sjnglp 
slab fi lam ent. The sca tt ere d light is pola r ized J l~[ ' ~ll~1 

t o the laserl.i ght. and descr j b(~ d by a dd vc n furm (l f €' qUllt io n 
(3) Th e pl as ma wa v es are d escl'i b ed by t he Vl asoll .~ q u:11 ion 
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driven by th e pO!lderomotive fO I-ce of the beating l i g ll t 
waves. S in ce th e plllsma wa ve ene rg y is s tr o ngl y lo ca li ze d. 
we need only use t ile appropriate lo ca l va lue o f vo ( y ) as 
g iv ell by (3) Slid normalized tu CO IIserve e ll e r gy Blld m11i ll laill 
pressu re b a lan ce. Here we develop the theory Hssumillg :1 

uniform vo(y) and ad just t ile loca l value a posterio ri wlletl 
the l ocalion of the resonan(;c js es t a bli she d_ 

The ,-es ulting equatiolls the!] are til e usu;11 SRS e quations 
which, when th e si nu soidal d e n s il y profile i s in c luded, be come 

[w ~ 2 
k!]Ys (!i) 

1 2 
Y, ( "--) 1 ikv oYp(!i) - w - 2" • Wp [y s (k+) , 

p 
( 4 ) 

[1 -1 1 1 [ A A A A 
+ X ("-.w) Y

p
("-) + 2" • k-!i +- yp ( k.t) + !i . !i- Y (L) 1 p -

v 0 [k • A • A 
Ys(!!. - ) ] 0 i Ys (~) ,. 2" !i .!i+ y s ( !i+) + 2" "-."-- ( 5 ) 

All quantities a ['e normalized to c ,w o Ys and yp are 
propor ti o nal to the sca tt ered and plasma wave electric f i e lds 
r es pec tive l y . X(!i,w) is the usual electron sus c eptibility 
Ws = 1 - W , ks = !io - k and k± = !i ± 2!. It is the 
so luti on of t h e linear difference equations (4), (5) t h a t 
constit ut es th e main res ul t of this paper! 

3. Re sul ts 

Th e so lution of (4) , (5) for growt h rate versus scattered 
frequency are s hown in Fig.l for a ser ie s of filament depths 
~ with the laser in t e ns ity k ept un iform s u c h that 
Vo = O. Ol c The mean density is O.24nc and t h e 
temperature is 2 .5K eV . ( nc is the laser light c ut-off, 
or critical, density). The honog eneous pla sma growth rate 
( £ = 0 ) o f c haracte rist ic bandwidth Yo is s h own for 
reference, As th e filam en t deepens SRS may occ ur at a 
discr e t e sel of fr e qu e n cies (€ = 0.25 ) exhibiting th e g uided 
plasma wave n or mal modes in the density channe l 

W2 = w2 (1 - e) + k 2 c 2 + /6£ (2N + I)K V w 
P x e p 

(6) 

(N = 0,1,2, ... ) The focuss i ng of the backs cat te re d light 
at the d e nsit y minimum stro ngly biase s growth in favour of 
the most de e p ly trapped (low N ) modes o f equat ion (6) . 
Growth is c l early dominant for resonance at the density 
minimum . Wh e n this density is low enough (£= 0.75 ) 
Landau damping becomes st rong, wash es out tile pla sma wave 
resonances and substantially inhibit s growth. Ultimate l y 
( £ = 1 ) SRS degenerates int o st imulat e d Compton scattering 
a t these low densities with optimum growth occ u rr in g at 
l oca tion s h ig h e r up the filament wall. 

Thi s max imum growth eigenstete is illus t r ated in Fig.2 
for a temperature of 0.63KeV a nd a mean d e nsi ty of O.lnc 
Curve a) sho ws a rapid de crease as the reso nance l ocalizes 
s u c h that the bandwid th associa t e d with t h e density va riati o n 
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t'!x l: et'.!s lhnt assu c inled wit h t h e growth ( e: w ..... yo ) . 
Thf"I ' l"u l" l l' r a gc utl e r' decl in e ()(;I ~ Ul"S (y« e: - 1Y3) whic h is 
pun .. ly 11 scale l e l1 l!l h c, rrect <11 t h e pal"abol i e density 
mirrimUIII. The ,"eclu (; 1 io n .in growt h i s il <:(; p l e r 1:l led wh en l. /:IndH U 
damp i n g b'! c o mcs sL t'u ng (e: O.Il) C ur ' Vt~ h ) 5ho\~:; l.h~! 

enhf.Jnt; (~ IH~ ll t in growth due t o I.h (~ focuss ill g of the SCc\lt(~rt!d 

wave. F i.II .... ll )' , c u r've c) i n c ludes th e focussing ur lilt: l as!:!!" 
l ig h t. .Ieadi n !! 1011 moof:s\ IH'1 inr: r!~ I:1';(: in g r ' U\~ lh t ;lllhu u g h 
l ess t h an might I l<Jvt~ be ' ~ 1I <Jlltici IHtl e d, u n til L<l lldau d <:lmping 
Oe comp.s st.ro ng. Hrcladly, t h e n, Ijg!\!, wav e fOI;IJss -ing 
over c o mes decrea se'S clu e t u p l asma i llhurnogeneity but yiel d s 1.0 
lhn~H' due 1 0 J.ulld{J 1I duml-' l rig. 

4 . Wavl~ t(!! ... !A.£_.f.frct' t s 

Wh en the wav es [In! g uidf!d w i t h ill a <..: h 'lnnr:J, h'igher 
frequerl c ies are Il eeded to mainlai!1 propagali o rl, Giv e !1 the 
d omi na n ce o f SRS nl I. IIH density minimum of a filament , suc h 
wav egui d e co rl'eet i o rls ca ll l'esl l'L~t em i ssion lo a nar,'ower 
band with minimum frcqu(~ n ~ y great{~ r lhan th e ex pecled wo /2 
To qU 8 !l ti f y th is , n eg lect pla s ma tem perat uI'e so tllat t il e 
plasma wav e frequ e n cy al the de nsity minimum is 
222 

W = wp (l - E) = wpl say; lh e focuRRed b ackscA tt e r ed li g h t 
has freq u e n cy Ws given b y 

( 7 ) 

wh e re L = ( Wp / Wp l )(2E)- H K- l is the tran sverse scnle l e ngth 
at the density m)nimum. Frequ e n c y mat c hing at the scattered 
wav e c ut - o ff gives til e mi lli mun sca tter ed fr eque ncy 

(B) 

If the filament fo c usses la a s kin depth then 
Ws > 2 wo/3 significantly high er lhan wo /2 . 
cylillrir'ical Gaus s i an fj lam ent of d i ameter a, 
ill (7) givi ng a c u t-o ff frequen cy 

L - c/wo a nd 
For a 

wpl/L .... 4c/a 2 

w 
s = 0.5 W ( 1 + 4c

2 /w2
a

2
) o 0 

Us ) ng t h e minimum radius for a se lf- t rapped fila ment 2 

a = (2e) M c/wp 2 ,where wp2 cor responds t o the maximum 
plasmR de nsity n M o u tSide th e filament, gi ve s 

Ws = 0.5 Wo ( 1 + 2n M/en c ) 

Thi s again may h e S Ubstantially greater than wo /2 . 
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Fig . I Growth rate versus 
scattered ligh t frequency 

Fig.2 Maximum growth rate versus 
fi !amen t dep ch 
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An Inertial Confinement Fusion System 
for Space Applications 

T. Kammash and O. 
University of 
Ann Arbor , t-tI 

L. Galbraith 
Nichigan 

48109 

A new approach to fusion that combines the favorable aspects 
of magnetic and inertial confinements has been proposed by Hasegawa 
et al(l) in a scheme called the Magnetically Insulated Inertial 
Confinement Fusion (MICF) . In this approach a spherical shell 
coated on the inside with a fusion (OT) fuel is zapped by a laser 
beam through a ho le causing the formation, through ablation , of 
a plasma in the core region . Physical confinement of the plasma 
is provided a metallic shell that surrounds the fuel - coated inner 
surface, while e nergy co nfinement is provided by a strong, self­
generated magnetic field that serves to thermally insulate the 
plasma from the surrounding \-1alls . The li fe time o f such a plasma 
is limited by the sound speed in the shell and it is significantly 
longer than that in conventional inertial confinement due to the 
higher mass density of the shell and the l ower temper a ture arising 
from the thermal insulation provided by the magnetic field . Due 
to the increase in life time and better energy efficiency resulting 
from the absence of a pusher in this approach, it is shown that a 
plasma with an initial density of l02I cm-3, temperature of 10 keV 
and a radius of 0 .25cm can ignite and produce an energy multiplica­
tion factor of about 100 at the end of a t\vO microseco nd burn time . 
Because of its relative simplicity and ability to produce power in 
the multimegawatt range it is shown that MICF is especial ly attractive 
for space- based power station . If used for rocket propu lsion i t is 
also shown that MICF is uniquely suited for deep space missions 
requiring specific impulses far exceeding 1000 seconds that cannot 
be met by chemical propUlsion . 

1. A. Hasega\-1a et aI , Phys . Rev . Letters 56, 139 (1986) 
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2-D SH1ULATIONS OF LASER ACCELERATED THIN FOILS 

S. Atzeni 

Associazione EURATml-ENEA sulla Fusione, Centre Ricerche Energia Frascati, 
C.P. 65 00044 Frascati. Rome (Italy) 

INTRODUCTION 
Exper i ments on laser acceleration of thin foils allow for the study of 

laser-matter interaction and of the process of ablative accelera tion by 
usi ng a s imple, s ingle beam , laser configuration [1-4]. Sufficie ntly thin 
foils can be accelerated t o velocities abou t 100 km/s [1-4]. even by using 
laser pulses with e nergy E of a few J [3- 4]. Such exper i ments a l so allow 
for a number of transverse and rear- side diagnostics which are not feasible 
on spher i cal targets. On the other hand, significant depa rtures from truly 
I-D geomet ry may occu r, due t o the finite tra nsverse size of the beam, to 
the non-uniform illumination, as wel l as to fl uid and plasma instabilities. 
This motivates the present 2- D numerica l study of t he hydrodynamics of 
foils irradiated by low intens ity , Nd: laser pulses, performed by mea ns 
of the 2-D Lagrangian code DUED [5]. 

DEFINITION OF THE PROBLEN 

We have per formed numerical simulat ions for laser and target para ­
meters app rox i mating those of a series of expe riments conducted at Frascat i 
[3 , 4 ]. For the laser pulse we have assumed a triangular temporal shape , 
with peak power at t=l ns, and width At (FWHH)=3 ns. The simulated beam i s 
para llel ( f / m optics), with a trapezoidal spatial shape, with flat-top 
radius RT~160 ~m and spot radius R ~240 ~m. The peak intensity is 
10 12 W cm- 2 , and the energy on target i~ E - 4 J. We ha_ve considered three 
plastic (CH) targets, with radius R ~500 ~m~ and thickness I1Z =1 ~m, 3 fJm, 
and 20 ~m, respec t ive l y (correspon3ing to fractional ablate?! mass about 
65% , 20%. and 3% , respectively). 

We have simulated the above experiments with a 2-T model, with flux­
-limited thermal conductivities; · and a real-matter Equation-of-State. 
Laser -matter interaction is dealt with by means of a 2-D ray-tracing algo­
rithm, taking plasma refraction and inverse Bremsstrahlung absorption into 
account. Such a model is adequate for the study of the kinematics of the 
process, but not fo r that of the status (temperature and density) of the 
de nse , acce lerated foil, which would require the treatment of X-ray t rans­
port. 

COMPUTATIONAL ASPECTS 

Desp ite of the s implicity of the model , the present simulations are 
computatior..ally rather demand ing. I ndeed, at the moment, only Lagrangian 
fluid codes seem able to follow with a reasonable spatial resolution the 
evolution of both the accelerated part of the foil and of the highly s hear­
ed r egion at the edge of the l aser spot (see , e.g . , Fig. 1). Furthermore, 
given the small t hickness of the ablated l ayer (0.6 fJm ), very thin zones 
(with i nitial axia l spacing 6Zm ~0 . 03 ~m) are necessary for the descript i on 
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Fig. 1: Ablative accelerat i on of the 1 ~m thick target. Mesh (solid) and 
selected rays (dashed) at a) t:::1.5 os ; b) t=4 os, c) t=8 os. The 20K30 
zone mesh at t=O had uniform spac ing in each direction. 

of t he ab l ation process. This results in a particularly severe COllrant 
stability condition, as a consequence of \oIhich 5+1 0 thousand steps are 
usually needed to simulate t he evolution from 0 to 8 os. Even using a 
rather coarse transverse zoning (20 radial zones) and a relatively sma ll 
number o f light rays for step (20';-30) t he simulations described hHe ha ve 
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Fig. 2: Mesh plot at the same time t;4 ns for targets of different thick­
ness: a) 6Z =1 I-Im; b) 62 =3 IJm; c) c.Z =20 !-lrn. To allow for a n immediate 
comparison , °the mesh in ebe laser abla~ed portion of the target had the 
same initial spacing for the three targets. 

run in 600-:-1500 CPU seconds on a CRAY - XMP 12 computer (the hydro-code is 
vectorized, but the ray tracing is essentially a scalar process. whic h 
i n practice takes up to 70% of the CPU time ; notice that the use of a 
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small number of rays is allowed by the use of an original ray - tracing 
method [5,61. 

We have used a mesh with 20 unifo r m radial zones and with 30 uniform 
axial zones in the 1 !-lm t hi ck l ayer closer to the laser. (We have tested 
that only minor changes occur if 45 zones are used instead of 30) . For the 
3 !-lm and 20 IJrn thick targets we have used IS additional axial zones of 
gradually varying t hickness t o describe the rear side of the target . 
The radial zoning employed only allows for the study of effects with a 
rather large transverse wave l ength (greater than SO IJm). The analysis of 
such processes as the evo l ution of the most dange r ous modes of the 
Rayleigh-Tayler instability (with wave- number k .... 6Z- 1 ) would i n fact, 
requ i re the llse of radial mesh spac ing comparable w1th the axia l mesh 
spacing used here. 

RESULTS 

The process of ablative acceleration of a foil to h igh velocity is 
clearly s hown in Fig. 1, referring to the 1 IJm thick target. Here we 
observe the formation of the corona (Fig. l a) and the quasi 1-0 accelera ­
tion of the foil, which carries the imprint of the spa tial shape of the 
lase r beam (Figs l a and Ib). About 4.2 ns t he foil reaches a ve l ocity 
v =- 100 km/so At later times the foil begins to disassemble (Fig. lc ). In 
Figure 2 we compare the 1 IJm, 3 IJm and 20 IJm thick targets , respectively, 
at time t=4 ns. At thi s time the foils have negative axial velocities 
abou t 95,27 and 3 km/s , respectively. 

Although further analysis is needed, several results can al r eady be 
discussed. The ove rall kinematics of the foils and of t he corona (e .g., 
foil displacement vs time) is i n good agreem.ent with the exper imental 
results {3,4] and a l so with a simple rocket model. For t he 1 IJm thick 
targe t the shape of the foil shown by Fig. Ib is very s imilar to pictures 
of the relevant experiments t aken by means of dark field shadowgraphy [4]. 
The absorption fraction (90% in the experiment , with reflection essential l y 
occurring in t he first 300 ps [4]) is close to unity in the simulations, 
because of the poor description of first stages of t he f ormat i on of the 
corona. Comparison with 1- 0 planar sill1Ulations shows tha t lateral expansion 
of the corona ca uses a certain degree of cooling of the corona (about 
15720% in the peak e lectron temperature). 

The ana lysis of the mesh shape in the corona of the three t argets of 
Fig. 2 sho .... 's, in qualitative agreement with experimental results [1,4], i n­
creased velocity of the ab lated maLter in the laboratory system, as well 
as increased importance of lateral expansion, as the foil thickness 
increases from 1 IJm to 20 IJm. 

[1) 
(2) 
(3) 

(4) 
(5) 
(6) 
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DEVELOPMENT OF TRIANGLE-MESH PARTICLE-IN-CELL CODE 
FOR LIB DIODE SIMULATION 

S. KA\-JATA and M. MATSU~lOTO 

The Technolog i cal University of Nagaoka 
Nagaoka, Niigata 940-21, Japan 

Abstract 

The paper presents the devel opmen t of a triangular -mesh particle -in­
cell (PlC) code (TRIPle) for a numeri~al simula t ion of a light-ion beam 
(LIB) diode and an LIB focusing in an inertial confinement fusion (IeF). 

1. Introduction 
In an LI B ICF one of important problems to be solved is a LIB 

f ocusing or to design a diode which produces a well-focused LIB. A PlC 
code is suitable in order to simulate a LIB diode and to design it . Up 
to now many PlC codes 1,2 have been developed to simulate plasma 
phenomena, a diode and so on. They have usuall y square meshes to 
describe such systems . But for the problem of a focused type of diode it 
is required to describe a complicated shape of computational region . 
Because the shape of electrodes of the diode is not simple . In our PIe 
code of TRIPle triangular space meshes are employed to describe the 
complicsted region. 

The TRIPle code consists of the following parta: mesh generator in 
which triangular meshes are generated by the mapping from a simple 
logical space to a complicated real space, particle generator to create 
ions or electrons at the electrodes surface with a condition of the 
space-charge limit, part icle pusher in which a relativistic equation of 
motion is solved, fi eld solver for electric fields by a finite 
differential method associated with the triangular space mes hes . The 
interaction between particles and space meshes are accomplished by a 
weighting method. 

2. TRIPle code 
The relativistic equation of mot i on for charged particles is solved 

by the Bunneman scheme. 
The field solver for electromagnetic fields is based on the 

reference 3 . I n the real space the region covered by s i x triangles 
surrounding one pOin t is a primary mesh region. The secondary mesh is 
also illustrated in Fi g.I. Here we t hink about a generalized Poisson 
equation: 

at 
v· (AV~) + 5 s: source t erm 

"', A : coeffici ents 
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Fig. 1 Space nesh 
construction 
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ror the descretization the e quation is integrated over the secondary 
meshes . In this case the gradient of physical quantities is constant in 
each triangles in t he primary mesh. ror the first term at the right 
hand side of the above equation, the Gallss l aw is adopted and the inward­
and outward-fluxes are compu ted . In ea ch triangles the gradien t is 
described by t he following expression: 

(<1>1 - <11) $1.1' - (<%>1.1 - <1» $1 ' 

$1 . $1.1' 

Each notations are defined in Fig . 2 . rinally we get the descret i zed 
equa tion of the generalized Poisson one on triangular mes hes: 

8<1> 
[ ~W\ (<1> \ - <1» +S] 

8t G 

G = I:ICI.ll2al.V'Z 

By usin g this method other basic equations are also descretized for t~le 

electromagnetic fields . 
For searching a pal'ticle posi tion th e triangular mesh is not the 

best one. But if the triangular meshes are numbered in searies and we 
remembe r the position at the former time, to find the new par t icle 
position is accomplished by search ing the several meshes just surround ing 
the mesh in whi ch the particle was l ocated a t the forme r time . In 
addition, we need t he interaction method between particles and meshes to 
compu te the curre n t and the charge densi ties . Each particles has a 
f'inite radius. ~les h es located i nside of t his circle in te ract wit h the 
particle. In this weigh t ing method t he weight is de f ined by the inverse 
of the distance between the particle and the mesh point. 

In the space-mesh ge ne rator two Poisson type of equat ions are 
solved, because the TRI Ple code is the 2 . 5 dime nsional code . I n the code 
two ki nds of lines a r e employed t o do numbering the triangu l ar meshe s . 
Each lines in the real space is considered to be like a equi-potential 
lines. If the two Poisson equations a re solved inversely in the logical 
space wi th appropriate bounda r y cond itions , the number'ing of the space 
meshes can be accomplished . 

In the particle generation the Gauss law is adopted to th e mesh just 
besides of t he electrodes with the space-c ha rge - limit condit ion . The 
velocity of the particle is determined by the ~laxwell dist r ibution . 

In rig.3 one ex ample o f nume d cal l'esults is presented: the 
generated space meshes and the static electric potential lines . Figure 11 
s hows the electron particle map for the code check of Child-Langmu ir 
cur rent in an anode-cathode gap ; in this case the anode-cathode gUI) 
distance is 5 mm a nd the a pplied voltage i s 1 volt . 
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3 . Summery 
By using tr iangular meshes TRIPle code is developed for simulating 

the phe nome na in the LI B diode or of t he LIB f ocusing or relating to the 
plasma inside of the rather complicated region . 

Previously many PlC codes hav e been deve l oped by us i ng square meshes . 
But recently we need to simulate a rathe r compli cated problems espeCia l ly 
in an LIB rC F, as mentioned above . For this purpose t he TRIPle code is 
fitted. 
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a) generated space mesh 

b) static e l ectric potential 
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SIMU LATION OF LIGHT ION BEAMS FUSION CAPSULES 

U . Honrubia , C. Gonzalez, R. Otero 

Instituto de Fusion Nuclear (DENIM), Univ. Politecnica Madrid . 

1.-INTROOUCCION 

The DENIM si mulation capability for detailed analysis of l ight ion beam 
and ICF phys ics has been extended and experienced, inclu ding fully -EM 2D 
parti cle -in-cell simulation, beam-plasma and ato mic interact ion models and 1 D 
cha rged particle transport coupled to fully implicit 3T hydrod ynamics with 
radiation transport and im proved atomi c data. 

Th is updated capab ility has been applied to the energy deposition b y 
un focused ion beams in different I(F fuel capsule conc epts . Detailed 
calculations of t he averag e ionization potentials, more accurate opacities and 
deta i led radiation transport effects are taken into account . In add it ion, the 
col lect ive effects and plasma regimes of th e low d ensity zones in the corona are 
stud ied by PlC simu lations to assess the plausible instabilities or anomalous 
energy deposit ion processes, if any. 

Specifically the works on numerical sim ulation o f Light Ion Fusion (LlF) 
physics has been devoted to the characterization of the hydrodynamic an d 
energy response of directly and ind irectly driven targets. In this paper, our 
model fo r ion energy deposi tion is described and some results about ta rget 
performance in the ' D simulation frame of the upgraded NORCLA code are 
presented [1 , 21 . 

2.-MOOEl FOR LIGHT ION ENERGY OEPOSITION 

Charged Particle Transport 

The starting point of o ur physical model is t he linear Fokker-Planck 
equation in a Lagrang ian frame : 

I ,.. aq.. ~(S+D +D~)"P J 0 aw a 2 · 
- o/ (VIJI )+ fl . - = +T- (l_p2) - + - (R + R.) (1 -p )11' + Q (r , E, p, t) 
uV or aE ilJ.I ilJ.I dp 

, (10) 
where 'V = vn stands for the angular f lux in transport notation , Q f or the 
direction of parti cle motion, v(r,t) = v -r(r,t) for the rela ti ve veloci t y of th e 
part icles to the plasma, and V for the vo~ume of lagrang ian interva ls. The former 
equation is used for the transport of ion beams, suprathermal electron s 
produced in laser fusion and fusion products. The coefficients of the terms 
related to collisions, kinemati cs and self consistent fi elds have been published 
elsewhere [2,31 . 

From the physical viewpoint the major issue concerning the ion beam ­
plasma interaction is the stopping power and in less extent the mean straggling. 
As we are using the same computational model for problems so different 
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as ion beam and fusion product transport, 2 general formulat ion of ihe 
interaction coefficients has been u~ed. For free p~rticles, the linear dielectrl( 
~ .::-ponse of a multi -component plasma including local field correction:. i~ 
co nsid ered . In particular, the free-e lectron stopping is obta ined for a 
degenerate gas fol lowing the prescriptions of Ichimaru [4J and using a Thomas­
Ferm i (TF) model for the average ionization degree and the degeneration 
parameter. For ion bea m energy deposition the degeneration effects are not 
important in a wide range of cases, and the former formulation redu ces to the 
linear response of a classical Vlasov plasma. 

The bound -elect ron contr ibut ion plays an important role, especial ly in the 
next future ion beam interaction experiments with low-temperature plasmas. 
Its accurate determination from first principles requires a great deal of atomic 
infnrm<'ltion , so that. we have considered both the TF and full quantum frames, 
the last one by using ou r ADElA HFS code {2] The resu lts obtained wi th those 
models are comparea with the GOS results in Fig. 1 for the ground state of AI 
ions. In this picture we have considered the free electron gas (FE G), augmented 
free electro n gas [5] (AFEG) and Bohr-like (B) approaches in the context of the TF 
theory [6], and the ADELA potentia Is in the frame of quantum theory. 

The important issue of this picture is the fact that the B model in the TF 
frame fulfills the hydrogenic scaling as the GOS and ADELA resu lts . Because the 
AFEG model leads to the GOS results when a quantum electron density is used 
[5] and the agreemen t of the Band AFEG potentia Is is good, we conclude that 
the B model g ives accurate potentials up to the TF model precision . Therefore, in 
o rde r to save computational effort, we have selected the average ionization 
potentia Is obtained by this model, but sca led to the experimental values 
corresponding to cold media . The fine structure of the potentials due to the 
shell structure of the ave rage ion is not , however, represented in this way. As 
these effects can be important in the current low-temperature experiments, 
where the most impo rtant cont ribution is that of bound electrons [71. the full 
quantum calculations have to be considered in this case. In turn, we consider 
these results a ppropriate enough in LlF target simulations beyond the present 
experiments because of the more important role played by the free electrons 
and plasma effects. 

Light Ion Beam-Plasma Interactio n 

The second issue that has been studied is the plasma regime in the corona 
under UF conditions. Specif ically, we have been look ing for any plasma 
instability or anomalous energy deposition reg ime at the low density and high 
temperature zone of the corona for targets illuminated w ith high intenSity 
(>1014 W/cm2) ion beams. Numerical simu lation shows that under certain 
circumstances, such as those pointed out recently by Nardi and Zinamon [81. 
plasmas at these conditions can be obtained. The picture for ion beam energy 
depOSi tion in such a corona is as follows: the ions lose a sign ificant part of the ir 
energy by exciting plasma waves (b-e mode) , the growing up of these waves is 
damped by collis ions in the denser zones of the corona but, as the density scales 
approximately as exp(-r/l). this mode might not be stabil ized at the outer low­
density high-temperature zones. The result would be the production of 
su prathermal electrons. However, as the number of plasma e lectrons available 
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to be heated by this mechanism is smal l, no high levels of preheating should be 
expected. 

Therefore, we have been looking for the hot electron produ ction by the 
b·e mode under extreme conditions for both the beam and the plasma . 
Specifically, we assume the values ne ~ 1020 cm-3 (Iow Z elements). T e ~ 300 eV 
and nt>lne~ 0.05 as input to the PlC simula tion via WAVE code (9) . linear theory 
shows that for this parameters the growth rate fulfills the condition ve-4y~ wp 
(ve e lectron collision frequen cy), and the sa turation levels reached are ~ 70ne T e­
The situation simulated is that of a current neutralized proton beam impinging 
on an uniform plasma slab. We have distinguished between the cases of cold 
(~Eb - 0) and hot (tlEb - 0.1 Eb) beams. The resu lts for the cold beam case show 
that t he amplitude of the plasma waves grow-up in space reaching high values. 
The electrons in resonance with the waves are accelerated up to suprathermal 
levels. Those electrons are t rapped by the waves, stopping the growth of t he 
waves. As reported in Ref. [21 . the electron distribution fu nction presents a 
~uprathermal tail with a flat profile typical of particle trapping. 

In the case of hot beams. the results show [21 that the amplitude of the 
plasma waves is not strong enough to accelerate electrons up to suprathermal 
levels. because of the modulation in the longitudinal electric field produced by 
the velocity spread of the beam. 

In conclusion, we have not found an important fraction of sup rathermal 
electrons in the cases analyzed. However more studies are needed to elucidate 
further this and other phenomena, such as beam strippi ng and density profiles. 

3.-ANALYSIS OF DIRECTLY DRIVEN TARGETS 

The model and new capa bili ties described in the previous sections have 
been applied to the study of directly drive n targets. Our goal is to fi nd 
optimized targets with minimum pulse power requirements to ach ieve a 
signi fi can t gain of energy . 

We have considered a target with an external tamper of lead, to minimize 
the radiation leakages; an absorber of aluminium, to stop the ions; an internal 
tamper of gold, to avoid the radiation preheati ng of the fuel; a thin shell of 
aluminium, to mitigate the Rayleigh -Taylor (RT) instability growth rate; a ..... ~ 
finally, a layer of cryogenic deuterium-trit ium. We have cons ide red also t w o 
designs wi th d ifferent aspect ratios, that have been selected in a conservative 
(sma ll) or optimistic (large) way for the RT instab ility. The maximum power has 
been chosen in order to reach reasonable va lues of the hyd rodynamic efficiency. 

In th is kind of targe ts we have obtained that the energy available (without 
accounting focusing and radiation leakag e) has to be :::;;: 1.5 MJ/mg to obtain a 
sign ificant yield of energy. Then, our simulations indicate a threshold near to 
2.2 -2.5 MJ/mg to obtain substantial energy gain for large aspect ratio targ ets, 
such as those required with the current pu lse power diod es f ocusing. We 
cC f1s ider this result somewhat conservative mainly because of the high values of 
radiation leakage obtained in oursimulations. 
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Fig. 1. Average ionization potentials vS ionization degree obtained by severa l 
models (for aluminum at 10-3 Po) 
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THE RAMAN INSTABILITY: NON LOCAL EFFECTS 

H.C. Barf' , T.J.M. 
UnivQrsily of Wales, 

Bayd ~rl ( 1 G.A. Coult s 
UCNW, lIangor, Wal e s, Il.K. 

Abstract: A code has been develope(\ to solve tile full 
stimulated Raman scatler _jng equations ( SRS ) in an arbilrary 
density profile which l h e l 'e b y over- CO llies the lo c al natul"c of 
previous analyses, contains the c oupled bH Ck and forwnrd 
scatter reso nan ces and wave refl ec tions. This globa l 
so ] ution elucidates the transi U on bel.w(":cn absol ule 
ins tability a t the quartet" c !' i.ti c al density and convective 
instability at lower densities. 

1. Introduction 

S timul ated Raman Scat t eri n g, lh~ resonant Amplification by 
a light wave of a pl asma wav e and a scattered light wave of 
lower fr equency, is expected to be a co n ce rn in the 
interaction of las e r radiat i on with the laq,e tar'gets 
conceived for inertial con finem enl. Recent experiments 
indicate o rd er of magni t ud e lower t h resho lds than predicted by 
linear theory; unexpected spectral features are observed. 

SRS in an inhomogeneous plasma having a monotonic density 
profile admits two reg imes . Below the quarter crilical 
density surface nc/4 ( ne' c ut -off or critical density for 
th e laser light) a W.K.8. analysis shows that, in a l i n ear 
d e nsity prof ile , only convective amplification is possible 
for either back or forward scatter. A backscatter threshold 
is usually quoted as <vo/c)2koL > 1 (2vo ' electron 
osci llat ory velocity of t h e laser ligh t; ko, laser 
wavenumber; L, density scale length). Such a "threshold" 
is d efi n e d to give an amplification of exp(2rr) over noise 
levels. In practice this threshold has been relaxed 
somew hat in an altempt to bring theoretical and experi mental 
values into c l oser agreement. Both back and forward scatter 
are trealed as 1ndependent resonan ce s when clearly, as ha s 
been recognlzed elsewhere l they are nolo For a given 
scattered frequency Ws ' they are separated by a s mall 
density difference 

with forwardscatte r occurring at the higher density of the 

( 1 ) 

two, If laser light propagates into a plasma of i ncreasing 
density t he plasma wave amplified in generating backscattered 
light will propagate to the forward scatter resonance and acL 
as an e nh anced noise source in generating forward scattered 
light. In turn if the plasma i s overdense to this light it 
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w 'j-Il 1"C' fleet fin d :1l,(:I in be subject 1 0 ampljrif:ul.ion ;-11 
lll e backscatter" ,'esorlurl c e. These nonlocal effects ( : re~te ~ 
rl'~dba<..:k loop which Je<Jrh; tu t em poral growth of th e ('ouplr, d 

ba..!, and forwo.lr"d sculler' in stah iliLit~ sl . 
Neur lIe / 1'I ( o r" for" sid(~scat l~r') , the h l l (' iI i::IlHI I'orwurd 

scal lf~" ,- eSOllnnl'es <Ire degcn e ,-ale <IS ( I ) indicales wh e n 
Ws ... wo / 2 lhi s is th p sent.ll· red wave ('ul of f h(~ Il("(~ WKJl 
theory is in unl id hen'. Ne glt·cl. or plilSln<l t p. lI1l-'erutuI'e 
relr'ieves a secolld o/'Jet' eqllati()ll, tile d llHiysis uf Wllicl1 2 
s hows nbsolulply uflslablc cigc ll si.ules who se lhresi)flld i s 
( vo / c)2 ( koL ) 4 /3 ) 1 . 

2. Mo d e }, 

The SilS equat i ons , written herp DrIly for l hp ( ID ) btl c k 
and f onoJan.J s c atter of l asel ' f'adiation nor' nlully in c ident on 
an arl)ilr-a ry density profile correspon din g !o pla s mA 
fl'equ en c y wp ( x ) a re 

v 
o 

a 
x E 

p 

- w2 
( x) a ( v v ) 

p x 0 s 

where vs (v o ) is til e scatte r'ed ( l user) ligllt elect ron 
osci lla tory veloci t y and Ep is t h e plasmA wave e l ectr i c 
field (a ll qu a ntitie s normali zed to c, wo ; damping terms 
are not ShOW II), We h ave d eve loped a code wll ic h treats tile 

(2) 

(3) 

global SRS problem by solving thes e full wav e equations, 
Lapla ce tr an sformed in time a rid retai n ing only reSOllB ll t 
terms, to ob t ain a ) temporally growing eigensta t es i f t hese 
exis t alld, if they do not, b ) refl ect iviti es (co n vective 
amplifica ti on) from the nonhomogeneous equatio n s with a noise 
so ul' ce reta irl ed , The e qu atiolls are solved i n an 
inhomogeneous plasma slab 0 ~ x ~ P with boundary 
conditiO ll S c hosen to co ntinu o us l y match fields in ho mogeneous 
plasma for x < 11 alld x} p, Th e inl e rl'l c t.ion region is 
as sum e d i n f illite altho ug h ollly res o na n t locally with in 
o < x < p , The driv en equatio n s are solved analy!. icall y i n 
t h e h omoge neous plasma x < 0 , x ) P to obtain f o u r 
indep e ndent solutiolls of whi c h, in case a) a bove, only th ose 
l wo representing outw~rd propagating wave s or e chosen in each 
region, For b) a variety of op tion s for ifl co ming wave s is 
aVA il able to r e pres e nt noise so u rc es. 

3 , Resu lts 

So far, the code has b een r un to yie l d te mporally growing 
eige nstates i ll a l ~ n ear density pl'ofile 
( n(x) : n ( P/2) + ( ~ - P/2) n c /L) versus scalelength L or 
versus ma xim um density c h os e n to in c lude/ exc lude reflect i ons 
of for'ws,'d pr'opagating waves, Fig,l s how s the gl'owt h r ate 



639 

versus invers e sca l e l e n gt h L-l for three eigenvalues wit h 
fre qu encies Ws - 0. 56 Wo - 0.60 Wo (9 = lOD e/wo)' The 
mea n d e nsity ( n (2/2) = O.l~n c) IS held fIxed whIl e th e 
scale is redu ce d. L-l = 0 relrieves th e growt h rate for 
abso lut e growth in a n infinit e homogeneous plas ma, 
y = 2Yo (V s Vp )M (Vs + Vp ) - l wh ere Vs(V p ) are th e group 
velocities of t h e backscattered l igh t ( plasma wave) a nd Yo 
is t h e usua l growth r ate f or a homoge neous plasma . The 
plasma is r eso na n t at a ll locations . As L- I in c reas es t he 
reso nance localizes And a s harp reduclion in growth e n s ues 
un t il th e res o na nce width is c lear ly wit h in 0 ~ x ~ 9 . 
Thereafte r growth r e du ces mo re slowly, For t hese parameters 
th e ma x imum den sjt y is still und er densc to forward scattered 
l ig llt. Nev ert heless temporal growt h of the now coupled 
forward and ba c k scaller signals oc c u rs. Th e latt er is 
stro ngly domin a n t es pecially wh e n we ll above t hr es hold or 
wR is diff e r en l fro m wo/ 2; nearer l h res hold back a nd 
forw a rd scatter sig na l s are more comparable. Fig . 2 shows 
t h is case ( y :: O.006wo ' Ws :: O.S6wo • L- l :: O.O D2I wo/c 
wit h Vo = O.D l e , Ve = D.ISc and damping neg l ected ) 
indicating sma ll amplifica lion wi lhin A narrow resonalll 
region as well as t he swel lin g of scattered (5) and p lasma 
wav e (p) as il propagates i n the inhomogeneo us pla s ma. 
Although absolut e l llstabi lity is poss ibl e in tllis case, 
t hr es hol ds ar e h igh relati ve l o t ha t f or absolule i nslabil it y 
at wo/2 An e mpirical f ormu la wo uld sugges t a lh resho l d 
give n by (v o /c)2 ( ko L)2/3 ) « ( ws ) wh ere « (- 1) is a 
co nstan l. whi ch in c reases with ws' 

Wh e n the maxi mum dens ity is i ncreased ( in c r eased g ) 
maintai n ing a fix ed sca l e length L s uch that forward 
sca tt ered light is reflec ted, t he g r ow th ra l es ( thr es ho lds) 
rise (fall) s ub stant i a lly. Ult i mate l y we a nti c ipate that 
th ese thresholds will co n v~rge to thaL g i ve n above fo r 
abso lute instab i lity at wo /2 
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BEAM LOSSES IN THE reF STORAGE RING HI BALL II DUE TO CHARGE 
CHANGING ION-ION COLLISIONS+ 

F.Melchert and E.Salzborn 
Institut fUr Kernphysik , Universitat Giessen , 0-6300 Giessen 

west-Germany 

ABSTRACT 

Beam intensity losses due to charge changing ion-ion col ­
lisions in the storage rings of the ICF scenario HIBALL 11 are 
estimated to amount up to 8 %, using absolute cross sections 
we have measured both for electron capture and for ionization 
in collisions between two 8i+ ions in the cm- e nergy range from 
9.9 keV to 56 keV . 

INTRQDUCTIO)l 

High current Bi+ ion beams of 10 GeV energy, as projected 
in the HIBALL II scenario1 ) for igniting a DT pellet, may suf ­
fer from severe intensity losses due to charge changing ion­
ion interactions within the beam pulses in the storage ring . 
In order to calculate the expected loss rates the cross sec­

8i+ + 8i+ Bio + 8i 2+ 
tions both for 
electron capture (oc ) 
and for 
ionization (o i) 8i+ + 8i+ -jo- 81+ + 8i2+ + e 
have to be known as a function of the relative velocity . 

The total beam loss cross section 0L is given by 

111 

121 

since 2 particles are lost per interaction in the electron 
capture reaction (1) and , furthermore , both ions simultaneous ­
ly act both as projectile and target particles. 

EXPERIMENTAL RESULTS 

Employing the crossed- beams technique we have measured 
absolute cross sections 0c and 0i for collisions between two 
Bi+ ions at center-of-mass energies ranging from 9.9 keY to 
56 keY . A detailed description of the apparatus and the mea­
suring procedures has been given previously 2,3) . In short , 
two momentum- analyzed Bi + ion beams of adjustable energies (up 
to 150 keY and up to 15 keY, respectively) are arranged to 
intersect at an angle of 45° in an ultra -high vacuum region of 

+Work funded by Bi-IFT under contract no. 06 Gi 658 
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about 1 ' 10 - 10 mba r . The collision produ c t s formed in bot h beams 
are ana l yzed wi t h re spect t o the i r charge states b y electr o ­
static def l ection downstream of the inter action reg ion . The 
pa ren t 81 + i o n bea ms a r e recorded by bi a sed Fara day cups , 
whe r e as t he r eac t ion produc ts (Bic a nd 8 1 2 + ) are counte d indi ­
vidually by si ngle - partic le detec tors . 

S ince the residual g a s d e ns ity, e ven at pre ssure s of 
' ,1 0 - 10 mbar, exceeds the i o n beam d e ns it i es by orde rs of mag ­
nitude , a l ow signa l rate (H Z) ha s t o be detected in the p r e ­
se nce of a la rge background rate (kI:;: ) due to r eact i o n p r o ­
d ucts origina ting from ion collisions wi t h r e sidual gas par­
t ic l es . A c oincidence technique was e mploye d to separa t e sig­
nal from backg r ound events in me a sur ing the cros s sec tio n 0c 
fo r elect ron capture . The cross section 0 i fo r ion i.z a ti o n is 
obtaine d f r om the d iffer e nce 0 i = 0 2+ - 0 c with 0 2 + be ing the 
c r o s s sec t ion for t he total 8 i2 + iGn p r oduc tion (sum of reac­
t ions (1 ) a nd ( 2 » . I n measuring 0 2+ a beam pu l sing technique 
wa s emp l oye d to dis c r i mi nate Signal from background even ts . 

Fig.1 s hows t he measu red cross sec ti o n s Qc a nd 0 2+ to­
gether with the r e sulting calculat ed cross s e cti ons 0t· and 
CL . The bea m l oss cros~ section 0 L incrga sed with c o l i sion 
e ne r g y from 2 . 10 - 16 cm t o about 9 . 10 - 1 cm2 i n the i nvestiga­
ted e nergy r a nge . There are no experime nta l o r t heore t i c al re ­
su lts a vai l ab l e fo r compari son wi th the presen t data . 

v .. , [1 05 m/ g ] Fi g . 1 : Cross sect ions 
fo r 8i+ + 8i+ coll isions : 

0 , electron capt ure ° c 

"' ion i zat i on 0 . 
2+ " . , Bi - p r oduc tion 

° 2+ = 0 + 0 . c " beam loss 

Cl " ° L = 2( 20 + Oi l c 

b 

.. " " .. , 



643 

ESTIMATE OF BEAM LOSS IN THE HI BALL 11 SCENARIO 

In order to calcu l ate the beam intensity loss we assume 
the ion density in the storage ring to be uniform and the ion 
relative ve locities to be maxwellian. The rate coefficient for 
particle loss can be written4 ) 

E 
rnax 

< 0L . v > f 0L (E) • v . f (E) dE 
o 

with 0 L (E ) 3 . 14.10-17 cm2 . Eo • a1 2 (fi t to exp.datal 

(.1) 

f (E) 
2 
T 

(Maxwel l distribution) 

T (a : cut- off parameter) 

The average temperature T of ions in the HIBALL 11 storage 
ring is about T = 100 keVS ) . 

The reaction rate is g iven by 

R (t) 1 J n 2 ( ) d 2 E,t· < 0L . v > V = 1 N
2 

(t) 2 --V--- . < 0L . v > (5 ) 
V 

since the ion density n(r,t) = N(t)/V is assumed to be uniform 
(N{t) number of ions, V = volume of ion beam ) . 

Solvi n g the equation 

t 
N(t) = No - fR(t l dt 

o 

we obtain the solution 
2v 

N(t ) 2V 
t + "N'o-,·:--:<,ca""L'--:-· v=> 

Taking into account the HIBALL 11 parameters') 

t 4 ms (storage time ) 5 3 
V ( n r 2 ) . 2n R/4 = 1 . 3 1' 10 cm 

with ion beam radius r = 1 . 5 cm 
and storage ring radius R = 118 m 

(6 ) 

(71 
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NO = 1 . 56'10 14 ions (1 2 .5 A in one quarter of the ring) 

we calculate beam intensity losses ranging between about 4 % 
for a ~ 2 (cut-off at E = 200 keY) and 8 % for a ~ co (no 
cut- of f) . max 

To obtain a more accurate est imate of the beam loss, numerical 
calculations should be performed using realistic density dis ­
tributions of ions in 6- dimensional phase space. 

The authores grate fully acknowledge fruitful discussions 
with Dr . R.W . Milller and Dr . V. P . Shevelko. 
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ION OPTIC l' USION RESEAR CII IN SWIERK 

M. Gr yzl llski , J. Stants la wski , J. Baranowski, S . Chyrczakowski 
K. Czaus, E . Gorski, A . l-io rodcll.ski, L. Jakubowski , W . Komar. 
M . Komarnicki, J. Langn e r. M. Sadowski, E.Skladnik-Sadowska 

Institute for Nuclear Studies , SWicrk_Ot wock , Poland . 

Abs t ract: The paper reports on recent res ults of s tudies on a fusi.on en ­
ergy r e lease with intense ion beams prod uced by i.nducti vc plasma accel­
e rators RPl-15 , MAJA- GO, and SOWA- LOO . Several hundred - kA ion 
beams with a mean energy r ang ing from seve ral ke Y to seve ral tenth keV 
and pulse duration of a ~ 0 . 5 fl s were directed toward s gaseous targets 
produced by fa s t hig h - p r essure val ue s . Evolution of the target was ob­
served by means of a high- s peed photog r aphy, time-re solved spectroscopy 
and X- ray diagnos tics. 

Introduction . 

There arc two key problem s which mus t be solved to satisfy the ba si c 
Ion O ptic Fus ion crite rions (1). They are : 
_ effective gene ration of powerfull ion be am s , 
_ precise focusing of ion be am s on appriopr iately formed targets . 

A solution of the first of the problems seems to be quite well advanced 
/JONOTRONS, which were orginally developed for lOF research are now 
successfully used for various technological applications/ . The researc h 
on the beam _target interac tion within the lOF concept has been undertak_ 
en not long ago and preliminary results of these investigations are briefly 
reported here . 

According to the two basic variants of the lOF concept, two types o f 
experiments have been carried out:the first directe d towards construc _ 
tion a 10ng- beam fusion system , and the second W11ich has in view the ion _ 
_ impl osion fusion. To produce targets of the density high e nough to satis _ 
fy the lOF requirements /nt . Lt~ 1021 cm - 2 / a high_pressur e fast gas ­
_valve /ope r a ting a t 4 MPa/ has been con s tructed. To l eanlabout the 
physics of the beam- target interaction various gases /deuterium,heliwn 
and argon/ were used and evolution of the targets was observed. 

Research on the l ong- beam systems. 

This r esearch was carried out with RPl- 15 and MAJA- 60 ion beam 
accel erators ( 2,3) . In front of the e l ectrodes, at various dis tances from 
the m, the gas target of various densities we r e p roduced with the fa st 
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valve and illwninated with D+ ion beams . 

l JcQ.5 MA 

fo'ig . 1. Schematic dra\ving of the beam_target experimc.nts /011 the leftl 
and evolution of the heliWl1 target as seen in the viss ible r ad ia _ 
l ion Ion the right I. 

To detennine ion beam parameters : I"adial profiles and conve.l"gellce, 
a system of 9 thermocouples was used and ene r gy density in the beam 
was measured . To detennine t he time behaviour of ion beam pul ses a 
Thomson mas s - energy analyser cquipped \\rith photolllultiplic.s was used . 
Typical ene rgy density pror-iles and ion si~nals arc shown in Fig . 2. 

2 J/cJ1l 1 SCIllX lS(,1ll 

F i g . 2 . Ene r gy density profile at the distance of 25 cm from the electro_ 
des of RPl - lS device Ion the leftl and Signal s of deuterons c.ln_ 
mitted along the axis of MAJA_60device Ion the r ight/". 

To est imate a cor relation between the iOll cllllllission and an accelera­
ting potential, ~ene rated during the current brcakin~ phase , the ion beam 
was directed on il heavy- ice tar get and neutrons we l'e Illeaslll'ed \vith 
sciniilation de tectors . It has been found tlwt the neutron emission fol_ 
l ows qu ile closely the accel eration potential. 
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Fig.3 . Typical oscilogcatlls 
from RPJ-15 and MAJA- 60 
facilities showi.n.g the cor ­
relation. between the neu­
tron emi.ssion and the accel ­
e r ati ng potential. 

F r om absolute tilllc-r~sol vet! llC.utl':Jll and accelerating potential meas­
ur ements the absolute value of the i on beam current was esti.mated .In the 
case of the RPl- 15 device the amplitude of the D beam current has rea_ 
ched 100 kA at the toral curr ent of the circuit equal to "V 250 kA . 

Cylindrical Ion Implosion . 

The ma in inves ti.gati.ons on the ion - i.mplosion fusion arc being carried 
ou t with SOW A- 4DO facili.ty , i. e . a modified SOW A-150 facility (3) in 
whi.ch energy of a supplying sys tem has been increased from 150 kJ to 
400 kJ . A gas target produced by two high _pressure fast gas - valves was 
illwninated by cylind r ical radially_convergent D+ ion beams , produced 
during the low pressure discharges between two cylindrical g r id_type 
electrodes supplied from twosicles, as shown on Fig.4 . The most of ex_ 
periments was car ried out at 250 kJ. 

:/= 

Fig.4 . Scheme of the SOW A- 400 ion_implos ion exper iment. 
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Evolution of the illwninated tllrge t!i was ub!i \! l' vcd with a high- spee d 
photographY . De pe nding upon the tal"get (\cllsilY .:JIl t! tlh.~ get s used a con s id_ 
erabl e diffe r enc ies i n the CV·'..l lut i.oll or lill'gL't ~ were ob~e l· vcd . The typical 
evolution or the ga~ t.·I I)!,-! i ~ ~lh' \\' 1l ,-'11 l· i.\! . -: . 

a 
2 3 5 6 t[,us] 

.. ~r ](][ J X ~rays 

./ tim c - integ rated .l 

Fig . 5 . Implos i.on of th..: Ar ti1r~Cl anti X-ray e mis s i on . 

To ge t more precise infol1nat ion abou t the dynamics of the implosion 
a timc - resal ved spect r os c opy was uscd . T hc l"c we re obs erved the Balmer 
lines of the deuterium be am and the various s pcctral lines of the target 
ga s as wdl a s a continuous radi.ation a t the ~ ivcn wa ve lcng thes . 

--... -'" Fig . G. Time behaviour 

;=;=~ of t he spect r al lines of 
the D a toms from the 
bea m and He a toms from 
the target Ion the left/ 
and continuous radia tion 
Ion t he right/ . 

It has been found that the continuous radiation i s emitted during a short 
inte r val time corresponding to the beam pul se length . The obser vations 
of the target gas lines show two maxima - the first which c orre sponds to 
the illumination of t he target by the D+ beam and the second wh ich ap_ 
pears at the intertial collapse phase . 
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ICF VOLUME: COMPRESSION AND IGNITION CALCULATIONS 

Hora H., Chicchitelli l •• Elie;:er* 5 •• Stening, R.J. arLd Szichman H. 

Department of Theore1:ical Physics 
University of New South Wales. Kensington 2033 , Australia 

A re-evaluation of the difficulties and prospects of "the central sparl< ignition of laser driven 
pellets is given in view of YamanaKa 's highest gdns where central compression had to be 
avoid E'd in favor of a volume compression. The marginally treated volume compression theory, 
volume burn and the 1977 discovered volume ignition are re-evaluated and generali2ed fusion 
gain formulas and the self-ignition varying optimum temperatures derived . Reactor level DT 
fusion wj1:h H J laser pulses and volume compression to SO times the solid s"ta1:e are 
estima1:ed. The surface tension caused by the double layers lea d to stabiliza1:ion. A fur1:her 
mechanism for generating suprathermal elec1:rons by the dynamic elec1:ric fields in double 
layers is reported. 

1) In1:rodudion 

The recen1: experi men1:s on laser fusion [1] resuHed in highest DT fusion gains and in a 
nomogenous emission of x-rays only if a homogeneous volume compression of 1:he pelle1: was 
achieved and any shock compression of 1:he pellets (enter was avoided. This i s contrary to 1:he 
expecta.tions of 1:he scheme of the cen1:ral core igniiion wi1:h its well!<nown difficulties {2] 
and revives 1:he long years studies of the volume compression where the self-heat by the 
alphas resulted in the volume ignition (3]. 

Nevertheless there are various problems yet to be studied in both schemes: the sparl< and 
the volume ignition and 1:ne wel !<nown fact that the total gain G for tne pelle t fusion has to 
be much larger than unity for the applicability of fusion reactors . Defining Gas tne ratio of 
the energy produced from a DT plasma [of initial (a t time t= Old ensity nc,' volume Vo' and 
expansion veiociiiy zero] per input energy Eo' and hKing 'm10 account tha1 the fusion burn 
works twice during compression and e>: pansion, tne galn for a fUSIOn reactor has to be 

(!) 2G '> lliabcdl } ! t yJ 

where a is the hydrodynaml( efficienc), (In best cases 20%) , b is the power stahon eff iciency 
135 ,..) , C IS the optical couphng of the laser energ y 1Oto the pellet (30% in good casesl, d is the 
la se r driver e fficlenc ~ {in eo ldreme cases SO% e.g. in the cluster injeoc1ion amplifyer scheme 
(4]) , and W is the relative amount of outpu1: of usable electrical power which wi ll be assumed 
of a value I. Under these very poslhveo - but techn)logically feasible - assumpiions tne va lue 
of (j has to be large r than 22.3 . ThIS counts for the volume ig01llon only wnere 1:he 
compr'ession and i he expanSlOn wl ll cou,,1 for the burn; for sparl< igni1ion one has to take 
tWlCl; the gain, 44 .6 as absolute mlnlmum. For reali s tiC conslde raho .... s one ma y si mply assume 
'trtat 'th e gain G has to be of i'. ... alut Ot about 100. 

2) Ce,,1:rai SparK ig ni1: ion·of Pellets 

T~,e re were two initial arguments In lavout' of tne spark igm1ion: (a ) a volume burn of a fUSion 
peilet ever, ... ,lth t OO'l. consumption of the fuel would resuli: in a ma >: lmum gaIn or 4: i only If 
~he e'phm li:T\ temperature 01 the volume burr. of 10.4 l(eV ~, as to be used ,ar,d (b) 1ne mechamsm 
of the t ransfer of the iase r energy lmmedlat€iy suggested the "DarK r.' echan15rr.: ; : i ce 1"e 
laser' light c."r, Ir,t eract ''''I U·, the pellet In a shai lo'w depth only, ine heating o~ i!"Je pell et can 
oe peiformed by thermal cond uc tion from the heated corona to "the Inteno. clniy al10 tl-e 
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mecha.nlcal .:.(110n 0; compl'E'~ SlOt, IS then obhmed f!'om the ~ecc'lj Ot t he "tila1ed corona 
plas m .. , ThiS recOlI can be preferrably be 1jse~ for a concentration of s hocks lr, the ce ,; te~ In 

or'der' 10 ('each densities bevo,; d !0J(, tHT,P': t~,e solid : t .. te d.,":"lty ~'-= ' ';'he "e"chon in tt-,e 
ee,iter has tt· pr'JOUC;; a r,wdear reactiGfl mter,sd y be/ onc 1Clv t,...1 : (1T,2 (5) te·1' tf'lg ge nr'9 ~he 
fUSion wave, 

Tb~ ,,0 ',',;. ; ,;,,0" "' lt~, rE'spec ~ to la) IS tr, E' ~I OPO> that the pE-Bet car· be c·t suei') sl:e 'tr,at the 
fUSion wave (~n th er, bur'" a large a m~ ... nt of h.el such that r.lg]-, er gams thar. 3 .. ~ !) can be 
aen lE- VeO , howe~ ':;i tt,s pl'oblE'ms ot georr,etncai UI11;OI'IT,ltt (oi lrr .. dlil t lOfI ar,d compr-esslor" and 
e·,e tnei' jr,cr easlp.gl:." crlhcal R a 'l leH~t,-Taylor Instablhhes are speci al problems. The sparl< 
19n1llc,:, cc:-,c;- w1. ',.' 0." ;:rc1'/otEd b}' j{ . dr'ljE-c VJler smce 19i9 [6] 2. rd :~ IS so far the rflos~ 

yredOmlnantiy dlscI..ssed scheme m view of the ~Irst elCperlmenta! success by I{IIS-F Uslon (7) 

whEn the x- r-ay Pin hole CalTiEra pldures showed the compressed hig h teIT'P'?rature pellet core 
In combination with fUSion neutron generahon. Nevertheless , sparK Ignition has never been 
adueved yet but or,ly burn pf the shocKed fueJ 1n the center . 

I"}ithin t he problems of the spark ignihon t heory remain the queshons of the penetration 
depth of .. ipha<;;, as .... ell ... <;;. the tr. 'lH- c''?rre~ra \l (ln of th e burrrmg plasrM Into cold ~uel. The 
pre~urSlng of an electron heat wave , long cor.sHiered as oommating . has been show" to be of 
rnmor lIT,portance (8) m view of the new r'esult<;;- of the eledrlc double- lay er<;;- (9J . The 
thre s t'lold of the fUSion wave of [0 10 J / cm 2 '0/' ~h", sc.hd <;;.tate den~'lty ce,uid be lo· .... ered . 

r,.,rhen calcul ating the necessary cond ition<;;- for the sparK Ignition basec on the Improved 
corldltions for triggering the fUSIon combusbon wave With the opti mum tatlo bewieen density 
of the core and t he- densit y of the surrounding lower denSity pl asma, based on a laser mput 
ene rgy of I MJ, the density of the compressed core ha<;;- to h .. ve .. 1 lea~t a del)~i'ty of 401 
times t he solid s1ate density . 

F'or more realistic cc'nditions we r'ecall ear·jjer' Known resuHs [10) that the (c.mpression Ot 
the core for the spar\( ignition has to be 1000 ti me of th e solid state density . It furth er 
turne-d out that a minor deviation from the optimum temperature or the density of the 
compressed core by few percent only will not provide the conditions for trigger ing the fusion 
combustion wave . Other problems for sparK ignition with respect to t he double layer produced 
s trong redudion of the t hermal conduction [9] and t he problems with the equation of state 
[2J are- well Known too. 

3) Volu me COlT1pression and Volume ig ni'lion 

The computations for the optimized DT fusion gains G for a homogeneous di~1ribution of an 
energy 8

0 
tc. a spherical volume Vo of radius Ro and density no e):panding adiabatically 

against vacuum was found ( 11] to be 

(2) Go" (80/8EE)1/3(no/ns12/3 

If the init ial temperature (averaged particle energy) at the begin of the el<: pansion was 

(3) To = 10,2 keV 

where EBI!: = 1.6 MJ is the breaK even energ y. Substituting volume by radius and e><pressing To 
by (3), Eq.m is algebraically iden'lical with I{idder's [12] value G=const .noR o with a 
difference of the constant by a factor of about 2 (13) . 

Adding to the computation of the volume compression and volume burn, the fuel depletion, 
the bremsstrahlung losses, and the alpha particle self-heat, the gain changes and it can 
happen that a nearly discontinuous increase in the gain plots appears by up to two orders of 
magnitude as discovered in 1977 (3][13J which was itentified as a volume ignition. A 
re - evaluation of the results wa s performed in view of the recent experimental realiution of 
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the volume compreSSIon WIth aVOlding any shocK compression of the pell"" (enter (1). and the 
following generalized gain formula was derived. valid for gains up to 200 

where a deviation by the saturation due to depletion occurs above the excluded range of this 
formula for gains above 200. The optimum temperature for the gains ot Eq. i4) IS then 
generalized into 

(5) Topt" To[(25 + IOGo)Jl2 - 5)/Go 

E:qs . (4) and (5) change into E:q.s (2) and (3) for gains below 5. The fad that the optimum 
temperature dE-creases from 10.2 KeV to values as low as 2 keV or iess indicates that the 
limit of a total gain for volume compressIOn e" 421 - one main argument in favour of spark 
ignition - does not longer hold for volume ignition: the limit is then a gam of 2860 or more. 
Indeed the detailed computation [3][ 13] arrives at gain saturatior, ot 1030. It turther follows 
that the ma):lmum burn at volume Ignition is 39r. only. 

The result that the volume ignition always begins at a gain of S leads tc, a relation t,etween 
compression volume and length which immediatel y r eproduces the characteristic length for the 
stopping power ot the fusion produced alphas in the pellet. For solid state der,sity, a gain of 
S is reached for a pellet radius of 0 .87 cm which with the geometrical factor of the stopping 
length tor the self-heat re,:·uits tn a stopping range of 2.3 gcm-2 In agreement with the 
theoretical values (see Fig. 35 of Ref.U4J) . 

The most interesting conclUSion is that Yamanalla 's volume cOlnpression UJ needs densities 
between 30 and 50 times the solid state only for all irradiation of 1 MJ laser pulse energy 
according to E:q . (1) for achieving the conditions of a fUSIOIl reactor. The advantages of volume 
compression were observed also in computations with respect of minimIZing of entropy 
production (IS) 

4) Double Layer Phenomena Improve Pellet Compression 

While the Rayleigh-Taylor instability IS very disadvantageous tor t he spar~ ignihon and of 
less influence on the volume Ignition, a stabilizing fadc'r agalr~s:t this inslabilily IS possible 
by the surface tension due to eledric dot:ble 1a1E!;S. 

Contrary to the surface lension of liqUids caused by inter-molecular forces, fully ic.ni:eo 
plasmas are compensated by attractive and repulSIVE! Couiomb forces . Ho\vever, the double 
layPI' at the surface, r'esults in a surface tenstcon (.f the value 

'1,lf,!!re g 1':- the ~trength of a thermal doutde layer's whjc~, IS of the value between 3/2 and 10, n 
IS the electr'on density and T is the plasma temperature. The dIsperSion relation of surface 
"/ave!::. wa ~· dr-iveo and stabilizatioil was found for surface waves e,f the 'Have lengtr, 

where AD IS the Debye length . In -'onlinear torce dom, ,,ated laser pr-oduced P;iI=- I"!'o~" , the 
eHectlve Debye length can be 10":) times and more than the therm .. ) DE'b 'l E' ier"gth . A furt h..:r 
stabilizing mechanism is due to the charglrlg pr'ocess or the plasma ~,ellet. 

For the illustra-tion of the double layer phenomena we I'eport here a recen~ result ab ":Jut the 
generation of ener"getic electrons In laser' produced plasmas. The e ):penITlental ob':.erv "ilon of 
suprathermal }:-ray emlSSlOn from laser pl'od<Jco:c pi"sm.;.= IS weli ;",nDw~, [12:i ,V" !: IS :,e : r, ~ 
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explained from the dielectrically increased {swe ll ed) quiver mohon of the eledrons as Known 
from nonlinear force adion and as automatically reproduced from multiparticle codes (16). 
Other possible explanations are given by resonanCE! absorption or a special new resonanCE! for 
perpendicular incidence [17) , or simply by a local strong increase of the hydrodynamic 
temperature due to double layer caused inhibition of thermal conduction [18J. 

A further new mechanism is the fact that thl.'rl! are the mentioned very high longi1udinal 
electric fields inside the 

50 Fig. 1. 10 17 W/cm2 Nd glass 
laser irradiating a 0.025 mm 

~ 40 thick plasma slab from the 
::.: left. Computed traces of 
i'30 ---------------elec.trons of 1, Sand 30 keV 
~ 20 initial thermal energy moving 
is' /\ --- lkeV collisionlessly to th~ leH 
er --- - - 5keV from a point of 7lJ m from the 
W 10 \\ Z \ I - ._.-.- 30keV leH plasma border and 
UJ 0 \i showing an energy gain of 

i ~ more than 42 keY which can be 
_10"-'':/--------:':---______ :':-___ slowed down too and retruned 

o v 10 20 to b~ emitted at the rare sid~. 
x(~m) 

plasma in the area of tne cavitons which are spread over several wave lengths and 
dynamically changing and ("slowly" ) alternating. If there are thermal electrons of 1 to 30 keY 
energy moving througth the fields caused by the laser manipulated plasma dynamics, 
computations show (Fig .l ) that energies in the ord~r of the measured supra thermal electrons 
are generated. The assumption of a collisionless penetration of the internal double layer 
speeding up thermal electrons is justified by the mean free path of 4 and 100 lJ m for 1 aqnd 5 
keY electrons respectively. 
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RECENT DEVELOPMENTS IN THE ANALYSIS AND DESIGN OF HEAVY ION BEAM 
DRIVEN ICF TARGETS 

Jose L. Ocaria, Jose M!! Martinez-Val 

Instituto de Fusi6n Nuclear (DENIM). Univ. Pol itecn ica Madrid 
po de la Catellana 80, 2806 Madrid, Spain 

1.-INTRODUCTION 

AS a continuation of previous work on the ana lysis and optim ization of ICF 
beam and target configurations (1,2), the influence of energy deposition profi le 
by heavy ions in the different layers of multi layered ICF capsu les has been 
analyzed. 

For this purpose an attempt to establish physically based criteria different 
from a simple analysis of the aspect ratios of the different material zones has 
been made for the characterization of the ICF target dynamics. 

A first result obtained from the calcu la tions is that the hydrodynamic 
performance of the treated targets stro ngl y depends of the particular ion 
energy depOSition profile obtained a long the different mate rial zones. 
Furthermo re, the possibility of continuously locating the energy deposition 
front at the appropriate penetration level would avoid, in a direct way, the 
undesirable fue l preheating resul ting from the excessive penetration of 
optimi zed energy deposition profiles before the ion range shortening. 

An a ttempt to demonst rate t h is fact in a practical way has b een 
undertake n and the first positive resu lts obtained, by co mparing the evolution 
o f a given ta rg et both with and without tailoring of the driver e n ergy 
deposition profile in the described way and matching the corresponding 
hydrodynamic and burnu p performances!3J. 

2.- ANALYSIS OF THE INFLUENCE OF PUSHER-TO-INTERNAL TAMPER MASS 
RATIO ON HI BALL TYPE TARGETS PERFORMANCE. 

For the proposed study, reference heavy ion pulse and multi layered target 
configuratio ns have been consi d e red whose defining charateristics a re 
compliled in figure 1 and table I. 

In order to complete this study under more or less realistic assump tions on 
the cha racteristic working parameters of th e ion accelerators (prese n t or 
future). the properties of the ion beam driver have been highly a ltered in the 
sense of changing the peak power Pp of 720 TW or lower under which previous 
simulations have been performed, fo r a peak power of 500 TW (more 
reasonable in concern with the previewed capabi lities of the HI accelerato rs) . 

The described analysis took as variable parameter the ratio mass of 
a lumi nium (pu she r)/mass of internal lead (radiation shielding + exp losion 
tamper) in order to establish the condi tions under which a bette r compression 
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of the fusion fue l (ould take pl ace in compatibil i ty with a h igh enough m ass of 
internal tamper needed in the burnup-phase 

M.ll~t i il 
Mall 
(mg) 

eh '" 
AI " 
eh " or I 

Void 

Table I 

Ofm,(y 
(g.(m-1j 

11.614 

2.707 

11.614 

0,21 

htf,nal 
R.Jd,ul((m) 

O.J 

0.28417 54 

0.26 11145 

O,259598J 

0,2538489 

Figure 1 

10 T ~ tn. 1 • 

From previous simulations of the dynamics of ICF targets such as those 
considered (5), and also from a pure theoretical analysis of the conditions under 
which an efficient compression of the fusion fuel can take place, the bulk 
energy carried by the d river ions must be released on the "pusher" zone. In 
orde r to attain this condition, and jf the energy of these ions has to rema in 
constant, at the beg inning of the compresion process (medium cold), one has to 
allow some part of this energy to penetrate to more deep zones, what, as a 
conse quence of the conduction properties of t he matter, can lead to an 
undesi rable fus ion fuel peheating . 

If this peheating is to be avoided, one has to select the (pusher + internal 
shielding -ta m per) thicknesses is such a way that the d river ion energy deposition 
profile is as a whole taken back to less deep zones in the pusher materia l, w hat, 
in turn, leads to a worse fuel compresion performance (more payl oad mass to be 
accelerated). 

For a given set of data conce rning the driver energy pulse and the 
geometry of the target und er compression, the above mentioned ratio has been 
analyzed and optimal va lues have been o btained for different mass values of 
pusher material (alu minium) close to that of reference. 

In figu res 2 and 3 such collection of optimal values are represented a long 
with the corresponding val ues of maximum fuel temperature and maximum 
fuel pR parameter under these two separate criteria. 

These figures not only provide the appropriate set of ratios under which an 
optimum compression takes place, but gives a singu lar value fo r the mass of 
pusher and the corresponding mass of internal shielding tamper under which 
the compression is abso lu tely optimum as it implies the minimum payload mass 
to be compressed together w ith the fuel to avoid its undersirab le preheating . 

This, is of great importance for the ana lysis under conside rat ion , as it 
establishes the way to arrive to optimized targe t configurations without any 
regard to simple affidency criteria such as t hose related to target and fuel 
aspect ratios, nevertheless useful for other kind of estimates. 
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3.- HEAVY ION ORIVEN TARGET DYNAMICS IMPROVEMENT BY MEANS Of 
INCIDENT IONS ENERGY VARIATION IN TIME 

For the proposed study on optimization of the energy deposition profile 
by continuous variation of the input ions energy, the subroutine STOP of the 
program NORMA(S) has been modified in ord er to al low for the possibi li ty of 
fix in g the set of material zones in which the ion energy deposition has to take 
place and prescribe the energy required for the incident ions as a function of 
time in order to fulfi l this condition along the energy dep,?,sition phase . 

This output profile (likely optimum regarding the target evolution) can be 
conveniently redefined from a simpler and technologically realistic point of 
view while conserving its approxim ate shape for t.he sake of an appropriate 
target dynamics. 

Although the obtained profiles can be unfeasible from the experimental 
point of view while sensitively optimized for the target dynamics. Furthermore, 
the required accelerator current in no case departs substantially from the 
reference va lu e or suffer large instantaneous variations, the case for the 
utilization of two separate storage rings being much more favourable . 

In addition, in view of the really high fusion performances attainable 
under the described procedure, this seems a valuable way to obtain remarkably 
hig h gains and a signficant ign ition energy th resholds reduction in HIF targets. 

The main limiting point found in the analysis are the high driver power 
and energy still required to obtain a signficant gain, but more recent 
simulations indicate the possib lity of lowering t he se levels to others 
technolgically more realistic. 

In add ition, one can realize that upon ta iloring, the mass of the internal 
shielding-tamper (internal lead) can be drast ically reduced in compar ison to the 
reference design as its shield ing function can be practically elliminated by 
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avoiding the initial (before range shorten ing) penetration of the ion beam up to 
the fusion fuel. As a consequence, the treated mass can be redu ced to the 
minimum compatible w ith its later fun ction as fu el explosi on tam per. 

Furthermore, the adjustement of the mentioned depOSition profile to the 
described pattern imp ro ves in an effective way the dynamics of the target und er 
compre ssion, and con figurat ions not able to obtain a significant fuel burnup 
become ve ry suitable once the treated tailoring is imposed. 

As a consequence and as previously mentioned, the drive r input·energy 
requ ired for the obte ntio n of a significant fu el burnup can be sensit ively 
lowered, and, under the app ropri ate selection of the energ y depOSition profile 
(given as an input pa rameter to the numerical simulation code (see 2» can be set 
reasonably low for the prospects of the acce lerator community. 

In figure 4 the gain curve obtai ned for the target fa mily considered is 
plotted against the reference gain curves given by Lindl and Mark (7) .The main 
conclusion to be extracted is that, in spite of the techno lo gical limitations 
envisageable for a compression pattern as the described (5), the suitabili ty of 
HIF targets ca n be upgrad ed up to limits remarkably high. 
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LIGHT-ION BEAM FOCUSING BY SELF MAGNETIC FIELD IN ICF 

S. KAWATA, M. MATSUMOTO and Y. MASUBUCHI 

The Tec hnological University of Nagaoka 
Nagaoks, Niigata 9QO - 21, Japan 

Abstract 
The paper shows the analyses for the focusing of the intense proton 

beam by the sel f magne t ic field . In the analyses the self magne tic field 
is included for the computat i on of the beam trajectories. The analyses 
present that the self magnetic fie ld can be used Buccess ful l y fot' t he 
good ;ocusing of ion beam . 

1. Introduction 
In the light - ion beam (LI B) inertial con fineme nt fusion (reF) , the 

experimental and theoretical researches have been done very actively 1-3. 
Especially the LIB diode has been developed very we l l to produce the 
i ntense LIB . On the other hand, the study for the LIB focusing is st ill 
required urgently i n order to implode a s mall fue l pellet. In an LIB IC~ 
reactor t he LIB has about one mega ampere per one proton beam. The r efore 
the self magnetic field of the LIB is enough st r ong to pi nch the LIB. It 
has been considered t hat the self magnetic field has a negative effect on 
the LIB focusing. 

The paper presents the proton beam focusing by the sel f magnetic 
field q. The self magnetic field is used positively in order to obtain 
the good LI B focusing. 

2. Basic equation for beam trajectory 
It is assumed that the beam is axially 

azimuthal velocity. In a cylindrical coordinate 
f or an ion is, 

(dv I dt) - (elm) B v 
r z 

(dv/dt) (e lm) B v 
r 

where B is 

symmetric and 
the equation of 

( 1 ) 

has no 
motion 

B", 1.10 I(R
O

)J(21f11) (2) , I(B
O

) '" (Ro /Ra)2 1(11
0

) () , 

Here m is the ion mass, e the ion c har ge and Ra the beam radius at tbe 
entrance (Z= O) . The self magne tic field produced by the beam has on l y 
the azimuthal component. And I( Ra) is the total beam net current which is 
the un neutralized part of t he LI B current, 1.1 0 the magneti c permeability 
in the vacuum and RO the initial position of the particle normali zed by 
Ra at the entrance (Z:O). The dist r ibution of the beam current on the 
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surface (Z=O) is assumed to be uniform in the 
that the beam charge is neutralized pe r fectly 

curre nt is retained. 

pape r . It is 
and the beam 

Under the conditions, t he components of the veloc ity a re solved to 
be , 

v 
r 

(4 ) 

where n =eB/m. At t=O and Z=O ( t he e n t r ance point), the init i a l angle o f 
t he extr acted partic l e is de noted by eO and the particle speed is vD . 
Prom the eq uations (4) 

(S) 

Here ~"O/vO and is propot'ti2nal to I(Ra)/1\f where V is the particle 
acce leration vol t age (eV=mvO / 2) . 

3. Numerical r esul t s 
In the analyses the or'bit is computed fr om 2=0 t o the focal 

po i nt(Z =Zf') . I n t he paper on l y the stea dy state i s cons i dered . The 
initial angle of the extrac t ed beam is computed . The value of 
I( Ra )(Ampe r e)/!V (Volt) is 44 7 . For example the value o f 447 comes from 
the case of I(Ra) =l MA and V=5 MV. The focal point is at Zf=Ra. Figure 
1- ( a ) s hows the relation between the computed i nitia l angle and the 
normali zed radius. In th e figure the solid ljne presents the result at 
the surface (Z:O) . At the su r face (Z=O) i t is assume d t hat there is no 
ex t e rna l magne ti c fi eld leaki ng from t he diode gap. The beam is focused 
at t he focal point as shown In figure l-( b), if the r ela t ion shown by the 
solid line is sa t isfied . The re s ult shown hy the dotted lina presents 
the same kind of r e lation at the diod e elecll' ode s urface, t hat is, the 
cathode surfa ce wh i ch is shown in f igure l-(b) . 

I n the above case the crossing angle t o the axis (R= O) i s large for 
the most beam particles. A fuel pellet should be loca ted at the focal 
poin t . This is the one way to implode a fuel pellet . 

In the above case it is difficult to tl'anspOI't t he beam through a z­
discharged plasma channel. The inc ident angle t o t he plasma channel can 
be made small by using the gas cell. In t he analyses it is assume d t hat 
the beam current is also neutrali zed in the gas cel l besides the beam­
charge neut r al ity . I n the c ase !( Ha) / IV= IPI7 and the focal point i s s e t 
to Zf=5xRa. The region of the gas cell is after Z=0.2xRa in figure 2 . 
F'igure 2- (a) shows the re l ation bet\~een the incident angle and the radius 
at the sur f ace of Z=O. The beam t l'ajectories are shown in figure 2-(b) . 

4. Disc us s ions 
The paper presents that the LIB is focused well by usi ng the se l f 

magnetic f ield successfully after the beam accele r ation . This met hod 
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makes the focusing system s i mple and is fitted to the LIB focusing in 
ICF'. 

In the analyses, it is assumed that the charge neutrality of the LIB 
is uniform at the surface of 2=0 and the degree of the current neutrality 
is kep t constant in the whole computat i onal domain . A fe w works were 
done for the charge and curren t neutralizat ions 5 and showed that the 
degree of the neutralities can be controlled by changing the number 
density of the backg r ound gas . In addition , the nonuniformity of the LIB 
net current distribution is not essen tial in the analyses and can be 
i ncluded in the computations easily . 

Near the focal poin t there is a possibility of the orbit crossing 
Idth each other . But this is not severe in these cases which are 
employed in this paper . Because in the LIB ICF' a fuel pellet has a 
finite radius , typically about 5 mm . If the volume of the region in 
I~hich the orbit c r ossing can be seen, is comparable to the volume of the 
pellet, this effect is not a problem on the resul ts . 

The steadiness in the phenomena is assumed . 
duration time of the LIB is 50 nsec and the pul se 
meters. Therefor e the main body of t he LIB pulse 
be steady . 

Typically the pulse 
length is about a few 
might be considered to 

In order to clari f y these unsolved problems, a computer s imulation 
code is developed , whose name is TRIPIC, by the authors. The TRIPle code 
is a particle - in -cel l one, which is desc r ibed in another paper 6 in this 
conference. 
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LANGMUIR PROBE MEASUREMENTS IN THE ASDEX DIVERTOR PLASMA 

N. Tsois 1 
I G. Haas , M. Lenoci, J. Neuhauser , and G. Seeker , H.S. Bosch, 

H. Bracken, A. Carlson, A. Eberhagen , C. Dode12 , H.-U . fahrbach, 
C. Fussmann, O. Gehre, J, Gernhardt, C. v. Gierke, E. Clock , O. Gruber , 
W. Herrmann, J. Hormann , A. Izvozchikov3, E. Holzhauer2 , K. Hilbner4 , 
C. Janeschitz , F. Karger , M. Kaufmann, O. Klilber, M. Kornherr, K. Lackner , 
C. Lisitano, F. Mast, H.M . Mayer , K. McCormick , D. Meisel , V. Mertens , 
E.R. Milller. H. Murmann, H. Niedermeyer, A. Pietrzyk5 , W. Poschenrieder , 
H. Rapp. A. Rudyj , F. Schneider , C. Setzensack, G. Siller, E. Speth , 
F. S61dner, K. Steinmetz , K. -H . Steuer , S. Ugniewski 6 , O. Vollmer , 
F. Wagner. D. Zasche 

Max-Planck-Institut fUr Plasmaphysik , 
EURATOM Association , Garching , FRG 

I. Introduction and apparatus: Langmuir probes have been used routinely in 
ASDEX divertor plasma diagnostics 11,21. Recently , a fast movable probe 
carrier system was installed. Two fast sweeping movements with a speed of 
1 mls and 10 cm displacement were possible during a shot. The probe can 
also be kept, for an adjustable time interval, at the innermost position . 
The initial position of the probe can be adjusted by using the manipulator 
and a tilt mechanism . A large area of the divertor plasma can thus be 
scanned in the radial and vertical directions (see fig. 1). 

~ Probe arrangement and 
accessible area in the upper 
di vertor . 

The divertor probe system was used in 
all operation regimes of ASDEX . The 
triple-probe arrangement 131 was mainly 
used but the probes were also operated 
as a double probe , especially for 
cross-check purposes . Up to four radial 
profiles of the ion sa turation current , 
electron temperature and floating 
potential relative to the divertor 
plate were obtained during a shot . 

11 . Experimenta l results: Radial scans 
havp. revealed strong gradients of the 
plasma parameters across the flux sur­
faces, near the separatr ix location. 
This fact is important since tripl e­
probe operation is very sensitive to 
rhff'erences in plasma parameters seen 
by the three tips . In order to minimize 

the error introduced by these gradients in temperature and density evalu-
I N. R. C. N. S. "Democritos", Athens , Greece ; 2 Univer'sity of Stuttgart; 
3 Ioffe Institute; ~ University of Heidelberg; 5 University of Washington, 
Seattle, USA; 6 Inst. for Nuclear Research, Swierk , Poland 
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at ian, an optimum inclination of the probe arm was chosen so that the tl~s 
were as close as possible to the same flux s urface. The data reported here 
were obtained with this opti mum i nclination (~_150). 

Ohm i cally heated discharges: Typical radial proft les of plasma parameters 
[or two values of the main plasma densities are s hown in fig . 2 . The medium 
density profiles display the well-known characterist ics of the ASDEX di­
vertor plasma /1 . 21 : large maxima close to the separatrix. broad shoul de rs 
a few centimetres away In the ion satur ation current and density profil es . 
and rela tively flat temperature profile. The absolute values of the 
electron temperature and density are in good agreement with the double­
probe cross-check measur eme nts . 'The floating potential profiles are flat . 
with values slightly negative. At densi ties ne S 5xl013 cm-3 , a sharp 
negative "dip" develops close to the calculated position of the separatrix 
which cannot be attributed to a local temperature rise . 
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~ Profiles of 10n saturation current , electron temperature~ 
~nd f loatin~ potential vs. major radius R for ne-~.3 x 10 '3 cm- j 

ne-loll x 10 3 cm-3 (right). 

density 
(left) and 

As the density is l owered . the floating potential becomes positive together 
with an increase of temperature around the separatrix , in a region which is 
more and more extended . Also the narrow "dip" is now well developed . Float­
i ng-potential gradients as high as -lOO V/cm can be observed in s ome low 
density shots . Even at the optimum inclination of the probe arm, floating 
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potential differences of 5 to 8 V between tips were measured in a narrow 
zone around the separatrix . These high gradients together with a presumably 
non- Maxwellian electron velocity distribution clearly affect the derivation 
of the electron temperature and de nsity profiles (see fig . 2) . 

Add itionally heated discharge : During the add i tional-heating phases of the 
discharges (NI , LH , ICRH) the divertor plasma also displays specific 
features . Besides the enhanced power flow (increased ion saturation current 
and electron temperature) , some changes were also observed 1n the floatlng­
potential and density proftles . In fig . 3 a few examples of floatlng­
potential profiles are presented. In the L phase of a NI-heated discharge , 
the floating- potential profiles show positive charging of the plasma around 
the separatrix , similar to that in OH dI scharges of lower densities . The 
negative !1 dip" is a l so more pronounced . 
In the H phase , the burst activity makes the interpretation of floating­
potential data very difficult . The ion saturation current and electron 
temperature between bursts are comparable with the values for ohmic phases . 
The peak values of bursts are much larger and extend over the whole 
profile , including the shoulder . 
The Rf heating produces diffe r ent effects on the density and floating­
potential profiles, mainly depending on the plasma density and the injected 
power. At medium densities (-4xl013 Cfl-3 ) and high powers (-2 MW) , all the 
divertor plasma is positively charged, as can be seen in fIg . 3 . 

Ill. Discussion: As seen above , all profiles show a pronounced structure 
depending on the density , heating power and heating method . The dependence 
of the maximum values of the electron temperature, density and floating­
potential of the divertor plasma on the main plasma density for ohmic dis­
charges is presented in fig. 4. A smooth evolution in all three measured 
parameters can be seen with rising density . No step-like change of Vfl with 
density as in 0- 111 /4/ was observed. The floating-potential profiles 
suggest different transport to the di'lertor plates for different plasma 
densities . So , at high and medium densities , the floating potential stays 
slightly negative , being compatible with local l y ambipolar transport on 
each flux tube /5/ , and with some (few eV) drop in the electron temperature 
between the probe position and the divertor plate. As the density is 
lowered or NI power is added, the floating potential around the separatrix 
starts to rise and extends radially , the whole cross-section of the 
divertor plasma being positively charged at densities below lxl013 cm-3 . 
The positive values of Vfl suggest locally non- ambipolar transport to the 
divertor plates . The mechanism by which the divertor plasma is charged is 
not yet clear . Non-l-1axwell1an electrons close to the separatrix (see below) 
together with vertically asymmetric plasma position and dIvertor recycling 
etc . could be candidates for explanat i on . Further experiments are needed to 
clarify these aspects. 
The negative "dip" displayed ver'y close to the calculated position of the 
separatrix , although expected , was surprising in some respects . F'irstly , it 
implies st r ong gradients i n floating potentia l which perturbs any multip l e­
tip probe measurements. Then, it is vet'Y narrow so that we believe that it 
can hp. used for separatrix position determination (as done in Fig . 3) with 
a better .accuracy than magnetIc measurements. 
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~ Peak values of electron tem­
perature , density and floating 
potential vs . main plasma density ne ' 

Some estimation of the current density and energy of electrons responsible 
for the "dIp" can be made by combining the available data. Values of 0 .2 -
0 . 5 A/cm2 and Ee ~ 100 eV were obtained in low-density discharges . At higher 
densities , these numbers are significantly lower and only upper limits can 
be estimated . The values obtained at low densities are in good agreement 
with those eXpected from a diffus ive loss of fast electrons across the 
separatrlx which can reach the divertor 16/ . It is therefore concl uded t llat 
the negative " di p" in floating-potential profiles as well as some distor­
tion in ion saturation current profiles at very low densities are due to 
fast electrons which flow almost collislonless from the main chamber to the 
divertor very close to the separatrix . 
The amounts of energy carried by these electrons can be locally important . 
Some comparisons with thermographic data have shown that the cor r ection 
implied by these fast el ectrons has the r i ght di rection. 
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THE EFFECT OF EDGE TEMPERATURE ON IMPURITY PRODUCTION UNDER 
A RANGE OF OPERATING CONDITlONS IN JET 

J A Tagle , S K Erents* , G M McCracken* , R A PitlS' , 
PC Stangeby+ , C Lowry O and M F St amp 

JET Joint Undertaking , Ablngdon, Oxon OXtij 3EA , UK 
* Culham Laborator y. Abi ngdon , Oxon OX 14 3EA , UK 

+ Institute [or Aerospace Studies , University of Toronto , Ca nada 
o Imperial COllege of Science and Technology , London , UK 

1. INTRODUCTI ON 
The radial distribu t ion o f electron temperature an d density 1n the edge 
o f a Tokamak determines impurity production a nd trans port . The impur ity 
production by sputtering of the limiter and wall material is controlled 
by the part icle fiuxes ana their energies . The subseque nt tr"ansport o f 
theJe impu r it.y atoms back into the main plasma is controlled by the 
probabil it y of ionization , which is agaln a function of the edge 
temperature and density . Finally t.his data allows one to conver t the 
spectroscopically measured photon output from ionization states Qf the 
ne utral impurity entering the ed ge plasma into atomIC influx r'ates 1 , In 
t hi s paper we show how t.he electron tempera ture and density I n the 
sc r ape- of f l ayer (SOL) of JET for ohmically heated plasmas tn D a nd He~ 

scale with pl asma curren~s Ip ~ 1-5 MA , toroidal fIeld BT .. 2 .1-3 . 5 T a nd 
l int! a veraged density ne '" 1-4 x 1 0'~ m- 3 • These data are the n used to 
calculate the carbon impurIty proouctlon by physical sputtering from the 
llmiter . 
2 . TEMPERATURE AND DENSITY SCALI NG 
The results were obtained USIng Langmulr probes sit uat.ed on an I CRH 
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an ten na protection tile , close to the torus midplane . Detail s of tor:: 
diagnostic were reported e l se • .mere2 AS3uming an exponential decay of 
the edge paramet er~ 1n the SOL :t, the de nsity a nd tem per ature prof iles 
are extrapolat ed 15 mm to the 1a$( c l ose flux surface (LCFS) , defined by 
the carbon 11m1ter . The scali ngs of edge_temperature Te(a) and de ns ity 
Il e (a) with line averdged central density (oe) f or plasma c urrents 1 MA -
5 MA are shown in figure 1 and 2 . Each data point r epresents steady 
sta t e condit ions during separate discharges and the parame ters measured 
were averaged o ver' do few seconds befor e the <:m d of the pl asma c urrent 
flat top . Altno ugh the data were collec t.ed o ver several mo nths , all are 
ohmi c , limiter discharges in de uteri um with fai rly constant loop volts . 
The fractio~ o f power radiated. (PRAO/POH M) was . 0 . 5 . Te( a) f alls with 
increasing ne and increases with increasing input ohmic power (POHM Cl If 

0'8), . . The fits- ed lines i n fill:u[e 1 8i ves us an app r oximate empi rl ca 
sea lng I"or t ile compl ete data se 

( 1) 

For a fixed lp ' the edge density n ( a ) scal es almost linearly with 
central density , n . From figure 2 e e _ 

ne(a) er. Ip ne (2) 
An analytical model which considers par ticl e di ffusion an d cooling o f the 
edge by impurity sputtering 3.4pre dicts tha t ne{a ) er. ne

2, and that T (a) er. 
- 2 e 

POHM/ti e..:.... How ever thi s model assume i constant electron impact ionizati o n 
rate (cv i ) , In fa ct . (CV i ) er. ne- over the temperature range shown in 
figure '. hence the linear dependence of ne(a) on ne is in agreement with 
the model . An exception to t his scal i ng is the case of the 5 MA data 
which could be due either to the non-steady s tate plasma conditi ons (very 
s!lort current flat-top) or t o the close proximity of the plasma to the 
inner wall, causing the power to be shared between the out er toroidal 
l1miter and the inner wall t.ll~.<; . 50 
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3. CHANGES IN THE SOL THICKNESS AND RADIAL DIPFUSION 
In figure 3 we present the scaling of SOL thickness for edge temperat ure 
and density with n e and Ip ' The density_e-folding length. An ' is 
practically independent of central density ne' but 15 a lmos t i nversely 
proportional to plasma current for a fixed toroidal field BT' However . 
AT i s rather less well defi ned d~e to scatter in the data points . but in 
general shows an inc r ease with ne and a decrease with I . Using the An 
values and a Formulation for the cross-Eield diffusion goefficient . D.L.. 
deduced by Stangeby 5 we caluclate D.l (ne) ' This is shown in figure ~ 
(for 2 MA and 3 MA disc harges only) t and the scaling 

(3) 

is found. Since Di U A ~ Te{a) O.5, and An is almo~t independent of ne' it 
fol l ows that the inverse dependence of DJ. on rie is largely due to the 
change of edge temperature wi th densi ty. In fact we found that DJ. a 
Te (a) 0.7 /BT 1.5 , a lt hough the po wer law de pendence on BT is onlY 
approxi mate because o f a l i mited data set at diF f er ent BT ' Nevertheless , 
it appears that the cross-field diffusion is not very different from 
Bohm . 
~ . IMPURITY PRODUCTION 
The measured values of the ion Owe and temperature have been used to 
calculate the local physical sputtering rate at the l imiter as a function 
of r adius , whi ch af ter i ntegrati on over the radi al coordi nat e , gi ves the 
total carbon flux . The ion energy was deduced from the sum of the ion 
the rma l energy plus the acceleration acr oss the sheath potent i al , Vs le . 
E '" 2Te + qV s ; wher e q is the charge state . To calcul ate Vs we use the 

6 value of the secondary electron 
emission coefficient Y(E) measured 
on typical limiter samples exposed 
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~ Effect of ne an d 1 on 
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to t he JET plasma 4. It 15 then 
assumed that · all sputtered carbon 
is ionized , (q .. J.l) , and available 
for sel f- sputt ering of the 
1 imi ter . The total fl ux of carbon 
is then 

(Q) 

where Yo and Yc are the deuteron 
and carbon selF-sputteri ng yields . 
The results of these calculations 
are presented in figure 5 . The 
total ca r bon influx rate decreases 
with ne for fixed plasma curre nt , 
and i ncr_ed ses wi th Ip for a 
constant ne ' Even though YO(E) 
only falls siigntly with 
decreasing Te{a) over the energy 
range o f interest (550) E ) 150 
eV for D+ i ons) , the fall in 
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sell'-sputter ing Ic(E) is greater 
(over a higher e nergy rdnge) and 
the combination in equation 11 
results In the pronounced dec rease 
of re wIth ne ' We lnclude a 
comparison f or similar da ta for 
di scharges 1n He" , (2 MA, 2.1 T) 
and a 1 sow i t h the 
spectroscoplcally determined CIlI 
flux . Here YHe " ,. 11 YD at a gi ven 
energy . There Is also an increase 
in the Ion ene rgy due to a 
sligh tly hi gher s heath potenti al 
and because tile helium i o n is 
doubly ionised . The rc cal cu l a ted 
is ~ 4 times higher than in the D 
case , but remains quite flat fo r 
He" over the measured ne range . 
This i s due to the self-sputtering 

~ Effect of ne and Ip on total yield being almost constant over 
carbon flux sput t ered from the ll miter the He" ion energy range . The 
l • .. 1MA,2.1Tj . .. 2MA , 2.1T i l .. 3t-lA , spectroscopy data are in good 
3 . 4T} lo • 2 MA , 2 . lT in He" plasma} agreement f or discharges in He" . 
lCIl! flux (arb units ) : *, . 2MA, Dj However in the case of 0 
+- = 2MA He 1 discharges the spectroscopically 
measured fcremains constant with ne and is higher than ' i n He " discharge . 
Our calculations can not take i nto account the o xygen sputtering of 
carbon , charge-exchange and the screening of impurities due to ioniza t ion 
in the SOL , which could explain these differences. 
CONCLUSIONS 
• Empirical laws relating edge parameters and glObal plasma parameters 
have been found in JET for ohmically heated limiter discharges . The 
relations given in equations (1) and (2) determine a lower limlt for 
density and upper limit f or temperature (PRAD/POHM ~ 0) for a given input 
powe r (POHM ) 
· The empirical l aws can be exp l ained by a simple a glObal power balance 
model . 
· The lim i ter sputtering and total carbon release rates increase with 
input powe r for a given density, and decrease with increasing de ns1ty . 
The mode l predicts that rc Q Te (a)O . 6 fo r 0 discharges . 
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Parametric Behavior of the Density Profile in the 
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Abstract: Characterizing the scrape- off layer (SOL) density prof ile by the 
density at the separatrix ns and the e-fold i ng length ~n ' the SOL i s de ­
scri bed for a wide variety of condit ions : ne- 1-5xl013 cm- 3 , I p. 250-440 kA , 
Bt -22 kG, Qa-2.4 - 4 . 3 for injected powers PNI-0.4-1 .7 MW, which lead to L­
type dischar ges . Gener ally, ~n increases with PNI ' these changes becoming 
more dramatic fo~ lower Ip and ne' For OH and NI plasmas ns is roughly 
proportional to ne ; the constant of proportionality increases with NI and 
is independent of PNI over the range investigated . 

Introduction: This paper is designed to furn i sh an initial data base for 
the critical evaluat i on of SOL models , as well as to investigate the 
premise that the SOL behavior during NI reflects global plasma transport 
properties as has been observed elsewhere I t, 2/. Statements are limited to 
the SOL ne profile in the outer midplane of doubly-null diverted discharges 
sustained by gas puffing . The ASDEX neutral lithium-beam probe 13 , 41 i s 
used to determine An and t he relative changes in ns; previous experience 
gained with the edge Thornson scattering s ystem 151 fu r nishes an approximate 
absolute calibr ation of ns ' 
To place matters in context , fig . la illustrates the effect of high power 
(2.75 MW ) HO~Dt injection on ne ' BP i ( taken from the dlamagneti~ looP) and 
Da as well as the Li-beam light signal out side the separatrix . ne de­
creases going into the L- phas e, followed by the H-phase increase and 
subsequent clamping cor related with the Da bursts . The characteristic Da 
Signatures are closely paralled by LiL2p-2s] (- proportional to ne) 13/ . 
The SOL ne profiles fo r OH , Land H (fig . lb) indicate that n~<ngH<n~. 
Further , ~~H-l . 95 cm, ~k-2 . 8 cm and ~~-1 . 1 cm . Tes-70, 130 and 250 eV fo r 
the OH , Land H-regimes respectively 15/ . R- Rs is the distance from separa­
trix ; Rs Is derived from magnetiC signals and underlies an uncertainty of 
perhaps 1 cm . This has an impor t ant bearing on scaling statements made 
about ns ; thus if Rs were in fact one cm further outwards , then nQH>n~-n~ 
would be deduced . 
I 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 Ins t. for Nuclear Research , Swierk , Poland; 
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Results ; Fi g. 2b depicts for l-Io -+He2 +- injection , A. n vs . the total absorbed 
input power PTOT·POH+P~~S for ne =1-4.9xl013 cm- 3 and Ip~!120 kA; tile energy 
confinement time " 'tE" deduced from the steady-s tate NI phase using Bp ..l. to 
determine the total energy Wand "TE""'W/PTOT (without correction for 
radiation effects) Is plotted vs . Prorlne in flg. 2a . 
Ft g . 2b demonstrates that during OH (corresponding to the points at the 
left as in fig. 2a) An is about constant for ne >1.9xl013 cm-3, and is much 
larger f or lower ne. as has been previously reported /6/. Auxiliary hpatlng 
leads to an increase In "n . the changes becoming more apparent for lower 
ne and higher PTOT. TE decreases with PrOT/ne . Thus, at ne ~ 4xl013 cm- 3 
(1 .9xl 013 cm-3 ). ove r the power range ~n increases by -10~ (22~) and TE 
goes from -100 to 50 ms (63-+115 ms) . ns exhibits the interesting behavior 
that it is described by an offset-l inear law of the form ns-aoe+b. the con­
stants depending only on the type of heating (OH or NI) . No parametrlcal 
dependence of ns on PNI Is evidenti however, for higher PNI a relationship 
must exist , as documented in fig . 1b where ns is reduced rather than in­
creased in the L- phase for PNI ~ 2 . 85 MW. 

The H°-+O+ series of fig . 3 involve a qa- (Ip- 210- 420 kA) and oe-scan (2 . 2 , 
3.5x'0'3 cm-3 ) . For any given qa the NI -induced changes in ~n (see fig. 
3b) have the same qualitative behavior as for He: lower ne and higher PNI 
are both conducive t o large alterations in ~n' The slope of the ~n vs . qa 
curves is about the same for all conditions . With respect to TE . for in­
jection with 11 sources TE is the same for 0e-2 . 2 or 3 . 5xl0'3 cm-3 . whereas 
~n increases by 25% (oe • 2 . 2+3. 5xlO'3 cm-3 ) . demonstrating that ~n does 
not necessarily mirror changes only in TE' 
I n fig . 3c there is no convi ncing dependence of ns on Qai also, the largest 
absolute 6ns is small . of the order - Q.15xl 0 ' 3 cm-3 . Nevertheless, a plot 
of ns vs . ne (not shown here) also reveals an offset- linear relationship, 
s witching from one slope to another as with He , depending on the type of 
heating used. 
Fig. 11 shows the res ult s of another HO+O+ power scan with either ne (fig . 
llb.c) or Ip (~ig . 4d, e) being held constant. The familiar variation of ~n 
with PNI and_ne is a~ain found . but the changes are more extreme. For 
example . at ne-3x101 cm- 3 and Qa"'1l.3 (fig. ll~~, ~n varies from 2 . 8 to 11 . 3 
cm for PTOr-0 . 25 -+ 1. 2 MW . In addition . the ~n. values are larger than 
those normally observed on ASDEX by -0 . 5 cm. n~I clearly increases more 
st r ongly with ne for qa-4.3 than for n~I(He) at Qa-2.4 of fig. 2c; on the 
other hand, the n~H values are nearly identical. 

Discussion and Summary : It is a common feature of NI-heated plasmas in the 
L-regime that ~n increases with PNI ' the increase being less pronounced 
for higher oe . and possibly higher Ip. In any case for both OH and NI. ~n 
is augmented with Qa: The OH ~n - qa scaling of fig. 3b agrees well with 
previous results 16/ , whereas ~gH of fig. 4b and 4d is anomal ously large 
for a 0+ plasma . This may be indicati'le of a deviant wall- conditioning of 
the divertor . Also . "'E" for the series of fig . 11 is noticibly lower . 
Hence , this series should be regarded in a more qualitative manner. 
Whereas it is true that a degradation in TE i s accompanied by larger ~n ' 

the reverse conclusion that larger ~n are synonymo us with lower TE cannot 
be universely drawn. It appears that the NI- induced degradation in the 
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cross-field diffusion coefficient D~ also extends into the SOL, but that 
this is only one component 1n determining ).n' With respect to lE . plotting 
vs PrOT/ne leads to a surprisingly orderly unification of the OH and NI 
values , at least for this limited data set . rurther. the iE Bealings for 
He++ of flg . 2a and 0+ of fig. 3a are virtually identical , a nd of the form 
lE - a(PTOr/ne)-e msec (a - 31 - 32.3. a-O , 1I8 , 0.51), 

For ns vs . ne. a very clear feature which emerges Is that the OH offset­
linear scal ing switches promptly to a steeper gradient upon initiation of 
NI . but beyond that shows no depe ndence on the magnitude of PNI ' Higher Ip 
might bring the OH and NI Bealings closer together (compare flg . 2c and 
1je): the data base is too small to allow definitive conclusions. As a 
comment , one of the quantities wh i ch should determine ns for high recycling 
is the specific heat flux q" into the divertor 17/ , which is related to 
PTOT, ~n and ~Te ' ~Te decreases -10S 15/ over the PNI range studied here , 
in contrast to the moderate (at low qa and high ne) 10-20S enhancement in 
).n; therefore q" should increase almost proportionately to PTOT · 
No Thomson data was available to calibrate the relative Li - beam determin­
at ions of ns ; to obtain ns absolutely, experience from cross-calibra tions 
of other series were used. Hence, strictly speaking, all absolute ns values 
are provisional including the ns vs . ne scalings . Definitive conclusions 
can be drawn only with respect to the relative behavior of the switch in 
scaling between OH and NI discharges . ~n is generally measured to an 
accuracy of ~0 . 1 cm . 

ne [cm-3] # 9633 ~(a) Time 
~, ·· .. 1 0 , behavior of Sp J.' ne · * 9633 I p =31LkA 

Do radiation 1n 0 , , BT=21.9kG n. (10 1l Crrfl1 , the di vertor and 
10 13 1" ne=L><10Ilcm'3 the Li ( 2p-2s] 

\: PNI=2.85MW 1 ight intensi ty 

1 b J 
I \ several cm outside 

L the separatrix , 
'. , - - (b) profiles 

OH ne 
H'... .. f or the OH , L 

R-R,I [om] 
and H-phases. 

10
12 

1.2 '" I., -5 0 5 
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OBTA!tI!NG VALUES OF 0, fROI! 11EASUREIIENTS OF TilE EDGE SCRAPE-OFF LENGTHS 
HI JET 

p. C. Stangeby"' . J. A. Tagle. S. K. Erents-lrir and C. Lo\~ry*** 

JET Jo int Undertaking, Abingdon, Oxon, OX143EA, U.K . 
"'and University of To ronto Institute for Aerospace Studies 

4925 Dufferin Street, Downsview , Ontario, Canada, ~nH 5T6 
HEURATQj.\ -UKflE A Assoc iati on, Culham laboratory 

Abingdon. axon, OX143DB . U.K. 
***and Impe ri al College, London University 

It is necessary to establish the value of the cross-field diffusion 
coefficient 01 wh i ch prevails in the ed~e plasma in order to predict 
central impurity de nsities from impurity influxes and to predict the 
scrape- off lengths ~Ihich \'Iill result from the insertion of additional 
edge components. 

Typically, the plasma density outboard of the last closed flux 
surface decays exponentially with radial dista nce. The decay length. 
hrl' can be theoretically related to the hydrogen cross - field diffusion 
coeffiCient 01 ' Thus measurements of An. obtained by Langmuir probes 
and by optical Yiewing of the HfI footprint on the 1imiters. can be used 
to obtain 01' The simples t edge modeling leads to the relation 

v/here L 

a nd Cs 

(1 ) 

• connection length, i.e. , the distance along [3 between 
1imiters, ~TtRq for the JET limiter configuration , 
[k(Te + T;)/m;J1I2 the ion acoustic speed in the edge. 

For JET this relation requires alteration to account for (a) the 
non-circular cross - section of the plasma, (b) the discrete nature of the 
1 imiters. In particular non - circularity causes poloidal variat i ons in 
An(e) simply due to magnetic field effects. Additional l y, one 
anticipates that fluid flow effects, associated with plasma transport 
along B to the l i miters , \</Quld cause further po loi da l variation i n 
density n(e) and An(e). Hith regard to the latte r , fluid-fl ow effects , 
it appears that these may not be strong in JET, al though the experimental 
basis for this conclusion is not substantial . This latter matter is 
addressed first before proceeding to the purely geometrical effects. Fo r 
a few JE T discharges probe measurements are available for two poloidal 
locations - the outer mid-plane (e = 0) and near the top of the torus (0 
'" SO D). Expe rim en tal particle fllJx density (I~at) results for such 
discharges are given in Fig. 1. Details of the probes and measuring 
teChniques are given elsewhere [1] . As can be seen , the data from the 
t~IO probes coincide if one accounts for the compression of the magnetic 
field lines betl·/een the t\10 probe locations, Fig. 2. 1!lis does not mean 
that there is no density variation whatsoever along B between the two 
probes : the top probe is an isolated probe, 3 CI11 in diameter , for whi ch 



Q' 

0 .• 

,~ 

" 'It-P\.AHE 

6 71 

40 80 100 

20 "" '" 
Rprobe-Rplosmo ( mm ) 

Fig. 1. Comparison of particle flux 
density measu r ed by top Langmuir 
probe (0) a nd mi d-plane probe (.). 
In " 3 ~\A, Bib " 2. 8T , ne " 2. Sxl019 
mrl 

w(s) 
w(o) 

4r (01 

IOL'I+''--'-wO' 

Fi g . 2. I"oloidal variation in flux 
tube cross-section for tube lying 
on l ~st closed flux su rface. Ip" 
3. 6 .IA, BdI " 3.4T. K'" 1.47. 

the relation bet'l~een pa r ticle flux and plasma density is I+at ""Cl.S 
n ec s ; the mid - plane probe is flush- mounted wi thin a large. melre- size , 
rtF antenna shield to \1hich plasma is flO\~ing regardless of the probe's 
presence , thus implying the relation 1+ t .. neec s \1here ne is the density 
just near the antenna. flevertheless, t~e density differences measu r ed by 
the two probes on the same fi e 1 d 1; rle are equa 1 for these d i scha rges to 
within experimental erro r; the largest error is in establishing the 
location of a gi ... en fie ld 1 ine which i s computed from magnetic data and 
is only accu ra te to order cms . For the following, therefore. it \'1ill be 
assumed that ... ariations of density along rt' are due to geomet r ic factors 
on l y and not to fluid effects . 

The limiters on JET [2] until 1987 \1ere discrete rail li miters 
located at the outside mid -plane , approximately one metre high 
(polo i da lly ) and 0.4 m l'Iide (toro idal,y) , of number vary i ng up to 8. 
Consider a set of N discrete limHers located symmetrica ll y (toro idal 
direct ion ) around the outside mi d- pla ne , each of poloidal height h, 
Fig. 3. There will be nex t-neigh bou r shadowing of limH ers wh en 

1n{Rm + a) B.{O) 
< 

Bp{O) Nh 
(1 ) 
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i 

Fig . 3. Discrete llmite r spacing. 

where symbo l s have their usual definition. Toroidal v!idth of limiters is 
neglected here \~hich has a negligible effect for reasonable q va l ues. 
Thus the discrete limiters are effectively a continuous toroidal belt 
limiter if qL ) qt where qL ' [r(O) O.(O)]/[R(O)Op(O)) and qt " 
[21ta]/[h~I] . Note that ql' Qt are effectively fiel d angles at the 
1 imiter, not safety factors. li r;lit er major radius'" R(O) '" Rm + a. 

For a co ntinuous belt ll miter the r e lation bct\~een D.J. and "- 0 (0) is 
given by particle balance between inflo'tl from the ma in pl asma into the 
scrape- off layer at flux density D1dn/d r '" 0ln(9)/>"n(S) and out flo\~ to 
the li r.li ter at a rate dependent on 0( 0) and >-0(0). By accountin~ for the 
va rying sepa r ation of mag netic field lines as a function of A it can be 
sho~~n [3] tha t 

n(0)','n(0),,(0)0.(0)/8 tot (0) " f' 
8"0 

~Ihi ch gives 
nDlr(O)~tot(O)f 
---- ',Rp(O) --

\~here 

f :; 11:- 1 
n 

J .( A) r( a) dA 
o ,·,(0) '101 

() ) 

(4 ) 

(5 ) 

i s a mag neti c fi e ld shape factor which, in pr inciple , should be 
cal culated for each discharge ; w(e) and r(FJ) ar e defined in Fi g . 2. 

Turnlng to the case of 'll < !It IIhen the lil~ iters ilct d iscretely 
rather than as a contl nu ous belt: h s hou l d nOI~ be replaced hy h' , Fi lJ. 
3 , 11here 

h' 
h 

Bp{ O) 

",(ai :Ih 
(&) 

Thi:i affec ts the outf10 \~ to t he limHer ~/hich is accounte:J for hy 
multi plying El . (4) by h'/h . Thus one has the si ;' plc relation be t ween An 
me asured at the outside mid-plane and °1 : 

','n'(O) {qL for qL ) qt (7) 

f11'lt('l r:1 t a) !It for ~l < qt 
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'.Ihile in princ i ple f and qL l'1ust be calculated fro m detailcrl 
calculations hased on magnetic pickup coil measurc';'!cnts fo r edch 
discha r ge , in practice it is rCdsonably accurate to use f ::; 0. 5 (for 
1.3.$ K" i 1.6) and to employ a simple linear relation, Fi J . Il, betl'Ieen 
ql and qCy l or q~" the latter quantities being ,]enerally availa hl e for 
each di schilrge on JET. 

This model has been app l ied to il coll ection of ohmic ,JET d is c har,] cs 
\"/hich 'lIere defined by il set of oute r mirl-plane discrete (u s uall y 3) 
limiters . Fi g . 5 . The values of 01 inferred in this way a r e a bout four 
t imes larger than \"lOuld be obtained fro:n the sinple relation, Eq. (1), 
and genera ll y fall within the It!T OR- l\lC/\T OR sealin'] of °1 ::; 
{O . 5-1.25 x l0 19 )/fie . As noted . the values of Dl measured in t!1is way are 
for the edge plasma . and it is therefore perhaps surprising that they are 
about the same as expected fo r the 
main plasma . Since it is found 
experi mentally on JET [4] that Ted'Je 
'" 25-100 eV and decreases wHh ne' 1t 
is also true that these lI1easured edge 
values of 01 are approximately 
Bohm -l i ke:_ 0BQh r.l '" 0 . 06 Ted;Je 
[eV]/B[T1. l . e., for !l .. 3T. D!lo h~ or 

0 . 5 - 2m/s . 

q,. 
• 

" -

q. 

'" 
" 
• 

'~,~----c-----~,c-----~----~." 
q, 

Fig . 4. Correlation betwee n qcyl' 
qd" and qL for a range of JET 
dtscharges K '" 1. 5 . 
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Fig . 5. D1 obtai ned from measure­
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defined by outs ide mid-plane 
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CALCIILATIO" OF POLOIOAL ROTATIO" I" TliE EOGE PLASMA OF L1HITER TOKAMAKS 

H. r.erhdlJser, H.A. ClaaBen 

Inst itut f iir Pl aSl'Iaphysi k . Kernforschungsanl age ,Jill ieh Gl'1bH 
Association EURATOM-KFA. p.n . Rox 1911, ~-517n JUlich. FRG 

The existing 2-d two - fluid code / 1/ for cOl'l'lputi ng the plasma prof"iles in 
the sc rape-off layer of l iflliter tokamaks has he en further developed to in­
clude the effects of a poloidal rotation and of the associated non- amhipo­
lar motion selfcons "jstently in the has "ic equations. The 2-d profiles of all 
relevant quantities are calcul iltecl ann discussed for TEXTOR-typical 
parameters including also the effect of lil'liter recycled neutrals. The 
results agree well with the known experimental evidence on radial decay 
lengths, on electrostatic potential and on po10ida1 rotation. 

o /!. x"l We consider the TEXTOR edge X"V ~flidjl Plasma (ore plasma in the rectangu lar 
Y~~"O~A--'·r~"'-.• -----"(~~B~~~------r-~oor- i nt eg ration doma in ACFn. All 

ore oundary e uxiliary variables are po10idally 
y,~ ~ Transition Layer;;;: oundary constant: a/az == O. We avoid 

.~r,;. ~ '--V __ -F imihr the usual assumption of 10-
y=y, s----Separatr];"---- -E Jge ca l ambipo1arity and allow 

Rofjfion for an elf}.ctrical current 
Symmetry 

P1an1 
-/v 1 l1ens"ity J = e n (v _ J), 
V~(OIIfKfiotr ~ iter l-Ihere.3 is the i on ve l ocity 

DiftuJon v. Scrape-off Layer rget and u that of the e l ec -
ldnR :10.Sm trons. Q~asineutrdlity en-· 

:~~;;;;;;;;:~~~;;;;,;;;;,;;;j;;,~ ta 'ils V'J = 0 and a stream 
~ function 'I' with 

y=y", Liner Wall jy = a'¥/'ax and jx -awl/ay . 
We use the full set of l'iraqinskij's hlO-fluit1 equations includin~ those 
terms that were omittel1 'in previous treilt!'l1ents like /1/. The eCluation of 
cont "inlJ"i ty "is unchan ged and conta"ins n source terfTl S from the recycled 
neutrals, the ion efjuation of ITIOtion a source term $":n 

+- J- J- _ t.tD ;t 
(1 ) 

Si nce di ffusion 

il(mn v)/ilt + V· (Oln 'Iv) = - vp - V' w + JXJj + :;, 
P 

l~e retnin only the parallel viscos"ity '/I
xx 

= -4 l\ ilv/3ilX . 

Vy :::I _Ol.iln/nay < 10-\ (sound ve l oci ty) , the domi nant terrns of the y -
. - 5 

co~onent of (1) reduce t o the radi a 1 equ ; 1 i bri U!'l1 condi t i on : 

-izB = ap/'ay = aPe/ay + ap/ay :: a(nTe + nTi)/a,Y (2) 

The electron efjuat "ion of motion leads to the generalized Ohm's law: 

-.p - e n (E + ~xB) + R ~ 0 E ~ -•• e 
with the electric f 'jeld E, potent-ial olI ann fr "ict "ion it. The dominant part is 

(3) 

+ + 
the parallel thermal force Rx(for H nr 0 ) ::: -0.71 naTe/ax , nnd the 

electrical conduct i vity is practically i nfi nite , so that R , R ::::: O. In the 
y z 

y - component of (3) we use enu z = env z - jz ttnd (2) yie lrling 
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e n B v = e n iJl) liJy + ap";ay (+R) 
l "1 " Y (4 ) 

I~ence in general a noloirial 'nas'; rotatir)n velocity 
cOf'1[lr)serl of an elp.ctric d(lrl a rl"ial"l<1fjnetic ririft. 
crWlf.)Onent I"If (1) rieterlnines the steilrly - st"te jy 
knOl.,rn I/~: 

v of the 1l1dSI'ld OCCI!r'i, 
Z!n v"jew of (4) the ?_ 

"ifl terl'1S f)f the ill rearij 

I\.i '" ~iJ'V/iJx = - mn(v a/ax + v iJ/ay)v + S - rnv I) (5) Y " X t Y z nz z n 
Hrj s shows the c10sc connex i 0'1 hetween 1 dnd a spat i a 11y va ry i nq rota t ion . 

The non -amh"ipolar cr)rrections (.i x ' .i"v' V;)~10-2(envx' envy, c;) are taken 

"into ilC CQUnt in the energy halance ef"]uations. We eli1ninate It wH'l Ohm's 
+ + ~+".t+ law: a{l.s nTe)/ iJt + V· (::l.5 oTelJ + qe1 = -en '\1 + jo('v + Q

ei 
+ He 

"1'[ + v.vp + (v j - v j )B + Q ' .. 1I 
+ e z Y Y' z el e ( 6) 

Thus even for "i x =,i "y ",0 

Qe "j "i os 

t.he v · VPe -t. erm ",ust he su[)plernent.ed I)'y rarlla1 lorentz 
wor~ the therlTJd1 energ'y exchanlJe witfJ the ions anrl He the 

loss fJy ionizatinn anrl excitat"ion of neutrals . The heat flow contains a1sn 
iln ohmic term: 

rt = - x"aT /cx -o . 71Tj/e ex e e e ' x 
tn the ion energ'y equation vy,izB appears again, 

q ~ _x.l aT /ay 
ey e e 
iI source ter'n ~I " i 

(7) 

rlesc r "i -

hes charge exchanqe and ion"ization, anrl the k"jnet "ic energy is nO\~ 

m(/+/)/2 rn=m" =1'1
0

' x Z 1 

We appl y the numerical l'1ethoti of III to relax n , v , le' Ti in time on il 60 
x :n qrirl for TEXTOR. - typical parameters anrl suitabTe_ houndary conq~tions. 
The total particle inflow across the core houndary 1\0 is 65 x 10 Isec/ffl 
(po loidal l , the e l ectrons carry 9 .2 and the ions 9 .4 kt"Urn , and vx=O. In 
front of the 1imiter IT a thin collision free spac"" charge sheatll with a 
langf11u "ir potentiill rlrop 1I41 accelerates the ions and r",,[)els the e l ectrons. 
The fluxes entering the sheath edge must he continuous anrl ensure a 
monotonous E. t~e refer to 121 and take Rohm ' s cr"iterion with " 

v = 1.0 c = V(T +T" )/m. ,anrl the enerqy fluxes (convecterl + conductp.d) x s el l 
Qex = 5.5 Tenux' Qix = 3 .5 Tinv x ' !-Je have symmetry conrlitions at AC and 

DE, low n anti floating Te , T, at the wall CF.1J.. , xli , xM are classical, hut 
1 ..L 2 ..L e.1.' .1 

radial transport is anomalous: 0 0.6 III Isec , Xe = Xi '" nO 

The vilr "iah1es t , v , ", j ,j are cOlllpllted hy fast converqent iteration. 
At the limiter z x y 

e. ~ ea. ~ -T In[>'2"'" (I+T./T )/m ' (l - j /ene » (8) 
e ele1 xs 

Then I) in the 5 .0.1. follows hy i ntegrat"inn the x-component of (3): 
ea~/cx '" lip Inllx + 0.71 aT IlIx. Since et - 3T I cons"ide r able rad"i al fields 
- cl)/ay e build up "in e the limiter shadow: The comh"ined {xB-rlrHt and 
VPi-rlrif t enfo r ce plasma rotat"ion in (4). Assuming an exponential decrease 
of Vz along BA (cor~ plasf'la at rest) defines 4I(x,y) and vz{x,y) every­
where. I~ith f=O at AC integrat"inq (5) yields '(x,y) , thus producing an 
iterated value jx in (R), and so on. 
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3.21 
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liner wall 

Tt,e recycling of neutral s at the , "jlTliter and their interaction \~ith the 
s .o .1. plo\S'M is lTIoc1ellerl as "in /l/ . However, we admit cl narrow cos-like 
distrihution of the efI1itted neutrals close to the nor lllal , approxilT\ated hy 
propa!Jat "ion in 11 discrete directions. Reflexion at the l"iner ;s elastic 
and specular. The 11 I'learns decilY exponentially along tt,eir paths hy 
ionizat 'ion and charge exchilnge . Neutra l s cross "inn the core boundary count 
as lost. About l1alf of the nelltrals is "fast" with energies depending on 
the i"lpinginq n+-ions ,The others are "sI 01.,." aor! represent Frank - Conc1on 
neutrals frorn tile d"issociation of deuterium tIJolecules with.:$. 5 eV. The 
neutral rlensity , the sources and also the iterated variables need be up­
rlitted only every 20 time steps . 
In the B computer plots ttJe limiter erlge 'is always 'indicated . In the 
neutro'll dens 'ity plot the wall reflected rliscrete heaf'ls are well recognized. 
The v -velocity profile shows a characterist'ic steepening in front of the 
limit€r, far away we have av lax ~ 0.3 c (L. This 'is cor related with a 
markerl const riction of the r~dial r:lensity profi l es. Near AC the decay 
lenqth is ~ ~ v'O±L/O . 3 c ~ 2 cm , near tne lirn'iter% 1 cm, in agreefl1ent 
witn TEXTOR yfT\easurernents. s nearly the interaction witn neutrals has a 
brak 'ing effect, and nea r the limiter edge T, 'is depressed ~y cool'inl]. Tp -is 
almost flat toroidally due to the very large

1 
x II . -

The rad 'i al prof"iles of the potential exhibite a maximUM in the transition 
layer near the sepa ratrix, so that the sino of Er is inverted, which 
enahles zero rotat"ion in the core. The vz-profiles shOl~ also a radial 
maxiMum , hut inside the s.o.l ., so that the steepest increase is near the 
separatrix. We find Iv I ~2 o/VC • Our t - and vz~profiles resemble very 
much those ohserved z y s experimentally in the tokamaks TEXT at 
Austin. Caltech at Pasarlena and T!~-4 at ~'oscow. An elongated electric 
current vortex fl<r along the separatrix is caused by the large velocity 
shea r av (ay . The J - circuit is to he closed via the limiter edge . 

Z \.le conclude that similar phenomena should be observable in all 
lirniter tokamaks. In (21 further detail s and all 're ferences are reported. 

11( H. Gerhallser. I-\.A . ClaaBen, Proc. 12. EPS cont. Rudapest, 11,464 (19RS) 
(2( H. Gerhauser , H.A. f: l aa[3en , Report JOL -21 2S, KFA JUlich U~a 'i lqR7) 
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PLASMA EDGE EFFECTS WITH IeRF IN ASDEX 

J. - M. Noterdaeme , G. Janeschltz , K. McCormick , J . Neuhauser. J . Roth, 
F. Ryter , E. Taglauer, N. Tsois, M. Brambilla. A.W. Carlson . F.Fussmann , 
G. Haas, F. Hofmeister , V. Mertens, C. Setzensack , K. Steinmetz , 
F. Wagner, F. Wesner . J. B~umler , G. Beeker , W. Beeker, H.S . Bosch , 
F . Braun , H. Brocken , A. Eberhagen , G. Dodel 1

, H. - U. Fahrbach , R.Fritsch , 
O. Gehre , J. Gernhardt, G. v ,Gierke , E. Olock , O. Gruber , W. Herrmann , 
J . Hofman, A.Izvozchikov 2

, E. Holzhauer, K. HUbner', F . Karger , 
H. Kaufmann , O. KIUber, M. Kornherr , K. Lackner, M. Lenoci , G. Lisitano, 
F. Mast. H.M. Mayer , D. Meisel, E.R. MUller, H. Murmann, H. Niedermeyer, 
A. Pietrzyk~, W. Poschenrleder, S . Purl, H. Rapp, H. R1edler 6

, A.Rudyj, 
f. SC!meider, G. Siller, E. Speth , F. StHdner, A. St~bler , G.StaudenmaIer , 
K.-H. Steuer , S . ugniewskI 5 , H. Verbeek, O. Vollmer, H. Wedler, O. Zasche 

Max-Planck-Institut fUr Plasmaphysik 
EURATOM Association, 0-8046 Garching 

I University of Stuttgart , 2 Ioffe Institute, J University of Heidelberg , 
~ Uni versI ty of Washi ngton , Seattle , USA , 5 Inst . for Nuclear Research , 
Swierk, Poland , 6 Schiedel- Stiftung, Austria 

IntroductIon; The boundary plasma plays a major role in the understanding 
of the multIple aspects of an Rf heated plasma: the coupling of RF waves , 
the impurity content of the plasma , or even its overall confinement 
proper ties. The difficulty to measure the boundary plasma especially with 
RF is compounded by the fact that machine specific aspeots have a much 
larger impact on the plasma boundary t han at the plasma center. Systematic 
tendencies are however recognized. In the following we give an overview of 
plasma boundary data (ne ,Te electriC fields In the scrape off layer) and 
report on Fe flux measurements in the nlvertor and on evidence of a local 
impurity production mechanism. We then propose an explanation for the 
enhanced impurity content of the plasma during ICRF, which is also 
conSistent with earlier measurements / 1 , 2 , 3/ . 

Boundary density evolution: In standard ICRH discharges the density 
evolution , meas'.lred with the Li beam diagnostic /4/ is as follows: 
As the separatrix is moved outwards , due to Bp effects, the density at a 
fl xed radial position increases (fig. la). Normalised to the posi tion of 
the separatrix , however , the dens1ty there is constant (Fig . lb) wIth at 
low plasma current a small increase of the gradient length (Fig . le). The 
denSity at the antenna limiter stays constant. This results in a 
steepen i ng of the density gradient close to the antenna. 

Edge temperature evolution: In the last experimental period the Langmuir 
probes in the main chamber were disturhed by the ICRF aOl:I the edge laser 
scattering system did not cover in the C33e of ICRF the separatrix region 
(the plasm~ is shifted outward for a good antenna coupling) . There is, 
however , substantial experience (incl . nUmerical ::;lmulat.lon) from ohmic 
and neutral injection heated discharges with an unsh i fted plasm:3- wller'e all 
rtiagnostics are working. Taking the d1 ~'ertor' data (dens1 ty , 
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l ine intenslties and the abso lute X-ray signal~ can be converted I nto 
absolute Fe fluxes (F ig . 3a). I n the case of NBI, the meaS:.lred rluXp..'i t ., 
the <11 vertor, as '-'IeIt as the fluxes calcula ted by the cOOP. are. i n 8000) 
agreement with t hose calculated 19 , 101 from ex spl1ttering using r:1ata 
fr om t he neutral particle diagnosti cs . In the case of I CR H, howeve r, t hp 
fluxes calcu!ate<'i from the F'e XVI intensity are much higher than those 
measw"ed by the divertor probe or calculated from ex s puttering . One h<:l.'l 
ei ther to assume that the Fe fl'.JX meas uI' ement8 in the divertor were not. 
representative of the fluxp.s in the main chamber or that the scrape off 
transport mode l in the code is i ncompl ete in the ca3p. of I CRF hea t ing . 
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Evidence of local impurity production: There are several indications for 
localised-impurity sources in the main chamber during ICRH. The 
development of the re XVI line intensity over a dozen of shots after 
wall carbonisation is shown in Fig. ~. The values for OH and I CRH were 
normalized at shot 18782 . The faster shot to shot increase during ICRH. 
relative to the OH part of the pUl~e can only be explained by a strong 
local erosion due to the RF. Surface analysis of the carbon protection 
limiters of the antenna indi~ate the presence of a local Fe source 111/ . 
A similar conclusion was reached by the JFT-2M group 1121 , when they 
protected the antenna neighbourhood wi th graphite . The divertor probe 
could underestimate the amount of re originating from ~uch local spots 
because much may be locally redeposited. 

Discussion: In view of the now accumul ated data we can propose an 
hypothesi s for the increased impurity content in the plasma during IeRH . 
Earlier explanations. based mainly on the anticorrelation of wave 
absorption and the impurity content in the plasma 11 , 2 , 1 have emphasized 
increased impurity production with, however , the mechanism sti l l to be 
identified. More recently , in view of the re measurements in the 
divertor , an increased penetration of neutrals through the scrape-off 
layer was put forward as an hypothesis/13/ . Model calculations , however , 
show that this would require a major reduction of the boundary tempera­
tUre which was not substantiated in normal discharges . 
Consistent with earlier measurements and with both the measured Fe flux 
in the divertor , and the boundary parameters during Rr, the higher 
impuri ty concentrations can be rel at ed to two ef fects: 1) a changed 
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temperature, CIII, bolometer etc . ) and the matn chamber edge density 
during ICRH. it is Quite obvious that the power input into the divertor 
and hence the midplane temperature are substant1ally increased" In normal 
ICRH discharges. This Is in agreement with observations on JET and 
TEXTOA . Rr theory 151 also predicts that a few per cent or the power can 
be deposited in the boundary through 00111s10na1 absorption on the 
electrons (the mechanism being that the electrons take up energy with 
their E x B drift and thermal1ze it if vei » vICRH. cold electrons 
with large Vet are preferentially heated). Close to the separatrlx this 
Is a small fraction compared to the large power outflux from the main 
plasma. I t can , however. strongly influence the temperature and 
potential in the low energy scrape off layer wing . 

rig . la: Density evolution a t the bound-ry 
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~loating potential measurement In the dlvertor : In fact , a substantial 
influence is observed e .g. in the f l oatIng potential in the divertor 
/6/ . During ICRH, a strong negative peak Is observed in the outer 
scrape-off layer wing just inside the l ast flux surface entering the 
divertor (which is also the surface directly in front of the antenna). 
This may be connected with the spurious edge heating mentioned above . 
The detailed s tructur e of the floating potential profile depends on the 
heating scenario (OH, 2wc' minority , addition of NI) and on the 
position of the resonance layer . There are indications that there is a 
correlation between enhanced impurity content of the plasma and the 
observed radial potential pattern: ~lgures 2 a,b,C show how this profile 
changes as one goes from a case (a) resulting in a large to a case (c) 
resulting In a much reduced impurity content of the plasma . Note the 
appearance of an intermediate region with a radially inward electric 
field. Those radial e l ectric fields will a ffe ct the transport in the 
scrape off layer , the exact mechanism, howe ver , remains unclear . 

Mea~urements of fe fluxes: A divertor collector probe was used to 
measure the ~e fluxes in front of the divertor target plate 17/ . 
Assuming toroldal and poloidal symmetry, those rluxe~ c~n be related to 
the F'e fluxp.:i originating from the maln chamber walls (Fig . 3a). 
Spectroscopic measurement . .:; of the Fe XVI line intensity , as a function 
of power , are shown in ~lg. 3b . Using an imput'ity transport code 18/ , 
which neglect electr'ic flelds in the scrape-off, the ilbsolute Fe XVI[ 
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t.r'ansport 1n the SOL , because of radi,ll elec t,. i.:: fiel ds at the edge . 
originating from a changed plasm~ potential. and 2) Cl strongly 
10ca11sed Fe source tiue to strong elect,.i.:: fields in the vicinity o f the 
antenna . The anticorrelatlon betwe~n absorption and impur ity production. 
seen for example in Bt :'leans / 21 and in the beneficial effect of NI .::an 
be explained as follows. 8ad absorption wO'..llti result In a atrong local 
standing wave near the antenn a 15/ , which inCl"'ea~\F~5 tllp. impurity 
p:"oductlon directly in this regi on , rmd In large r' RF' fields a t the 
plasm3- edge / 111 1 , wtli ch , through acceler'at ion of part! cles there, coul,:I 
change the plasma potenttOil 3.nd thus the transpor"t in t he scrape off . In 
addItion t o chang ing the wave absorptiun , NI may ::&ll'Jo clHmge the 
elp.ctric fields at tl1p. edge directly by the induCl'ld plasma rotation . 

ASOEX .' ;;.~) .5·\O"lcml 
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Summary : The p.volution of ne and Te at thp. plasma boundary during the 
RF , together wi th measurements of the floating potentlal 1n the di ver­
tor , and the analysis of Fe collector probes 1n the divertor and of the 
antenna limlter indicate that the enhanced impurity concentraUon in a 
ICRF heated plasma is due to a combinat ion of changed transport in t he 
scrape-off layer bp.cause of electric fields, and an increased local pr o­
duc t ion of impurities , relat p.d to l arge electric fields in the direct 
an t enna neighbourhood . 

References 
III C. Fussmann et al ., Europhys.Conf.Abstr . ( 1985) Vol. 9F, I , 195 
121 G. Janeschitz et al., Europhys .Conf.Abstr . (1986) Vol.10C,I , ~01 
131 C. Setzensack , IPP Report III Feb . 1981 
I~I K. McCormi ck , J.Nucl.Mat . 121 ( 1984) 48 
151 M. Brambilla et al . , this conference , and private communication 
161 N. Tsois et al ., this conference 
111 E. Taglauer, J . Nucl .Mat . 128- 129 (198 4) 141 
181 G. Fussmann , Nucl. Fus . 26 (1986) 983 
191 H. Verbeek et al. , as 1lT; Vol. 9F . Il , 583 
1 10/ G. St audenmaier , J.Nucl .Mat . 1 ~5 -14 1 ( 1987 ) 539 
11 1/ R. Behrisch et al ., this conference 
112/ H. Tamal et al ., JAERI - M 86- 143 , Toka1 .Sept . 1986 
113/ J . Roth. IPP Jahresbericht 1986 
114/ R. Van Nleuwenhove et al . , this conference 



582 

EXPERIHENTAL AND SIHUlATED IHPURITY liNE RADIANCES DURING 
ECR HEATING AND PEllET INJECTION ON TFR 

• EQuipe TFI~ and For'1 ECRH Team presented'by B . SalJutic 

ItS50ciation EUR(~TON -eEA sur La Fusion Controlee 
Centre dTt udes NucU!a ires de Cada r'ache 

'13-108 Sa int Paul Ll.'z Duranc(! CEVEX , FRANC!:. 

EUI1ATOi'l-FON Asso c iation Iln r:'USillll 

Rijnhuizen,Nieuwegein, THE NE:1HlHl.AN(JS 

1 EL EC TRON CYCLOTRON RESONAN CE HEATIN G: 

1 . 1 Introduct i on : 

El~ctron c ycl otron resonance heating (fCRII ) e~perimcn t s on the TFR 
Tokamak have been prev i ously d escr i bed [l J . lhere, l i ke in most of the 
papers published on E(RH e)(periments , impurity be h aviour studies have bee n 
rather neglected, probab l y as consequence of lhe rehtively small 
lncrement o f radiated power (measured by bolometry' during ECR H. However , 
on T-1D. in~reased ~entra l iron densities hav e been observed [2] and the 
i nitial variation of the central radi ated power during e)(periments at low 
n values wa s attributed to an increased impurity tran spo rt rate [3] . 
• 

In th is sect ion, after a brief descripti on of the plas ma parameters and 
of the methodology used fo r simulations, we shall report t he results of 
detailed compa ris ons between e)(pc r ime-n t s and simulations for cen t ral 
heat ing of pla sm as with two different n val ues. The contri~u tio n of 
impurities to energy balance (radiated powe', and to eFfective charge Z 
will be evaluated . eff 

1.2 Pla sma pa ramet e r s ; 

The tYPlcal plasmas used for ECR II e)(perimen t s had the followin g 
paramet ers; working gas hydroge n , pl asm a cu r rent 100 kA, toro i da l field 2·n 1, ~saPhile limiter r adius 18 cm, central el ectron density n (0)=1-3 . 5 
10 cm, centnl eledro n temperat ure T (0)=850 - 1000 eV. c~ ntral ion 
temperature Ti (0):300 - 500 eV. • 

I n these hea ting e)(per1ments three 200 kW gyrotrons we r e used . They 
were successlvely switched on at 25 ms i nterval 1n such a way that the 
ma)( i mum power 150 0-550 kW) was applied to the plasma 50 ms after swi t ching 
on the flrs t gyro tron. 

0,. lo lh. presence of , stainless s teel calorlmet e r i" lh. limiter 
shadow. lh. ha rdwa re cond l tlons fol' these c)(perimenl s we n:!' sen5 i ~ ly 

different fr om lh. ones described '" ( 11 ; " 
, consequen ce , lh. iron 

den si ty i" the pla sma ." l a rger '"" very sensible to horiz on t al 
displa cements. 
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3 Simulation procedure; 

Th~ i mpurity transpor t simulation code has been previously di scussed 
[4].The code co nsiders independently the transport of anyone at omic 
species and gives i n cyl indrical geomet r y the density of all charged ions 
as function of time and radius;line radiances Idata available from 
expe r iments) a re also ca l culated. 

As dis cussed in [41 . the code uses "ad-hoc· boundary conditions: the 
incoming neutral atom flux r at the limiler radius is chosen, as a 
fu nction of time, in such way th~l the abso lute ra dia nce of a non - central 
ion line (Fe XV! 335. 4A in the considered expe riment s) is correc tly 
simUlated. 

Once this is done , the s ubsequen t slep is to adju s t a d i ffu s i on 
coe fficient 0 and an i nwar d convec tion ve loc ity V 1n such a way t hat the 
temporal behav\our of the radiances of central 10n\(Fe XIX 10 8.lA, FeXX 
121.aA, Fe XXII I ( bl ended with Fe XXI Il2.9AI is correc tly simu l ated. It 
has to be pointed out that the un~erta 1 nty on the determination of the 
absolute value of the transport pa ramete rs with such a method is SDI for 0 
and 10 01 for V . Howeve r , the uncertainty on possible vari ations of th~ 
transpo rt para~eters during ECRH is somewhat l ower. 

ECRH heat1ng 1S slmulated 1n the following wa y : the nand T profiles , 
measured (b y 1nterferometry and Thomson sc atterlng) dur1n§ the o~mic phase , 
give the steady s tat e soluti on whi ch is us ed as the st arting point f or the 
simUlat ion. The nand T profiles r es ult ing fr om one, two and three 
gyrotron heating ire suc~ess i ve l Y introduced during 25 ms each. 

I 4 Comparison betwee n 8Mperiments and simulations ' 

Figure shows the comparison between eMper l mental line radiancrf 
(left) and simulated ones (right) in the case of larger n (l . t 10 
cm- l ). The best agreement i s obt ained wh e n starting with 0 4500 cm Is and 
V : 600 cmls during the ohmic phase and keeping constant t~ese values for 
tte ECRH phase (solid linesl.The dashod lines s ~ow the res ult Of a 
s imUlation where 0 and V are incr eased to 8000 cm Is and 1200 cm Is 
during the he a ti~g: th~ di sc repan cy with the eMperimental radi an ce of Fe 
XX III confirms that the tran sport parameters can be considered as co ns tant 
within the stated un ce rtainty . 

Figure 2 deals with the case 01 lower n (2 lO'l cm- l ) . In this case , 
kee p1ng 0A and V consta nt to 6000 cm Is and 650 cmls during the ohmi c and 
heat lng phase s ~solid lines) , clearly do es not agree with the eMperimenta l 
measurements. Ind eed , the best agreement i s obta ined when increasing 0 and 
V to }2000 cm2 Is and 120 0 cmls during one gyrotron heating and th\n to 
1~000 cm Is and 1800 cm/ s during two and thr ee gyrotron heating (da s hed 
lines). This increase of the transport parameters is well above the 
un certainty of their determinat ion. It i s therefore po sibl e to conclude 
that, in the lower density case, the i mpurity co nfine men t time decreases. 
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In both cases the incoming neulral atom flu~ r has to be multiplied by 
a fa cto r of 1.5-2 during the heating phase in or~er to correctly simulate 
the experimenlal radiance of Fe XVI. 

5 Conclusion-

By applying the results of the si~ulalions mentioned above to the main 
pl~5ma impurities (O,e,Fe,Cr,Ni). it is possible to evaluate the radiated 
power and the effective charge Z . Jn both cases, radialion l osses do not 
vary outside the uncertainty duri~~ ECRH. 

larger density case: Pr:65 kW Z =2. (Q) 

Lower density case: Pr=50 kW 2:;~=J. IQI 

PELLET INJECTION -

Single pelle t injection (PI I e)(perimenls o n TFR have been previously 
reported [5). Very few of the papers dealing with Pt aTe concerned with 
impurity studies. However il was noticed on POX [6], that the X-ray 
enhancement (iictor ii nd Z (meiisured from visible bremsstriihlung) were 
reduced much more thiit exp~tled by simple dilution. It should also be 
recalled that centrally peaked impurity profiles occuring after PI were 
observed on Alcator C [7]. 

Fo< 
working 
Hmi ter 

these PI studies. the target plasma had the following 
gas hydrogen, plasma curfrnt 3ro kA, toroidal field 4.3 
radius 18 cm, n (0)=8 10 cm . T (0)=1.4 keV. 

e e 

parameters: 
T, graphite 

The procedure used for the simulations is similar to the one described 
iibove. figure 3 shows that the best sim¥lation (solid line) is obtiiined 
wh~n 0 and V are kept constant to 8000 cm Is iind 1200 cmls before and 
after ApI . A'simulation with constiint ° and V at 4000 cm

l 
Is iind 600 cm/s 

(dashed line) shows that the evolution ot the f~ XVI radiance is much too 
slow. 

It must also be pointed out th at six lines corresponding t o siN 
consecut ive ionization degrees of iron (fe XVIII to fe XXI II) ha ve been 
simultaneously obseved.Their evolution (increase of fe XV III ,XIX and 
decrease of Fe XXII ,XXIII wi t h fe XX,XX I staying rou9h~y constant) can be 
satisfactorily simulated by the combined effect of plasma cooling, sudden 
variation (followed by slower evolution) of n and modification of the 
peripheral neutral ~lux.No modifications ofethe transport parameters are 
needed,but r must be de c reased by a factor of three f ollowing PI.This fact 
l S quite cgnsistent with the expect ed effect of the decreased temperature 
of the plasma on the spu ttering rate . 

finally. the larger periphera l light impurity ((,01 radiances observed 
after PI were satisfacto rily simulated by using the same transport 
paramet ers as above and increasing r by a factor of 1.5. This increase of 
the input flu x i s probably due to g larger desorplion occu ring because of 
the increased density. 
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NON-LOCAL TH.~l~SPORT Il~ T.HE SCR.U'E- OFF PLASi,!,A Hr TOKAJ<iAK 

19itkhanov Iu . L. , Yushmanov r.N. 
I.V.Kurchatov Institute of Atolilic Energ:,',li.osco\'l, USSR 

ABSTRACT 

The l ongitudinal heet and momentum transport of plasma particles 

from · the main tolcamak zone to the divert or or limi ter plates is 

described v/i thin . the frames of hydxoayncmic equations with the clc.s ­

Gical coefficient of longitudinal heat conduction and viscosity[1 J 
Even "then the hydrodynamic approximation are satisfied on average , 

Le. ,then the mean ·free path is mch less than the characteristic 
longi tudino.l gradients, the expres sions for classical he at ·con­

duct ion and vi scosity coefficient s turn out to be over estinated . 
Thi!3 r esults in l O\-/er plasml!. ·temperatur es and in greeter densi ti -

es at the separatrix than the experimental. v alues [2 J • This is 

due to the fact that the hydrodynamic heat and momentum flows ere 

determined by the tails to the. distri bution function and become 

e ssentially non-local by nature. In thi s report the 20- moment Grad 

::: : -'.:~*;):! , -;;!-:,c;;:-.: , ~:.:. ..::: l'f '"' .... ' CH<..~ l'.J,: UJII ~ ·~.L·I::1Ui~io!la.l procedure , 1:ne 

derivatives of higher order moments are l eft is used to de termine 

the transport structure . Such en approach allows to reduce the 

set of diffel'entiel equations for the moment s to one equation of 
higher order, from \·/hich the integral expressions for t he longitu­

dinal heat and mOr.lentUl:J tru...'1spor t can be derived . For a thermal 
fl ux onc get s 

where 

nsfer . 

Cj(;!) .'" fclr 'c;.SH{/)G'j. {Z,Z) (1) 

~ . (lJ i~ the cla.3sicaJ. Spitzel'- Ilarma heat conduction 
/SIICf,. is the describinG the non- loco.! nature of heat t r e.­

The strueturc similo:r to (1) was postulated previounly in [J] 
and can be naturally derived irom the distribution function expan­

sion . 

HEl~I:REHCES 

1. Yu . L.ICitkhc.nov, A . S . J{u~~u::;rJdn , A . Yu . rie~o-'J V. I.Piotuno".fi ch 
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1';~GN:t:'l' lG .L31.u\ND l!:l"iLC'r u .I 'l 'i.) KAhIAK i!:lJG...:. rLJ\:.i .,..A 

Tokar' ti.Z. 

Insti tute for Hi~h Tc:npera tures of the USSH 
Aca.demy of Sciences, t,lo s co\'I, US3rl 

Abstract. The effect of the magne t ic isl:.mdo in conf'igura t ­
ion w1 th l!.1.;L on the edg e tokatnal{ p l us.ita 11ar ai-ll cters is studied 
on the base o f equations of sinele f luid hydrodyn o.,ni cs \'11th 
taking into a cco unt the particle I::l.nd heat flow alollB the mag­
netic field . 'rhe theoretical r esul ts a re in good a g .cc e,ne nt 
\'Ii th 'l' i-:j..',[l eX!1el'imental .cesul ts. 

Introduction. 'rhe concept of ):;r:30dic r,1a &;netic IJimiter (l!:),ru) 
11/ is -one of the interesting ap proaches to the problem of 
control o f the toka.i:ak edDe ~las.lla parameters. It I S baBed on 
the theoretical notions that the plasma t r ansport coef 1.'i­
cients Inust increase \":i th superposi tion of periodica l pertur­
bation on the t o kalllak (1lagn e tic f ield J 2 J : ovcrlappi rv; of the 
magnetic islands created by the dif t'el'ent har!!':onics of the 
perturbation results in the magnetic field lines stohastiza­
t ion. 'rhe heat and p l a sma particle flows alon.; the ergodi zed 
lines of forces increase the transport across the unpert urbed 
magnetic surfaces. As i t I S shorm in tief. /3/ the increase of 
tr£'.ns versal diffusivl ty up to Bohm level will .ceduce the t e i1! ­
peratllre of the plasma bei~ in contact with a tokarnak- l'eac­
tor ·'/all lowe r than the threshold of the sputterine of such 
materials as molybdenum , stainless steel . The increa se of the 
electron transversal heat conduction per,ni ts to realize the 
plasma confi c;:uration with so called expanded radiative bOLUl ­
dary /4/ , where the SUbstantial part of power transported 
from the tokamsk core is radiated by light impurities on the 
first wall. In the stohasti c region the enhanced consentrat­
ion of i mpuriti es may be sllstained due to their friction with 
the main ions flowing to the periphery along the magnetic 
field l ines. 
The experimental researches on 'l'.l:;AT device have shown J 5 / 
that EIiIL i s actllally the effective instrument for the effect 
on the edge plasma: recycling increases, the electron tempe­
rature drops and becomes more flatter with magnet i c field 
perturbation. At the same time it h a s been shown that the 
substantial increa~e of the t ransversal transport coefficients 
may be attained at relati vely low perturbations when the is­
lands are not overlaped and the stohasticity is absent. In 
the present report the model for the description of t he heat 
a nd plasma. particles transport into the isolated chains of 
t he magnetic islands v/ithout atohaaticity is proposed. 'I.'he 
effective coefficients of the plasma diffllsion and heat 
conduction in configllration with the magne t ic isl tLnde are ob­
tained. Th e comparison of the theory reBults and TEXT experi­
mental data is carried out. 

Basic egllations . \'/hen the tokamak magnetic field i e perturbed 
with small disturbance 8r:' e · {j.tC05(mG -/bp) ,where Br 
is the toroidal component , b« 1 I B , i.p are the poloidal 
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and toraidol angles , the syste~ of the magnetic islands 
arises. Their axes are placed on the resonant surface with 
t he safe t y factor qr= m/~ • Taking into account the spiral 
sLnmetry of the islands we introduce coordinates J , e. , 
where J numbers the magnetic surface and e ls the length 
of the magnetic field line from the point on the "top" of the 
surface u I - Fi g. 1. 'llhe tot a l length of t h e l ine between 
points 0 ', 0", Lo , ls infinite at the island eeparatrixe 
with I- Im. In the cylindrical approximation with small cur­
rent density a t the discharge edge where the .islands are cre­
ated 1m==- V29r8aJ<./m (a,H are minor and major radi i of the 
resonant surface) . When J ~ 0 , 8 f..... ;"'0 depends on 
weakl~ : Iv . = ">'2" '-/8 
The equation of the pl asma motion a lo ng the magne tic field 
ins i de the islands has a form : 

Q~ (m,n V/ + 2 nT) ~ Q~ (f 7" :N+!; 1~ [~(11- ~~' +mJ)~:7 v.g ( 1) 

where the dens ity n , temperat ure T and longitudinal vel oci ty 
VIf arc assumed the same for ions and e l ectrons, '1" . .J. are 
transversal and longitlldinal coefficients of ion vi s CQusity , 

h} is Lame coef ficient. 
We consider the case of sufficiently small perturbati on s when 
the f l ow a l ong the magne ti c field lines inside the island 
results in addit i onal transversal transport of heat and plas­
ma particl es not exceeded the !:1IlomalOU8 heat conduction a nd 
diffusion with coefficients Be,L and:DJ.. In this caue \'le 
e;:;ek tI. solution of' Bq. ( 1) in the forlll v,}:: V(J) f'in.re /L" 
because VII turns into zero at the point 0 I, 0", and f or 
n, T dependences on J , e VIe assume t' 

t1 - n, ( I r !. ccs ;': ) , T ~ r. ({. Jr COS ~ ) 

where IX> , To a re the parameter values on the isla nd a,."Cis and en ,f'i' a re char a cter istic di:nensions of thei r chang es . The 
equa tion f or V( ~ ) one may obtaine by integr ation of Eq . (2) 
o ver e : 

d ZV = [.£~ .z-: V- c"n.T:. Ta +/J}<I1~) (2) 
dJ ' 3 '1~ l. '1~/..' ., 

where < h/) = t-h/dt;t" "X 
o 

.t.:q . (2 ) solution t U;"'ning into zero a t t he isla nd. s epara trixe 
ano. axi s h r. s a fo r m: 

]
f _ 1': (L _ sh 'IF. ") 

- • f. si! 1.,/f. 

r:here 'T' 1 T 2 ( I ') 
V. 

Ji, :irt /, ,,, l" _r....l- , 1;J-
.. :=: 4'h.J. C. en rT 

J;l_ ~ --, "~ B lf ...:!L '" 8<.J L 4 P r it '1" i i.., 
is the time i n t erva l betwe en 

(J ) 

w.. is i o n La r .no r frl! quency r Ti 
i on collisions. 
1et l ~ ave raGe o ve..::· e and If t he eq ua t i ons of cont i nuity and 
heat cunduction f o r t!lC pl a3.1w illside the isl ands : 
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L ~[.L (_ P "in ), 7..,. @nV;, ~ . 
hi a 1 h, J. 'l f J f)f S 

1. ~[.L. (-:t' ~ )~ - .')~ 'CII -,)1 L (5: v.. r - WI _ 
hl~f h1 '1f ' 1f / +-'i)L' , n" {k',,~c/-C' 
.. /here S is the particle source d ue tu ncutrc.l i .J uiz H. tion , 
Q is the enerb Y losses . 
As E'. :('€l6ul t we obtaine the one-di mensional equatlons describ­
ing the plasma tr.s.nsport. At y = 0 they .nay be 9re s ented (If: 

follo\'l6 ~ 

cl (-J)" 1.!L - ])'1' !L dT) ~ 5 (4) 
djf d'j r cfJ 

.ff- (- a'. dT) = ({_,Sf -t- SiJ.;. dt2- :t (5) 
dJ Dj cI';/ if 

Here \'le have neglected the turns of the order of m Im I ])n = 

J) ~ 71 1> ]) 1,.f th"· et 
. . • "JI,.1//'.6 J lP.- a'~.Lla>J 11 <Q ,'.l~(1-=) AW.!L~eiP, • • L, J3 I ,Jr b , . 

The additional turn s in the transport coefficients averaged 
over island are 

1/ .3 .1 ) .- 8 ;, ",J). 0.3" .:" (1.,.. ._- If 'ILl ~2 .-~ a<:, (6) 
·li. 4p" Pp ' 12p 3lT 

Hesults. It ' s interesting to compare Bx (6) with the plasma 
diffusivi ty ':AI and heat conductivj,ty a'j"'I_ in stohastic 
magnetic fie l d obtained in paper /6/ • Taking the width of 
stohasticity region and longitudinal length of perturbation 
correlations in Ref . / 6/ are equal to the island \-lid t h and 
the magnetic lield line l~9.Pth, 2 li11 and Lo t respectively, 
we obtaine LJ. ~/a"'.)l= c~1i 6;g,t , where ~/= Li,;/( • 1'0 es-
timate R/!·we take into account that 1?m.K. a re reduced expo-
nentially on the r~.s.Qn8.nt s urface with m deviation from 
mIC = q,...1J. • '1'his ..,-W-/aa-)"f = 1,25 . With small perturbations 
when fi« 1 and the plasma flmv velocity along the magnetic 
field is defined by the transversal viscousity ~~ and ~f 
are also close one to another i5."J.5/J)sI"!)'; o,Se 
Thus inside the magnetic islands the addi tionals terms in 
the transport coefficients due to the heat and particle flo \,1 
along t he magnetic lines of forces are similar to those in 
the stohastic magnetic field. ---
'1'he qualitative difference betwe en AJJ and ])s-I- obtained in 
Ref. 6 takes place VIi th fj > ...... 1 when the floVl velo cl t,Y is 
defined by ion longitudinal viscousity: ,t:,.1J ... g3 with fJ <-< 1 
and.I.J:P .... t when f3~ 1. It's interesting to note that the 
condition p~ 1 is close to the boundary of applicability 
for ~f in Ref. /6l ' 
The modification of LJ'j) dependence 011 the magnetic field 
perturbation ampli tude has been observed in TEXT experiments 
VIi th EiliL / 5/ • li'ig . 2 represents the experimental and 
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computed dependences o~' t~e gl~bal particle time "Cp in Tl!:XT 
dev ice on the._current ~n EML w2:ndinge. Acco~ing to the defi­
nition 'l'p = nolo /2~ , where n is the a veraged density in 
the tok$nak, a~ is the r adius of the magnetic s urface touch­
i ng the limi ter , rL i e the particle flux into t~e scrape- off 
l ay er. AB an estimate 1'1. ... ])1'1 1 Z""P")h-

4 ~ ~..L.(.{- .4¥.b...) 
The computation of the plasma parameters in the next-to wall 
region has been carried out on the base of Eq. ( 4) , (5) , with 
~]) , ... ao given by Ex. (6) . For conditions o:f llet". /51 
p = 1 with I", ~ 1 leA . 

Experimental and theoretical results are in good qualitative 
and quantitave agreement and thie f act is the evidence of 
adequacy of the proposed model for the describtion of plasma 
t ransport properties in configurations with magnetic islands 

1. Ohyabu N. e . a . J. Hucl. Mater. 1984 , V. 121 , p . 363 . 
2 . Rechester A. B., Rosenbluth Iii . N. Phys.H.ev.Lett . 197 8 , 

V. 40 , p . 38 . 
3 . Vasi1,ye v N. N. e . a. in 8 :C;urop . Conf. on Contr. P UB. Pl asma 

Phys ., PraguQ, 1977, V.1, p .164 . 
4 . Ohyabu N. Nuc1.~usion 1981, V. 21, p.5 19 . 
5 . Mc Cool S. C. e . a . J . Nucl.lllater 1986 , V.1 45-146 , p. 340 . 
6 . Yamagishi 11' . e. E'. . , J.Nuc1. Uater . 1984 , V. 128-1 29 , p. 11 8. 
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:";:U A!),,:Ji. D~STAJI:'ITY D~ 'J.'HE SCHAl'I.: 0¥1!' LAY i;l{ 

V.G. Petro v 

Insti tute for High Temperatures of the USf31t 
Acade.ny of Sciences, Moscow , USSH 

Abstrac t . Instability of the plasma flow in the l)olo i d a l 
limi tar sc..:'c:.pe off l a .yer of El tokamak (SOL) is de,nonstra ted 
in the frames of line ar a~proach. 
Introduction. Stead'y state plasma flow in the SOL has been 
considered in [1] . The pri,nary Cause of the flow is a toroid­
al drif t of the ions and the electrons. The charge separat­
ion caused by the drift is cowpensated for by nonambipolari ty 
of the plasiTI& flux to the lLni ter . 'l'he electric current den­
si ty to the li:ni ter along Vii th the Langmuir potential drop 
at the limiter proves to be a function of the poloidal azi­
iTlu th. A no l oi dal electric fi ~ld arises in the SOL e,nd this 
leads to · a radial plasma drift. It has been noted in [2] that 
plasma flutes stretched alons the magnetic field in the S0L 
can be unstable relative to a displacement along the minor 
t orus radius . In the present paper the pl as!uB flow instability 
is investigated with boundary conditions f'or fluctuations , 
i on inertia and magnetic shear being taken into account . The 
rea l part of' the oscillation frequency I:1Ild the po loidal wa ve 
number prove to be close t o those observed in [3- 51 • 
Eq uations . The consideration will be bounded to a drift 
motion of the plasma components and can be held in the frames 
of f luid descri ption without dissi pation. The el ectron and 
ion temperatures are supposed constant and equal to T. The 
pl asma in the SOL is supposed transparent to neutrals produc­
ed when charged particles strike the limiter. The continuity 
equations for electrons and ions h~ve the form [6J : 

( 1 ) 

.1 · 1 - - "fi /-" v. -T~~'; l'1(v . ..... v. -+!/ ) ·-r - X _" +I(V 
~J/ c: L- d .rl. C>t t'E (2 ) 

where vI,!" ' v~" are the electrun and ion_ flow velocities along 
the magnetic field t respectivel y, v. -= c.S ... V'f'/ BZ is the 
electric drift velocitYt -v= ·.:c r Bxv n~· e8.ln is the ion Larmor 
drift velocity t n is the ~on Larmor frequency. Introduce a 
co-ordinate system: ~ =minor running radius, 5 =toroidal azi­
muth, 0 =poloidal azimuth , counted off from the outside torus 
circumference to the toroidal ion drift side . The limiter 
separates the magnetic field lines to helical sections which 
hit the lateral sides of the limiter. Each Buch secti on is 
fully defined by the minor running radius r and the poloidal 
azimuth d. , which corresponds to the section point in ~he 
poloi dal crose-section of the torus rotated through 180 in 
the toroidal direction with respect to the cross-section of 
the poloidal limit er. The field line section corresponding to 
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the azimuth .). enters the limi tar when 0 = J. - (71 /'r) from 
the ion side and when e = d. .f (rr/'(,) from the electron side. 

The boundary conditions on the lateral surface of the limit er 
(the limiter potential i8 equal to zero) are: 

V =JT/Zr.m, ""j' (-€'f/T) 
~ , / ~ 

v· = UT/M' 
• I' I 

For the sake of simplicity we adopt n=const and 'f =cone t 
along every magnetic field line section. We consider fluctua­
tions streched along the magnetic field. Equations (1,2) are 
integrated al ong the field line sections with allowance for 
the boundary co~ditiona (3,4) aa has bean done in (1J , 
aI R <<. 1 t 81inT/B < me/ M are supposed (where a ie tne inner 
limiter radius, H is the major torus radius), 
ThuB equa tions for u=ln nand f are obtained. We present 
n = Uo + u t t 't' _= 'fo + 'f l where ua ' ia are the steady state 
solut~on8 from l1] and u ' , i ' are the small perturbations . 
The equations are linearized in these perturbations and the 
perturbations themselves are presented in the form: 

{~"l "l~:l elXp[-L",t.;"," . ?IH>lJ"~"C<jL,,"lJ (5) 

where Ut' f1 are the primary perturbation amplitudes, u.; is 
the frequency, m is the poloidal \'Iave number, g and fare 
the constants which determine a radi al form of the perturba­
tions corresponding to zero boundary conditions. With zero 
magnetic shear the quatities f and g can be sufficiently 
smalL With nonzero shear a perturbation being stretched 
along the magnetic field at some r = ro deflects from the 
field direction at r /:. ro. It happens so that the lo nr;i tudi­
nal wave number k.. becomes nonzero at r ~ ro. If the wave 
number k" reaches the meaning l/H a t some r than the longi­
tudinal wave length reaches the length of the :nagnetic fie l d 
line section in the SOL. With that the averages of u' and 
on each f ield line section become equal t o zero. 'rhe highest 
possible radial length of perturbat i ons is BuCn that alon~ 
it kit changes from - 1/ rl. till 1/ rl. . In this cas e g = m/aq , 
where q = aB>;,f\ i3 e 
'rhe dispersiOn equation is obtained from the linearized 
equations for the small perturbations (5) with the hel p of 
mul tipl ying the equations by exp [ - f(r- a )] x sin [g(r- a )} 
and integrating them from a to ......, • 
Discussion of r esults. It folIo \'IS from the dispersion equa­
tion tha t two physica.l mehanis."ns of the instabil i ty develop­
ment take pl ac e. The first mehanis:n i s connected \Y i~ h the J 

ion inerti a and :nanifests untler large values of I c; + f(: 
which are c~able t o the inverse ion Lar.nor roo.ius 
1/('l = eB" ;\"i/ 2Tl ?.lc . When the pl ~ s nB :noovs radially i n a 
distlil'bed radial electric field the ion density distL1l'~es 
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due to the ion inertia with resyect to the elect ron density . 
The charg e accu.:l1ulation and the amplifica tion of the primary 
electric po t ential disturbu.nce can take place. ~'or the TJSCA 
para:neters [51 the increment is 3 x 104 Hz and the re a l 
pa rt of the frequency is 105 riz. 
The seco nd .ncchanis:n of the instubili ty proves to be ai' a 
flute tipe. If a plasma flut G 3tretched along the magnetic 
field shifts radially the f lute plasma density starts to 
differ from the adj acent reg ions. Due t:l the toroiual drift 
there appear charges on the l a t eral surfaces of the flute. 
Thus a po l oidal electric fi eld disturbance arises and the 
drift in this disturbed :(ield can lead to the amplification 
of the ini tial flute displacement . The value of the disturb­
ed electric field is deter:nined by the flo w of the disturbed 
charge to the lLni tel' and also by the electric current nhich 
i s transverse to the magnetic f ield end due to the ion iner­
tia. The plasma is unstable on the outer contour of the 
torus t hat is natural for the flute instability. With the 
shear the maximum value of the increment is 

where 'r':: ·rrR /1'111./ ,1\:: p'Y S~n (rr/~. ) ,d is the radial 
scale leng th of change in the pl asma density. The real part 
of the freqqency Re " lo· ::. i l l. !o'or the parameters [5] 
K.e ...... .;.2 ... l o :OHz. and rnp/<\ -::0 • . 1 that is close to the 
experiment al data. The increasing density perturbations shift 
poloidally to the side of the toroidal ion drift under the 
both instability mehanisms . A l arger oscillation amplitude 
ought to be there. Such asymmetry is observed experimentally . 
f1'he change in the plasma convection with the anomalous 
transport coefficients is considered in [ 11 
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I. Introduction 
Pellet fuelling has shown itself to be an effective means for obtaining 

low Z efil' peaked dens ity profiles in ohmi c plasmas [I). Further uses of 
pell e t fuelling may develop when tokamaks enter their OT burning pha ses . 
Then the above factors and the correct species mix become c rucial for 
achieving the larges t Q value. A necessary corolla ry for the success of 
susta ined pellet fuelling is good hydrogen r emoval from the plasma edge. 
Methods to control the edge exhaust have inc luded various wall conditioning 
techniques and specia l limiter or dive r tor configurations. For any of these 
approaches t o be optimized, an understanding of the basic proces ses of 
hydrogen transport in the plasma and i n the walls must be developed. 

In this paper we report on the density behaviour in JET during 
pe lle t-fuelled inner-wall discharges without auxiliary heating. Certain 
discharges , characterized by minor disruptions at the q- 2 surface , show a 
ten times more rapid decay of the plasma density than previously observed . 
We show that this is related to the co~bined effects of plasma and wall 
properties. 

The time evolut i on of the pl asma density is simulated by a I-d plasma 
transport code which i ncludes the effects of minor disruptions on both 
particle transport in the plasma and re cycling behavior at the wa ll. As a 
starting point for the analysis we use t ransport coeffici ents f rom previ ous 
studies of the density profi le evolut i on of neutral-beam and ICRF- heated 
JET auter-limiter discharges [2]. Several-fold changes in the particle 
transport and reflection coefficients dur ing the minor disruptions are 
required to fit the present experiment . The detailed description of 
hydrogen transport in JET walls and limiters is in a companion paper (3). 

11. Experiment 
Deute r ium pellets (qe21 atoms) were injected into deuterium discharges 

formed with JET in the inner-wall configura tion [1). The target plasmas 
had central electron densities and temperatures of 2el9 m'3 and 3 keV, 
respectively. lnunediately afte r in jection t he plasma parameters were : 
~ -2.8T, I rp - 3.0-3 . 5 MA , R~= 3 . 00 m, a=1.15 m, b-1.6 l m, qcyl (a) - S .O , 
Te(O) - l keV, and <ne >-Q-Sel9 m- . The distance from the last closed flux 
surface to the oute r limiter was 7 cm . The time evolution of the 
volume-average electron density (from a 5-chord IR i nte rferometer array) 
and edge e lectron t empera t ure (from 2-nd harmonic EeE) are shown in figu re 
1 for t wo discharges , 9226 and 9238, which had similar macroscopic plasma 
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Fig. 1. Time evolution of the volume-average electron dens ity , <0 > , and 
the electron temperature at R-3.61 and 4.2 m for two discharges, 92~6 and 
9238. The latter was characterized by minor disruptions at the q- 2 radius , 
R- 3.85 m. The high edge temperature for lO . 05>t>lO.7 is an artifact . 
known to be due to 2-nd harmonic overlap in ECE. 

parameters. The first discharge is typical of those which did not have 
minor disruptions. The electron density decays smoothly with about a 2 s 
e-folding time. The electron temperature falls when the pe l let is injected, 
and recovers slowly, in about 1 s. 

In contrast , the density in discharge 9238 decays in a scallop- like 
manner , with an overall e-folding time of 0 . 25 s . As ascertained from both 
ECE and soft x-ray measurements, this discharge undergoes several minor 
disruptions (at t - l0.195, 10.355 , and 10.58 s) with phase inversion radii 
at R- 3.85 m. This position is coincident with the location of the qaZ 
surface calculated from magnetics. The rapid decay of plasma "density - at 
rates up to 3eZ1 atoms/s - occurs only if the disturbance from the 
disruption propagates to the inner-wall radius. Within 15 ms after the 
initiation of each disruption , the edge temperature has risen above 100 eV 
where it remains for about 50 ms . It is typical that a series of 3-4 such 
minor disruptions occurs following pellet injection into discharges of this 
type and that during each dis r uption <ne> falls about 0.7e19 ~l . The 
electron density on axis falls about 15% during the first 15 ms after each 
disruption. Concurrent with the rise in Te{a) is a rise in ~(r> . 8a), as 
shown in fig 2 . However , the D-n emission from the inner wall decreases 
during the disruptive phase, indicating a decrease in deuterium reemission 
from the inner wall in spite of the expected increase in flux to the wall 
due to the increases in edge density and temperature. 

Other mhd activity occurred in both types of discharges. Sawteeth 
preceded and followed pellet injection. · Snake " oscillations (4) were also 
present after the pellet but endep before the disruptions. No precursor 
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Fig. 2. Line-integral electron density, nel , at R- 3.75 m, D-a emission from 
the inner wall , and total radiated power for discharge 9238. 
Fig. 3 . Calculated time evolution of Ne for four cases: no disruptions; 
particle reflection , r, changed from 0.85 to 0.07 for 100 ms during the 
three disruptions; D changed a factor of 3 for 100 ms during the three 
disruptions ; and changing both rand D during the disruptions. 

oscillations t o the disruptions were observed , though minor sawteeth at q- l 
immed i ately preceded many . 

Ill. Modelling Plasma Behaviour 
Previous studies of density evolution in JET showed the need for both 

diffusive and convective terms in the particle transport equation. The 
diffusion coefficient varied with radius from 0.3 m2 /s on axis to 1.0 m2 /s 
a t the edge , and the convective term (inward) increased f r om 0 m/s on axis 
to 0.6 m/s at the edge . These combine to give a calculated global 
confinement time of about Tp - 0.35 s. The confinement of pellet - fuelled 
particles is 50% longer due to their (ca lculated) deposition near the 
plasma core. The apparent confinement time, Tp-Tp/(l - R), due to the finite 
reycycling , R, is about 2 s, giving R- 0.82. The observed rapid decay of 
density in the plasma core during the minor disruptions shows the need to 
increase t he transport rate of particles out of the plasma. As noted 
earlier, the drop i n D-Q emission shows that the recycling (which includes 
direct particle r e flection) drops. In all the models we have tried, 
agreement with the experiment is only obtained when R drops to~0.15. 

We have considered two classes of models for particle transport by t h e 
disruptions. The first assumes an instantaneous rearrangement of the 
density. For this class we achieve reasonable agreement between the 
calculated and measured volume-average densities if either of two 
rearranged density profiles are used: a 15% drop on axis with those 
particles placed out side the q- 2 surface; or a flattening of the density 
profile for ~30 cm around the q-2 surface. However nei the r of these 
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satisfies the observed 15 ms decay time of density on axis . The second 
c l ass of models (fig 3) involves the increase of outward transport for 
about 100 ms after the disruption . To obta in good agreement with the 
density decay, either the diffusion coefficient , D, must he raised about a 
factor of three across the entire plasma cross-section or the convection 
must be made outward. 

IV. Discussion 
The reduction in particle recycling at the inner wa l l is a necessary, 

but not sufficient, condition to explain the experimental observations of 
both the decrea se in D-a light and the decay of density. Without the drop 
in R any increased transport to the wall would result in increased 
D- a emission. The cause of the reduced R could be the increased ene r gy of 
the impacting deuterium ions due to the increased sheath potential ( ~ 4.2Te) 

associated with the increas ed electron temperature at the edge. It is known 
from beam-solid studies [5] t hat t he refl ection coefficien t of D on ca r bon 
does drop from about .7 to . 1 as the ion energy increase s from 20 eV to 500 
eV. These energetic ions are t hen implanted about 10 nm into the carbon 
tiles of the inner wall. If the carbon there is sufficiently cool (T<400 C) 
the implanted deuterium will remain trapped until its concentration exceeds 
0.1-0.4 of the carbon density. If the temperature of t he carbon is slightly 
higher then it may serve as a temporary r ese rvoir only (3) , releasing the 
implanted deuterium at a rate determined by the di ffusion of D in carbon. 

Minor disruptions occur in JET i n a variety of configurations 
including outer limiter discharges. In that case no d r op in density is 
observed and the p-a emission is seen to rise. We speculate that the cause 
for th i s difference is the limiter temperature which i s measured to be 
> 700 C. In contras t the temperature of the inner wall is < 350 C. 

Theories of minor disruptions, under development (6), have magnetic 
reconnection only within the i slands located at the q-2 surface. The 
i slands are thought to be only a few cm in width. Hence these theor ie s 
offer no explanation for the particle l oss from the plasma core. 

Discharges with minor di sruptions do not have particularly good energy 
confinement . It thus does not appear desirable to provoke minor disruptions 
a s a way to enhance pumping . However , the apparent connection between high 
sheath potentials and better wall pumping does suggest that edge plasma 
heating, or alternatively negative biasing of large area limiters, may 
provide a suitable solution, at least in the short term, to the problem of 
hydrogen exhaust at t he plasma edge. 
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WALL PUMPING AND PARTICLE BALANCE IN TFTR 
H.F . oylla , O. B. Heifetz , M.A. Ulrickson , K.W . Hill , 

P.H. LaMarche , A.T. Ramsey , R.C. Stratton 
Plasma Physics Laboratory , Prince ton University 

Princeton , NJ OB54 4 USA 

INTRODUCTION. plasma pumping effects with ca rbon limiters have been seen 
in TFTR [1 J, JET [2 J , and TEXTOR [3 J . The pumping effects in TFTR were 
i nduced by conditioning the large area a)Cisymmetric bumper limiter with 
low densi ty, helium ini tiated discharges . As a resul t of the 
conditioning , significant decreases in the edge neutral pressure and 0 
emission have been observed. Analysis of the Da emission data [1 I showe~ 
the global particle recycling coefficient was reduced from near unity to 
values as loW' as O. S for ohmic plasr.las. The low recycling conditions 
were not a permanent effect . A pumping capacity of ~ 100 torr liters 
(0.2 Pa m3 ) for ohmic plasma has been determi nen by a wall loaning 
e)Cperiment described below. A prelillinary analysis of the capacity of 
the condi tioned Hmi ter to pump higher ene r gy particles, such as the 
outfl u)C from nelltral beam fueled rHscharges, is presented here. The 
limite r pumping effect , with its commensurate reduction in rec ycling, is 
a prerequisi te for the enhanced confinement neutral beam heated 
discharges ohse rved in TFTR [4 , 51 . 
THE WALL LOADING EXPERIMENT. In orner to quantif.y the gas loading of the 
limiter (and any r.:ontrihutet'l pumpin., hy the wall) a previously 
conrUtioned t orus was exposed to a sequence of identical, gas - fuele1, 
ohmic discharges. The experiment consisted of a conditioning sequence of 
seven 1 . 4 MA He++ rH s charges, followed by eleven O. B t-tA 0+ fiducial 
discharge s. These riischarges were programmed to a density of ne .. 1 . 25 x 
1019m- 3 then the delltp.rium gas feed was turned o ff to allow the ilensity 
to decay to the recycling limit . 

The particle confinement time, 'p' and global recycling coefficient 
R , were calculated by solving the glolial particle ba lance equation 

dN+(t) = S + G _ ,./(t) 
dt , (1) 

P 
at time t. Here N+( t) is the t"tal corp. ion population at time t , G is 
the measured gas flleling rate, S is the source in the core due to 
ionization o f neutral parti c l es, ann 'p is the ave rage time that an ion 
stays in the core . Given N+ and dN+/dt, Eg. (I) can be so lved for • • 
Further, given the qlobal density decay time , 't ~ , when the extern~l 
sources are zero , so that riN+(t)/dt .. N+ / ,p' the gloo.al recycling 
coeff i c ient of deutp.rium , Ro, is Qe~ermined from R 0: 1 - 'pI'p' 

~e total ile nsity can be e)Cpressed as N+ ~ fo+ <ne> Vpl whe r e fo+ is 
the a vP.ragp. ratio o f the neuterium rle nsity t o the e l ectron rlen!iity 
determined from spectroscopic data, <ne> i s the vol ume avera'l~ elp.ctron 
densi ty, and V 1 is the plasma volump.. Assllllling a parabolic density 
profile, then ~ne> is 0.75 t i Tl'les the me<l:illre,1 line- ilveragerl e l er.tron 
density. Dur. l n., the entire sequence fO+ = 0.05 and ne = 1 . 25 x 1019m-1 , 
so tha t N+ ~ 2.3') x 1020 • The dens i ty dec;;r,y ra te , riN+ ( t) Id t , was 
calculated 1l8inq this value of N+ anri the meAsureti values of •• d urinlJ 
the gas loadinq sequence (Fig . I) . P 

The remaining t"!rm in Eq. ( I ) , the ion rec ycling sourr.e S , was 
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t~alc II1.tl O'!!rl fro'" Da me<l$'I('e'n~nt,'i usi"q a tnree-dimp.nsi"nal r::a!r.ulation of 
0a emission an'; ionization ciistrihlltion!';, These were computen using th~ 

mult.i-dimensional n1';GAS nelltrii l Lranspc)cL co<~e [6] I"hich was user! to 
!'l imlllcl te recycling <'It. the TF'TR innp.c lim,itp.c for th ree i!i.scharges M1lring 
tl-te gas lO<ldi'lC)' !'Iequence . The !)EGAS model contains " comprehenslw~ 

ciescription of na emis9 i on from both atomic ann molecular rlinsor:i.atloll 
excit.ation. The li..mit'!c ion flux distri.hut.i"n W<lS slmulaterl using a 
model which has bl'!en exper.imentrtlly calihralerl llsin'J datd f r om mO'JeahlF! 
limi tBr iI isr.harC]e8. plasma e10ng<'l tion was insi<] ni f lr.il.n t nur il"\g the gas 
10ao.ing sequen cp. . The toroidal v'!.ri.ation of 0a emis.o;ion "'as found to he 
relatively small and so was i!]nored . Tt\e plasma scrape- off "'as ... 15<) 
assumed l o he polnirlal ly symmetric , altho\lcJh there ar~ inriications lhat 
lhe plasma erig-e density may rise near the limiter. 

The calculated lJa rlistribul.ions wer~ integrated along chords, anti 
lhen compared with I)a emifJs ion measured by the Ha Interference Filter 
Array (7] . By sC'lli n!] the calc'11ated lJa tiisldhutions to agree with the 
measurements, the resulting recycling sources , S, were then calculated . 

The resultin'J values of 'C p varied from 0.16 to 0.18 s. fJsin!] an 
average 'C p of 0 . 17 s, the computerl 'Jlohal r~cyc ling coeff i cien ts varied 
from 0 . 61 at the heqinnin'J of the s equence to O. A2 al the end (Tahle 
I) . The calculated ion pa rtic le cu rren t r+ increased correspondingly 
f rom 2 . 17 x 1021 o+/s to 3.1 x 1021 0+;'0;. The calculaterl limiter pumping 
efficiency, p , whic h is the fraction of par ticle f lux removed by lhe 
limi ter, decreased over the sequence from 0 . 085 to Q . 02~. 

The particle inven tory in the limitp.:r and wall rluring the gas 
loading sequence was ohtained from calibrated meaSllrements of the 
required qas input per discharge (Qi n) anrl the integraterl vessel 
oul9388ing (Qout) for an 80 s period after a discharge. p i gu re 2 shows 
the measurp-d values of 9in' Qout ' and the computerl wall inventory, W = 
9in - 0out' during the gas l oaning sequence . At the beginning of the 
sequence 40 torr-liters of D2 was required to reach the firlucial plasma 
densi ty (1 . 25 x 1019rn-1 ) . At the e nrl of t he sequence , the required gas 
input decreased to an asymptotic value of .... 20 torr-liters, as the limiter 
he came l oaded and the recycling coefficien t increased . For t he e ntire 
sequence, the amount of. D2 outgassed from the vessel bet"'een discharges 
was a relatively constanl value of 2011t '" 4 torr-liters. Thus , the wa l l 
loading also showed a dec["ease t o an apparent asymptotic value of W .. 16 
torr - 11 ters/discharge durin'1 thi s shot sequence . The total wa 11 loa(ling 
minus the asymptotic value for the entire sequence was ~ 7 0 torr-liters , 
which can he equated to the pumping capac ity of t he limiter which was 
induced by the i ni tia 1 He discharge condi tioning. This pumping capaci ty 
is consistent ..,ith the wall pumping mor'lel describerl in Ref. 1, where the 
capacity for pumping ohmic plasma is estimated to be equal t o the 
saturation capacity of the limiter volume con tainerl within t he scrape- of f 
area ( .... 5 m2 ) and the mean range of incident 0+. 

The asymptotic value of W 16 torr- liters per rlischarge is 
apparently not relaterl to plasma pumping by the limiter, because W was 
rela ti vely cons tant dur i ng the shot sequence , while the recycling 
coe fficient changed from R .. 0.6 to R .. O.S. The resirlual pumping of 
deuterium may have been due to pumping of rleuterium by molecular 
components (CxDy )' or deuterium incorporation into sputtered carbon films 
on low ,flux areas of the torus . Such redeposition phenomena have been 



700 

invokerl to e){plain car-bon pUl!lpi ng effects in tokamaks ( 1- 3] and glow 
discharge experiments [e ). For redeposition to have been responsible for 
the resioiual (16 torr-li ter/discharge) pumping seen in TFTR , the effect 
would have ha,l to dominate during the non-steady stale (i.e . , formation 
and/or termination) phases of the discharge . It appears that the 
observe., reslrlual pUmping is cela teri to rleuterium/carhon chemistry 
because similar particle balil.nce measun~ments with He-gas-fuelerl 
riischarges showeo that Qin ~ Qout " 
PARTICLE BALANCE DURING NEUTRAL BEAM INJECTION. During neutra l heam 
injection we typi cally observe that the plasma dens ity rises rapidly 
early in the heam puls!! but aft"'!c about 0.5 sec the density ha s reached a 
new e quilibrium . ,11. typical example of the line integral plasma density 
during neutral heam injection i~ shown in Fil) . 3 . The time constant for 
relaxation to the new e'lllillbrium has been determined by fitting a 
function of the form n( t) - no + 6ne- t / t t o the datA shown in Pig. J. 
The time constants c1eterminerl from s uch fits are hetween 1130 and 240 
msec. There is no ohservahle systematic variation of the relaxation time 
with plasma current , heatn power, or ohmic pil.rt i cle confinement times. 
The rate of rise of the number of plasma particles at the hegi nninq of 
the heam pulse is plotted versus the heam fueli ng ratp. in pi,). 4. 1\ 

paraholic squaced plasma densi ty profi l e was ,i ssume,1. 
Figure 3 shows that eArly in the he<lm pulse nearly all o f the heam 

particles aCf'! being absorhed by the plasma . liowever, la t p.r in the heam 
pulse when the new e rplilibrium has heen reAched a,l as yP.t unknown 
mec hanism is removing parlicles at a rate approximatp.ly e'lual to') the heam 
fueli n') rate. ~Ie find that for heam powers up to 17 MW, plaSP'lA currenls 
hetween 0.11 and 1 . 4 MA., i'lnd 1 sec bealn puls <''!s, only 2fl ± 3\ of the tota l 
injected beam particles stllY in the plas",;,. . 
ACKNOWLEDGMENT. This wa s supporter! by t"'e U.S. lJepartment of Enecgy 
Contract No. nE-AC02-76-CHO- 3073 . 
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FIG . 1. variatiQ~ of the mirl-plane 
0a emi"slon and "t p durin/] gas 
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Abstract 

The global hydrogen recycling in TEXTOR with carbonized graphite limiters 
and carbonized Inconel liner ("all carbon" machine) /1, 2/ has been in­
vestigated . The wall properties can be modified in a control led way from a 
statu s 1n which the plasma is fuelled (recycling coefficient R > 1) to one 
in whi ch it is pumped (R <. I) by the wall . This is achieved by adj usting the 
hydrogen concentration in the near surface layer of the carbon material. 
This concentration decreases e . g . when the wa l l is outgassed in- situ at 
temperatures Tu it. 350°C ; it can be increased by short glow discharges at 
TW .. 150°C or lower . The wall pumping effect is strongly enhanced when a 
previously centered plasma is shifted towards the inside wall during part 
of tht: discharge. Reproducible wall pumping - i . e. no shot to shot n 
variation for a given parameter setting - has been observed in TEXTOR whe~ 
the wall and limiters are at T = 350°C . Glow discharges in hydrogen do not 
significantly affect then the Wydrogen recycling /2/. It will be shown here 
tha t a wall s urface previously outgassed at T ..... 350°C but operated at 
T = 150 °C is recharged with hydrogen by tokamJ'k and/or s hort glow dis­
cWarges and can change its behaviour f r om tlpumping" to " fuelling". 

Int r oduction 

The phenomeno n of wall pumping by inward plasma shifts in an all carbon 
tokamak has recently attracted great i nterest. The effect has first been 
observed in JET /3/ and s ince then been systematically studied in JET and 
TEXtOR /2/. Its import"lInce as an operational tool for controlling the 
density, e . g . during neutral beam or pellet inj€c.tion is obv i ous . It also 
seems to help achit:ving the modes of good energy confinement (supershots in 
TFTR) . The subject of wall pumping i s be i ng adressed ill an invited paper 
during thi s conference / 4/. 

The propert i e s of carbonization films (a-C:H ) are nearly iden tical to those 
of graphit"e surfaces which have been irradia ted with high doses of 
ellergetic hydrogen ions /1, 5 , 6/ (amorphous structure, similar outgassing 
Bnd chemical reactivity, s ame saturation concentration o [ hydrogen , etc . ) . 
Thus the r.c s ults from a carbonized tokamak are of relevance a lso to 
machines with large areA g r aphite wall components. 

It is important to explore and under s tand th ~ r.:Iechani s ms which gov e rn the 
wa] 1 pumping effect both from the confiued plasma a nd ( rom the m!lterials 
interaction point of view in orde r to assess its limits. Due to the lack o f 
space, only a phenomenological description of s ome TEXrOR experiments will 
be given he r e ; a more detailed discus sion will be published elsewhere . 
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Expt!timents and Discussion 

The experiments discussed here wen: made severi'll hundreds at discharges 
after the last carhonization. The linl!l" (r '" 55 cm). poloidal antt!nna pro­
t ectiml limiters ( r "" 48.8 cm) ana t he main limiters wen: regularly Ol!t­
gassed during the nigh t s for eight hou rs at temperatures ut>tween 350°C and 
420" C, and then .1djusted to the desired operation temperature. In most 
cases the same parantl::ters, in particular al" identical gas fee d program, 
wl::re us ed fOl' all dischargl::s of one st'rie$ . DlffCl"ences in the evolutions 
of the plasma de nsities display then clianges in recycling properties . 
Uuting some discharges the plasma ha s been shifted from its Jnitially 
cCLLte r ed po~itlon a t R .. 1. 75 m by 10 cm to the inside t orus wall. 

"lhen the wall and limiLer temperatures aftt'r ou tgassing are reduced to 
150°C operation t emperature, strong ~orption of hydrogen by the wa l l occurs 
during the first di scharge D 2S887 , see fig. I. A rapid decrease of the 
density is observ~d , after termination of the external g<.ls feed at 500 ms . 
This caused radiation from runaway electrons . In order to avoid this, the 
duration of the gas puff was extended to 1900 ms for the second discharge 
U 25888 , the gas flow rates remain i ng unchanged . Already shortly after t he 
ignition phase higher density and a steeper s lope of the density rise 
during current ramp up , are observed compared to the first discharge. The 
third discharge g 25889 shows a further increase of the start up density 
and of the density slope during the current ri se . The density remains con­
stant during the current flat top , after t he end of the external fuelling 
at 1200 ms , indicating that R ~I. 

The experiments at TW - l50 G e demonstra te that the pumping ac tion of the 
previously outgassed wall is strong and that it decreases rapidly from s hot 
to s hot. The carbon surfaces are progressively filled up with hydrogen of 
which only a fraction is released before the next discharge . This leads to 
increased density rises and to t al densit i es from discharg to discharge . 

After a number of discha rges with constant parameters , and in particular 
with the same amoun t of gas let in a " stationary" and reproducible density 
evolution is observed, t he form of which depends on the scenario (I­
pr ogram, gas feed, a), see fig. 2a n 26887- 89. The current program wgs 
similar to that of fig . lc , the gas feed extended to 500 ms, and the minor 
radius was a - 44 cm for all discharges shown in fig. 2. 

Under otherwise identical conditions, the plasmas in 0 26890- 93 were 
shifted at 1. 0 s by 10 cm to t he inside wall of the torus . A rap i d de nsi t y 
decrease within about 700 ms is observed , thereafter the s lope of the 
density follows closely tha t of the unshifted plasmas (wall pumping 
effect). Within the errors of the measuremen t no shot to s hot ne - variation 
is observed . This supports the conclusions drawn from the analysis of many 
additional experiments that the wall pumping behaviour depends on t he 
amount of gas i n t roduced rather than on the scenario (plasma shift or soft 
landing) by which the plasma is eventually sorbed by the wa l l . 
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The tokamak operation was interrupted and molecular Dz-gas was bleeded 
through TEXTOR for 10 min at the pressure required for a RG di s charge. The 
vessel was evacuated and plasma operation resumed under the same condi ­
tions . Identica l density traces both for unshifted and shifted plas mas as 
in flg . 2.1 were me as ured. The n a RG discharge of 5 min duration was made , 
followed again by tokamak discharges with identical external parameters. As 
measure d previously at t hi s TW /2/ . a signif icant increase of ne is found 
for the unshifted plasmas; during the flat top phase R>l. The recycling 
has increased, the wall cannot pump as muc h particles as before. This is 
also manifest from the density traces of shifted discharges D 26907- 9 which 
exhibit an initial density increase after the posi tion cha nge at 1.0 s , 
followed by density decreases at much smaller r a tes than those s hown in 
fig . 2a . Additional 10 minutes of RG-discharge conditioning (fig. 2c) lead 
to fu rther increased values of ne for the centered plasma (fI 26913) and 
progressive density increases when the plasma is shifted . After three 
shifted discharges the density traces became reproducible. The data show 
that a large amount of hydrogen is retained by the wall at a temper a ture of 
150 G e. i.e. a pronounced memory effect exists in contrast to the behav i our 
at 350oe. 

Experiments at TW • 350 Ge which have been discus s ed in de tail elsewhere 121 
show a very reprod ucible density evolution ..... ith R.:: 1 during the curre n t 
flat t op (I "" 340 kA, ohmic heating, a - 46 cm). Radiofrequency assis ted 
dc glow {Rd}-discharges in deuterium for 20 min and fo r 40 min do not 
affect the recycling behaviour significantly . I nward plasma shifts lead to 
reprodUCible wall pumping actions . The wall pumping ca pability remains the 
same f rom discharge to discharge . 

Measurements in which the temperature of th~ 1imite r s ",h ich are in con tact 
with the plasma was increased from 150 Ge t o 330 Gc and in whi ch the 11nt!:r 
wa s ke pt at IS0 G C. do not s ho ..... an influe nce on the hydrogen recy clillg. From 
this we conclude, that the temperature of th~ (large area) wa ll is more 
important than that of our (small area) 1imiters. 

In order to achieve reprod UCible density evolution rapidly ilnd to ac hievc a 
large pumping capad t y of the wall, op erat ion temperatures of 350°C a ppear 
to be favourable . 
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I INTRODUCTION 
The recycling of hydrogen at the l1miters and walls of a fusion 

machine is important in controlling the part icle and power balance of the 
plasma . 

The problem may be subdivided into two parts: the transport of 
particles in the plasma and the transport of particles 1n the limiters 
and walls . In this paper we concentrate on the transport in the 11miters 
and walls, treating plasma transport in a global way. 

We present a numerical model which predicts , as a function of time 
during a simulated plasma d i scharge , the number of plasma particles and 
the particle fluxes to and from limiters and wall~ . We study with this 
model a JET discharge in which the piasma was moved fr om the outer 
llmiter onto the inner wall and back to the limiter. We find good 
agreement between experiment and simulation . 

11 EXPERIMENTAL ASPECTS OF RECYCLING IN JET 
JET iimiter discharges are initiated with a hydrogen or deuterium gas 

prefiil. A subsequent dosing raises t. he density . When the dosing va l ve 
i s closed the density stays approximately constant 11/ . The number of 
particles found 1n the plasma , compared to the number admitted into the 
machine (the fuelling e fficiency) depends on the conditions of the 
limiters and wall s . However, the walls and limiters soon r each a steady 
sta te in which the fue lii ng efficiency is below one . 

In some JET discharges , the plasma is moved from the outer carbon 
1 imi ter onto the inner carbon wall. Subsequently the plasma densi ty 
drops. This pumping at the inner wall is not reduced after a series of 
similar discharges, excluding the saturable trapping of hydrogen 
implanted into carbon as a pumping mecha n ism . Also , we estimate that 
pumping due to deuterium/carbon codeposition /2 , 3/ contributes less than 
30% , otherwi se the required erosion rate of carbon would have to exceed 
that from known processes by a factor of three. When the plasma is moved 
back to the outer limiter , the aensit'l rises aga in . An example is shown 
1:n Fig . 1 . This indicates that changes in the plasma position may be 
considered as changes iri the balance between the particle fluxes out of 
the plasma and those out of wallS and limiters . 
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III THE RECYCL ING MODEL 
The walls and limiters in a fusion machine are a reservoir' for 

hydrogen atoms in the same way as the plasma Is a reservoir for Ions 
1 1J , 5/ . The neu t ral gas phase is unimportant as a reservo ir because it5 
confinement time for neutrals is of the order lO - l 5 and thus much 

.s ma lle r than the particle confi nement t ime 'p in t he plasma . Wall s a nd 
Ilmiters , In order to be an important reservoir, must have a particle 
confinement t ime ' w similar to the plasma part i cle con f inement time. The 
plasma is the source for energetic Ions and neutrals which impact the 
waIts . 'w can be considered as the time these particles need to diffuse 
back to the surface and to desorb lnto the plasma . This e f fect is 
well - known for the case of hydrogen in metals and is called transient or 
dynamical r e tention 16/ . However JET has carbon llmiters , carbon in ner 
walls and incone l vessel walls whi ch are covered with a carbon layer 
() 10 nm) /7/ . In addition the carbon is sat urated wit h deuterium , 
contami nated with metallic impurities and may have cracks at the sur f ace . 
Litt le i s known about dynamicai retention In such materials . 
Never the less , we use the concept of hydrogen diff usion in solids and 
develop a model to calcuiate the number of plasma particles as well as 
particle fl ux es from walls and limiters . 

We assume that the cha nge in the numb~r of plasma particles (N p ) : 

(1 ) 

where ~ is the t otal flux of de uterium atoms from walls and limiters a nd 
f is a factor taking into account that par t o f this flux returns directly 
to the l1miters and walls due to atomic process~s , ionisation I n the 
scrape-off layer , or du e to the escape of neutrals. The magnitude of !' 
has t o be estimated . 

Plasma losses , Np /lp ' are assumed t o strea m e it her to the 
outer-limiters or to the inner wall, depend ing on where the plasma 
res ides . The flux (1-f)$ , which is that part which does not fue l the 
plasma , is shared between the limiter , the inner wall , and the rest of 
the vessel wall . It is ass umed that 50J o f this flux goes to the sur f ace 
wher e the plasma resides (limiter or inner wall) and 50% to the rest o f 
the wall and the inner wall or limiter (Le. depending on where the 
plasma i s not) . The latter 50% is assumed to be shared according to the 
ratio of the respective surface areas . The partition i s somewhat 
arbitrary, however i t s i mulates r o ughly the s ituation that the 
probabil1 ty of creation of "daughter "-neutrals by charge excha ng e 
processes Is largest nea r sur f aces where r ecycli ng is l arge. Thus 
"daugh ter" - neutrals I'jave a good chance to r eturn to that surface where 
the initial neutrals have been born . 

The particles which impi nge on t o surfaces are either reflected (with 
ref lection coeffi cient , r) or pene t rate into the material up to a depth 
d. rand d depend on the impact energy of particles , which Is de rived 
from Langmulr probe measuremen ts in the plasma bounda r y o f JET 18/ . For 
simpli c ity we assume monoenergetic particles . The pe netrating particles 
are the source for the diffusion i n wall s and Hmi t e rs . The diffusion 
equation is solved numerically , using an assumed diffusion coefficient , a 



708 

recombination coefficient, and appropriate boundary conditions . The 
diffusive losses as well as the reflected flux from all surfaces then 
fuel the plasma (see equ 1) . From the dependence of the experimental 
fuelling efficiency on the number of particles admitted to the machine , 
it can be shown that the release of particles from J ET limiters and walls 
is most likely determined by diffusion. Thus we have to know the 
diffusion coefficient only . We also have to know whether diffusion takes 
place within the en t ire wall thickness (S 10-:1 m) or only within a 
surface layer with a thickness L. Assuming a simple triangular 
concentration profile of diffusing parti cles 1n limiters a nd walls 
(peaked a t the range d and zero at either surface of the layer L) it can 
be s hown that the wall confi nement time ' w is approximately : 

d • L r~ 'w - --u-- if L > d and L « (tmax . D) (2) 

where t max Is the duration of particle bombardment . If L ~ ( t max . D)~ , 
'wiS larger than 1n (2) and depends on time . In this case (or when d > 
L) it can be shown that the plasma is still pumped by the walls , however, 
the number of particles cannot increase during a discharge as is shown to 
occur in Fig. 1 . Good agreement between experiment and calculation was 
found by taki ng L to be around 20 run. This suggests that the material 
structure of wall and limite r surfaces prevents the diffusion of a 
significant fraction of deuterium into the bulk material . 

IV RESULTS 
For the calculati on presented in Fig . 2 we took a reflection 

coefficient , r , o f 0 . 3 and a particle range, d , in walls/llmiters of 5 nm 
corresponding to an impact energy of about \00 eV for deuterium on 
carbon . According to previous investigations 1\1 Tp was taken to be 
proportional to l/N p ' To simulate the higher temperature at the limiter 
(> 100 0 C) compared to the walls (300°C) and the different materials 
(carbon , ca rbon ized 1nconel) , we assumed the diffusion coefficient D to 
be different on these surfaces . D and t he factor f (see Fig. 2) were 
varied until satisfactory agreement with the experiment was achieved . 
The discharge scenar i o simulated in Fig . 2 is as f ollows : a n externa l gas 
source with 10 2 , parttcles/s for the first 4 s , fIl ls the plasma while it 
rests at the l1miter . The to t al particle input lS the same as in the 
experiment of fig . 1 . At 6 s the plasma 1nteraction i:l shifted from the 
limlter to the inner wall. At 10 s this is reversed . To simulate the 
detached plasma phase a t 6 sand 10 s the plasma particle confinement at 
t.hese times 'o4as enhanced for 0.2 s by a factor of 2 . Good agreement 
between calculation and experiment was achieved with 0 • 2 .1 0-" cml/s at 
the limlter, D · 1.10- " cm~/s at the inner wall , and 0 _ 1.1 0-·:Z cm 2 /s 
at the rest o f the wall . The set of values for d , L, 0 and f is not 
unique . The limiter flux , deduced f rom the data in Fig . 1 agrees within 
a factor of 2 With that in Fig . 2 . However the measured inner wall 
Da-signals show 
in the surface 

. difficult . 

torOidal variations , probably caused by non-uniformities 
of the inner wall, makIng a quantitative compar1son 



709 

V CONCLUSION 
A model has been developed to describe the complementary processes of 

pumping and fuelling of plasma by diffusion of deuterium 1n limlters and 
walls . Also account is taken of non-fuelling processes which increase 
particle fluxes to walls/limiters and subsequently the particle inventory 
therein . Comparison with experimental results shows good quantitative 
agreement . The model indicates the impor t ance of plasma and wall 
properties for the balance of particle rluxe~ . 
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FIGURES 
Fig . 1 Plasma current lp , total nUlllber o f electrons Ne' and Du signals 

from llmiters and inner wal l of a JET discharge which was moved 
onto the inner wall at t -6s and removed back to the limi ter at 
10 5 and again moved to the inner wall at 1 ~ s . To compare Ne 
with Npo f fig . 2 , Ne has to be reduced by approximately 20'; due 
t 0 ~ff .. 2 , assuming carbon as the only lmpuri t y . 

Fig . 2 Calculated number of plasma particles Np and particle flu;xes from 
limiter , rL and inner wall, r IW for a discharge with a similar 
total pardele inventor y as in ("ig. 1. 
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SPATIAL AND TEMPORAL EVOLUTIDrI OF BERYLLIUM CONCENTRATIONS 

IN THE TOKAMAK UNITOR 

M. 8essenrodt-Weberpals, J. Hackmann, I. lakicev ic*, C. Nieswand. 
and J . Uhlenbusch 

(Institut fOr laser- und Plasmaphysik , Universitat Dusseldorf, 
Universitatsstrasse 1. 0 - 4000 OOsseldorf, FRG 

*on leave from Inst . Phys., Beograd, Yugoslavia) 

INTROOUCT ION 

The use of beryllium as limiter material has led to a reduction of metal ­
lic impurities and an improvement of the plasma parameters [1,2]. In t he 

lOP pOrt 

~ 

D; 
~ , 

, , 
1.--20",,---, 

OH -coil 

investigations reported here, 
\'F.~oil t he !oc~l transpor~ of neutra l 

r-"r------,~ and IOnIzed beryllium released 
from a poloidal limiter is 

"ter 

--1 studied. both numeri ca lly and 
_ experimentally at the small-
8.~ scale tokamak UNITOR. The 

(a) 

~ J UNTIOR vacuum vessel w i ~ h the 
arrangement of t wo pololdal 

.tDonI,e05S!u t rJ, -- beryllium limiters i s shown in 
~ fig. 1 _ The bery l lium limiters 

1 __ ",. __ 1 (b) can be ret racted behind the 

Figure 1 

torus wall. which then serves as 
toroidal limiter (fig . 1. left) _ 
By moving the beryllium iimiters 

radially into the torus. 
(fig _ I, .right), 

UNITOR is operated in the poioidal limiter mode 

The discharges have a plasma current of 50 kAt a toroidal magnetic 
fie ld of 1_7 T. and an electron density of 2x10 19 m- 3 at discharge times 
of 50 ms. The pI asma temperatures at the centre reach 200 eV and 50 eV 
for the electrons and ions. respectively. The energy deposition on the li­
miters is of the order of 1MJ/m z per discharge with a peak power load of 
20 MW/m' , 

IMPURITY TRANSPORT ALGORITHM 

In order to study the dynamics of the different impurity ions . their dif­
fu s ive and convective motion is descr ibed by the corresponding f l ux 

rj = - DA drn j - vA ni r/a (i=l. ___ .Z) 
with diffus ion coeffic ient DA and convective ve locity vA- In the transport 
equations the divergence of this flux is balanced by the product ion and 
loss terms of charge carriers via ionizati on (Si) and ex recombinat ion 
processes (R i )' respect ively _ Summing up. the impurity transport algorithm 



711 

in cylindrica l geometry reads 
( l /r) dr (r r l ) 51 nl Rl nl + R2 n2 + d 

(l/r) dr(rr i ) ~ 5i_l n i_1 \ ni Ri n j + Ri+1 ni+1 
(l/r) dr(r rZ) ~ 5Z_1 nZ _1 RZ nZ 

where the source term d takes the influx of n~utral particles into ac­
count . These may be released by either sputtering or evaporation. The dif ­
ferentia l equations of the second order are comp leted by the boundary con­
ditions ni(r=a) = 0 and drnj(r=O) = 0 (i=1 , .. . , Z); that implies no im-

purity ions at the iimiter and syrrmetry in the centre. The system is 
solved i teratively using an alterna ting syrrvretric treatment of ionization 
and recombi nation [3] . In each step, the second-order equat ions are con­
verted into tridiagonal li near equations by a f in ite difference method . 
Hence, the s imulat ion is based on a fast algorithm for large trid iagonal 
systems [4]. 

These calculations yield the spatial distributions of beryllium densi ­
ties and f luxes . Here, we choose DA = 0.5 m2 /s and vA = 10 m/s and 
assume a neutral influx d = 1020 m-3/s. (This ccrresponds to a sputter 
yield of 0.001 if sputter ing is the ma in release mechan i sm . ) While s ingly 
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- Sum 

ionized beryllium has its 
max imum denSi ty of 1016 m-3 
nea rby the l imiter, highe r 
ionized beryl lium ions take 
an order of magnitude la rger 
values at smaller radi i. 
Ful ly stripped Be V dominates 
in the plasma core and 
reaches about ax lo17 m-3 
which corresponds to 4% ne' 
On the basis of this density 
di st r ibut ion, the contri bu­
t ion of bery ll ium t o Zeff is 
evaluated to be at most 0.6 
in the centre with a strong 
decrease towards the edge, 
In f ig. 2. the f luxes of 
bery l l i um ions are presented . 
Nearby the l imiter, where 
very small denSities with 
very large negative dens i ty 
grad ients prevai l , all ioni c 
fluxes are domi nated by di f ­
fusion and show positive 
sign . Hence, all ions diffuse 
outwards towards the l imiter. 
As can be seen, the sum of 
al l ionic f luxes equa ls 
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approximately ~h~ influx of ~eutra~ beryllium. At those radial positions. 
~here the denSItIes take th~lr ma~lmUIf1 values. the sign of the correspond­
Ing flux changes. Beyond this radIus, convection and diffusion both drive 
the ions from the Iimiter towards the centre. Approximately the same flux 
of fully stripped Be V in opposite direction from the centre to the limi­
te r prevents the impurity accumulation. 

LASER INDUCED FLUORESCENCE AND SPECTROSCOPY 

To study t he behaviour of beryll iurn in a tokamak di scharge experimentally 
two poloidal beryllium limiters are instal led in UNITOR . They can be moved 
radially up to 30 mm from the Quter side of the torus into t he plasma (ef . 
fig . 1) . 

In front of one of the limiters, laser induced fluorescence is perform­
ed to determine the denSities of neutral beryllium in the ground state 
and in a metastable leve l and of s ingly ionized ground state beryIl ium . 
The corresponding lines investigated are 234.9 nm and 332.1 nm for Be I 
and the doublet at 313 .0 nm and 313.1 nm for Be 11 . The light source is a 
frequency doubled, pulsed dye laser with energies up t o 1 mJ, 15 ns pulse 
duration, and about 5 pm spectral width . The sa t uration parameter of 1000 

is obtained for the Be I transitions (saturation intensity 0.5 kW rml- 2 

nm - 1) and 10000 for the Be 11 transitions (saturation intensity 0.2 kW 

rml -
2 nm - 1) . The scattering volume of 7 rmJl is adjusted at a distance of 

5 IMI from the surface of the limiter, which is positioned 10 rm1 in front 
of the outer wa 11. The scattered 1 ight is observed perpend i cu I ar to the 
laser beam . The signals are ca l ibrated with Rayleigh scatter ing in argon 
with an accuracy of a factor of 2. The detection limit fo r t his se t-up is 

10 14 m-3 for beryllium ground state atoms . 

5 10 

Figure 3 

15 
I /ms 

20 2S 

In fig . 3, the time de­
pendence of the ground 
state dens i ty of Be li s 
shown. During the first 
mi 11 iseconds the dens i ty 
decreases according to the 
lowering of the proton 
flux onto the limiter (no 
pu l sed gas feed) . A maxi-

mum of 1.5x1018 m- 3 is ob­
served 13 ms after igni­
t i on of tIle discharge . 
Th i s strong increase of 
beryl I ium release cannot 
be exp lained by proton 
sputtering . An additional 

30 release mechanism, e . g . 
evaporation, must play an 
important role wh en the 
limiter is heated up du-
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ring the discharge. Retracting the i imiter to t he outer wall by 5 rml, we 
observe a decrease of the density at the beginning of the shot whi l e later 
on t he max imum dens ity is higher by a factor of 2. 

The spectroscop ic measurements show the same temporal behaviour for the 
lines at 234 .9 nm (Be l). 332.1 nm (Be 11.313 . 0 nm (Be Ill. and 372 . 2 nm 
(Be Ill). 

SUMMARY 
Transport calculations reveal that the ionization states of beryll iurn are 
rapidly run through. When sputter i ng is the main release process, even 
for the relatively cold edge pl asma of UNITOR «10 eV) fully stripped 
Be V dominates beyond a distance of 50 rrrn from the }imiter. The contribu­
tion of the beryllium contami nat ion to Zeff is below 1. The beryl lium 
fluxes give no indication for impurity accumulation. 
laser induced fluorescence has shown to be a sensitive diagnostic for 
impur i ty distr i butions with high temporal and spatia l resolution . When du ­
ring the discharge the limiter is heated up and thermal loads are increas­
ing. the results mak.e c I ear that bes ides sputter ing add i t lona I eros ion 
plays an important role . Screeni ng of the beryl I tum impurities by the edge 
plasma is not observed . The additional re lease mechani sm has not yet been 
ident ified in detail . Further elaborate investigations are in progress. 

This work wa s performed as part of a coope r ation with the JET laborato­
ri es, Culham . 
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MONTE CARLO 1100ELLING OF IMPURITY TRAUSPORT FOR A LlMlTER SOURCE/SINK 
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*and Uni¥ersi ty of Toronto Institute for Aerospace Studies 
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Introduct ion 

In order to relate [1-3 ] im pur ity influxes, r l (Horns/sec). from walls 
and li mite r s to centra l impurity dens i ties . "I ( i ons/m3 ) , it is necessa ry t o 
know the sink st rength of the scrape-off l ayer , SOL , for impurity i ons. The 
SOL sink is represented in the impurity part i cl e balance equatio n by the 
l oss term I1 Th" 1 whe re. "r repr.esen~s t~e local impurity densitl. and 't" [ 
re pr esents the 055 tlfAe for lmpunty lons as they move al ong a- to the 
lilni ters. 

Th e prob l em addressed here 1S the one of ca l culat ing 't. If one mak.es 
the silA pl es t assu:Apti on that the impurity ions are coupled tJ the hydrogenic 
flow , which reaches the limiters at the hydrogeni c ion acoustic speed Cs " 
[ k.(T

e 
+ T

H
)/m

H
]1/2. and that the impurities ent~r the SOL uniforml y along 

its connect i o n length L (due either to ioni Z3tion within the Salol' 
diffusion from the main ~lasma) then 't~ ::- LB/c~ and t he radia l scrape-off 
la ye r thickness woul d be hI" (0 'tl)ll '" ( LC/C S)l/2, i.e .. the same as 
AH , if OH '" Or' The ;mpunty si'h strength .appears i n the r<!latio'1 [1 - 3] 
between infl ux 1'1 and nI(O): 

___ r_l _ 
nl (o) rAil 

ApDl 
(1 ) 

assuming uniform dist ributio n of source a nd si nk. aro und the plasma periphery 
of a r ea AD . Aiz is the average i oni zation dista nce inside the 1 imlt'?r. For 
outboard 10n;zati on . (hiz + AI) -10 h lex p( - h i z/hI) ' 

Clearly a nuMbe r of the assumptions in the foregoing ca n be 
questionerl: 

1. E:ven for a uniform , e.g. , wal" source 
the SOL, does VI "v\l ? l . e.,l s 
iapurlt i es dnd the mai:'! pla sma flow? 
a l J nlJ 11 the n VI « cs' 

of impurity ions d i stf'iilut ed alo ng 
the coup l; n:l strong het ~een the 
If t he impurities s imply diffuse 

2. For impurities re l ease:.! from the lil1it~r'i the ef fective length of the 
retu rn p<lth to the 1imiter sint. le ff «Lc ' On JEr , ff)r ex,) .aple . 
le. .. ltRq ,. 50 m while the distance Illov'!d by an i;n~ urity at:)11l 3\1ay fl'oln 
the limiter hefore i onizing is of order cms . 

These que'itions dre examined here using a :\ont p. Carlo impuri ty pnr ticle 
code '~hich track.s a large number of impurity pdftides launched cit!Jer 
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1.11I1for:n1y along the SOL . or near a limHer as they r.love throu'Jh t \le 
h,lc'<grtlund plasma until finally returnirq t ·) the li :ni':ar" (sink) . The 
following types of output dre sought: 

1. For the Ullif,)rm (\~all) sourc!:! , the va lues of 'tt ' thus ).1' 

2. For the localized (limiter) sou,..c~. there are tW'J types of output: 

(a) The sizes of the i lnpuri ty "clouds" of the successive ionization 
states eilc\) centl"ed t,)roid illly at the '; .n iter but extendi ng radial'y and 
toroidal1y by JI'~dt~r a:.lOunts for Z ranging upward from unity. tlnpurity 
cloud sj!~'i Ca n be observed spectroscopical1y permitting, in principle, a 
In e,ISll r e'llellt LJf tile value of D1 by comparing e.:qlt'!ri,oenta l 'lnd mOll el 
results . 

(b) As i n the un; form (wall) source case . the vill ues of 1: or kr a r e 
sou']ht. Thi:; value of 1: is then used to calculate the Reduc!ion Factor 
applied tu the analytica~ result obtained by Fuss.nann [3] for unif'Jnn 
impurit y influ x and assuming 1:1 :: Le/Cs . That i s . for a 'Jiven impurity 
flux, ionized at a given radius, the central impurity deflsity nI {!)) will 
be l ess for the li miter source than for the Sa:ne un iform (F'Jss;n arln) case 
by a Red uction Factor whi ch is found as a function of bac kground plasma 
co nd it ions. 

Only results from the base code , lm.l (Limit~r Impurity), are reported 
here. In lm.l the impurities are started-as Z :-i ions rather than as 
neutrals , and the li lnit-?r geo1netry is idealized as a flat plate extending 
from the limiter tip outward and of negligibl e toroid al thickness , f ig . 1. 

The analysis follows that ,)f J. N. Brooks' ZTRANS 2-D t'lonte Carlo code 
[4] , but \~ith ce rtain modif i cations and giving as output the two results 
indicated i n the last section. A numoer of other impurity transpo r t codes 
and models have been developed to desc ri be behaviour near divertor plates 
and limlters, including fluid , analytic and test particle ones, but the 
i10nte Carlo approach seems best suited to incorporating impurity heating and 
parallel diffusion . 

a ~----------------------~ Fig. 1. GeometT'ical arrange- I I 
me nt . a is in y-direction. , I 
Centre-line of IOdi n plasma at: MAIN PLASMA : 
x:a,wallatx:: - aw · last I I 

closed flux surface at x '" O. 'L I 
Separation of limit~rs 2lc . : I 

Impu rity ions are collected at 01 y ·························_········--·1' 2Lc li m it '~r and wall surfaces, 
reflected at other surfaces.limiter SOL 
Imp urity i ons are launched as 
Z '" 1 i ons at spec i fied point -0. "-_____ ..,. _______ -'" 
(xo , yo) o~ ~omogeneously along Wall 
y tor speclf l c xo. 
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In LII~ . l impurity part i c les are launched as Z=l ions at assigned 
position (xo ' Yo) and with single velocity Vo along y, 1.e .. B. The 
background plasma density •. "B' and temperature, TB' are fixed and are 
constant spatially. Each ion is followed in time al1ow;n~ for: (a) 
ionization to higher states (recombination is neglected) . (b) finite heating 
rate, (c) parallel diffusion (thermaliz ing ) collisions with the background 
(d) frictional collisions \~ith the background, (e) acceleration in th~ 
ambi po lar electric field (when in the SO L), (f) cross-fi eld diffusion for an 
assumed va lue of D . Th us the 20 spatial dispe rsa l of impurity i ons can be 
followed in time n.OIll an i nstantaneous inject ion for comparison with the 
analyti c Fussmann [3] result for a uniform source/ sink . Also, by time 
integration ' the steady- state 20 cl oud shapes are obtained for each charge 
state . Two different models are used for the ambi'Olar electric field , E, 
and the backgro und flow veloc ity. VB "Mc s ' in the SO L: a fluid model [5] 
result des ignated as SOL . I: 

M • {Y/Le - 1)-1 + [(y/Le - 1)-' _ 1)1 1' and 

and J 1 inear l!lodel [6] , de s i gna ted as SOL . 2: 

M{y) • 3r. (Y/Le - I) 
4 

Results and Comments 

and E{y) 

E{y) TB M{1 + M') 

lc M2 

1. 

2. 

Figure 2 shov/s t"'e s i z.es of successive i on ization c l ouds of ca rbon 
re l eas ed nea r the l i rnit e r (x ::; +1 cm, Yo '" 0) with l aunch vel oc ity 
away frorn the li mi t e r {Eo '" ~ eV} . Figure 2a gives the x-integrated 
particle densi ty proftl es , Fi~ . 2b the y-integrated ones . Cond i ti ons: 
0+ pla~ina , ~B" 2x 1 ~18 ,~-3 •. TB " 50 eV , l c = 40 m, Cl = 1. 2 m, "w::: -1.3 
m, 01 -1 m Is , no lOW(l l:l ploc h, SOL .l. 
Figure 3 assumes same plas1na as Fig . 2 bu t , .... it.., i(,lpurity ions l:lunched 
at x = -1 cm , i . e . within the scrape-off ldye t'. The sink action of 
the Ti:niter is clearly stro nger than for Xo " +1 cm . Figur~ 3<3 assu'nes 
SOL.l, Fi g . lb 50L. 2. 

Fi g . 2 . S i z~ of 
ioni.n.tion c l otJds for 
rel ease near ' ;;n iter._ 
(a) One hal f o f ;> r iJ fil e ~ I 
alQny 5 ( 1 imi ~er is at Q 
y '" 0) , : b) c ro ss - field":' 
profiles ( l ast c losed E 
fl tJ X su rfdce dt. ( = 0) . ";;; 
P l asll'l<l conr1 itions g 
spec ifi ed in text . Ions'­
lilunch~1 1 .it A " +1 C:I'I . 

0 

4\, 
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Fig. 3. Co nd it ions as 
above but ions launched 3 
at x " -1 cm. (a) Salll e 
( non1 inear) SOL ambi - r­
polar field as in Fig. Q 
1 , i. e . SOL . 1, (b)-" 
linear alObipolar f i eld , .!!: 
i.e. , SOL. 2. 1/1 
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With regard to the relation bet'/ieen impurity influx and central impur­
ity density a case is cons idered her\! 11h ich is sufficient ly s i mplifi ed that 
the Moote Carlo results can be cOlnpdr~d with a simple analytic for:nulation . 
This serves both to t est the code and to illustrate the method . More 
redl i s ti c cases will be reported later . Thus the following conditio ns are 
assumed: homogeneous i nflux i onized within SOL.2 , 01 = 0 , heating and 
diffusive co ll isions turned off , ionizat i on to higher stages turned off. 
Fri ction with the plasma fl ow and the ambipolar f i eld a r e included, TB = 50 
eV , lc " 40 m. It can be s hown [7] that for th e SOl . 2 E and vB,nr(Y) " 
co nst . and that the terminal im purity ion velocity for this case i s 

with 
-nZ I kTB 3c s a ;; ---- + 

41i 'ts Lc 
". 

wher e ~s i s the C+-O+ 
the re f e r ence value 't r 
shown in the table' 

stoPPinl time. Thus 't l ' 
, Lc NB 0) (. 0. 44 ms or 

Lc!vI(O) can be compared to 
t ni s case) . ~eSJJ' ts are as 

(~~3 ) 
Honte carl~ )'r(O) Ana l ytic va;,e 'r (O) "!) (m/s (m/s (ms 

1'10" 3.16x10' 3.18)(10 1. 13 
2)(10 19 6. 78)(101t 

, " 6.5)(104 0. 59 
2)( 1020 8 . 81xl 01t "',.. A.J ~,.. 8 . 7)( 101t 0 .45 

1 for toroidally dlstributed ionlZatlon Wl tni n tne SOL the Clear y limite r 
sink action ca n be weaker than th e refe r ence value and thus the central 
impurity density wll roenlgher than fo r the refe rence case . This must be 
taken into accoun t when compar ing limiter to wall influxes, as will be 
reported on subs eq uen t ly. 
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Power lla la nce in the Bulk Plasma and in the Scrape-off Layer 
during I-J and L Mode Uivcrlor Uischarges ill JET 

H J Jaeckc I1a). P J Harbour , N Gotta rdi. 
E B Dcksnis , P D r-,'lo rgan. D 0 R Summers , J A Tagle 

J ET l oilll Undertakil/g , AIJillgdol1 , o.wJ/ OX/4 J EA . Uniled Kingdom 

I~) Permanent addrt'ss: EunATOM~JPP Associmioll, G(lrc/rillg. W. GermallY 

Introduction - In JET a magnet ic separal rix can be formed inside the vacuum vessel at 
plasma curre nts up to 3 MA with onc ("s ingle null ", SN) o r two ("double null ", ON) 
stagnation po ints ("X- po int" ) 1,2. In SN discharges a transitio n from L- Io I-i- mode has o fte n 
been observed with neu tral bea m (N B) hea li ng in the range 5- 10 MW. A significant fraction 
o f the tota l radiat ion power loss is dissipated from the th e X- point region(s) . Using bo lomc te r 
measurement s an attc mpt is made to estimate the power radiated from the confinement region 
and the dive rtor region(s). The rad ial emissivity profiles of the confin ed plasma show broad 
radiation she lls during the I-I- modc . The po loidul dist ributi on o f the radiat ion flux near the 
X- point is compa red wi th the poloidal d istribution of the Drr e mission. The power flow to the 
diverto r targe t tiles is estimated ll sing infrared th ermography. T he occurence of the I-i- mode 
appea rs to be related to the heati ng of th e plasma edge. 

Experimental Setup: The rela tionship be tween the J ET X- point !lull , th e dive rto r target 
tiles and the releva nt di<lgnosti cs is shown in Fig. I in plan view. The eight sets of carbon target 
tiles we re insta lled as protective tiles for the oetant joints. 

X-po int nu ll 
l imite~ ~---
radius ;Rf- ': BOL-V 
inner , ''.4 
wall • i\X.0 
tiles \ 

, , 
f-'F-')Hr----1 ',.. 

I 0 

LP 

/ 
CCD 
camera 

• • '0/. 
, , I , , ', ~ 
-_ [R' _"-- 0 

o tU '. 

FIR I "" 
I 

2 3 4 5 
Rim 

Fig. J : Schelllatic plan -view of 
IIIe JET \lnCllr/1II I'e.fscl .filowillg 
Ihe rf!falioll.~hip of the 
diaglloslics 10 the eight sets of 
(IiVerlor targel Iile.f. The 
Jcrap e-off layer impinges at a 
glm/cing aI/sIc of 9.5 0 011 atl 
Oilier (0) atld atl in ner (i) 
10ca/iol1 of each Jet. The 
horizontal ( f3 0L-J-/ ) and 
I'('rlical (80L-V) bolollleter 
C(llHeras, lhl' D., array, the far 
infrared illlerferometer (FIRI) 
al/d Ilu' m Olll'able Lal1gl1lllir 
probe (LP) are aff located ill 
mid-octalll as .flIOWII. The CCD 
cam era. 1/I0 /lIIted midplnlle, 
I'iews (lirectly I/,C top targe/ tilcs 
0 11 OC/(IIII joilll 5/6. 

The total radi ation powcr is I11c<lsurcd by two bolomc ter ca mera systems. loc<l ted in 
mid -octant o one ho rizontal the ot her ve rtical ". Came ra chords looking inlo the X-point 
regions at the lOp ,md/or the bottom of the plasm<l show enhanced r:ldi nt iOIl . The detection 
range of the bolomete rs is 3 .:; EI,lr leVI .:; 9000 . so that nil radiali on which might cont ribut e 
substantia ll y to the 10lal powe r loss is detec ted. By choosing chnn nels no t affceted by the 
X- point radial ion and assuming to ro idal symmetry onc can estimate the rauiatioll I',:::jlk fmm 
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the hulk pl asma (co nfin ement regio n). The radiation from the X-point region J>;~!:I is lIcfincd 

as P;:::, = P:~:I - p;~:1k. Fig 2 shows p,~:1k, p:::" and I';:::, fur u discharge with I I- mode. 

5 
5 

10,-________________________ .,----, 

o 

" " 12 13 " l!ME (5) 

Fig . 2 . Uadialio ll power p:~~k 

(fwld .wlill CIIrve). P;~;'I 

(dash·dol/ell) 011(/ I ):'~~ (t/olled) 
fo r (I SN- di,H'/wrgl' lVi,,, 
If-mode fi'OJ/I 12 10 /4 .1 s (J ET 
(mIse 10755). Also S / IOWII is fi le 

power pow 10 Ihe oilier diver/or 
largel p,"'lIer ((hill solid cllrve). 

One set of targe t til es is viewed direct ly with nn infrared (CD ca mera {Fig. I) , fi lte red 10 be 
se nsi ti ve from 0.98 - 1.02 JIII I. For many pulses the (,'lInera had insufficient dynamic range \0 
measure the surface tcmpcr:l1ure o f the ti les (oE [RIM ' 0 C) throughout the pulse. However it 
has been poss ible to estima te both the power flu x tu th e outer (e lectron side) tiles p/,,,,er 
(Fig. 2), ,lilt! the nrea o f the SOL. The powe r to the inner ( io n side) tiles I'/"''''r was d ifficult to 

estim ate but it was ~ 11/'''''''/2 in allll - mude di~ehargcs. 

10 " 12 13 .. " 11 tIE IS) 

Pig. 3 £ .'oflllion of 
1'/:.:1k /<11, > 2 (.wfid curve; 
arlJ.lIJ1iIS) efllrillg IlIe L-lI1ode 
alld /-I-lI1o(/e for a N B- Ilea/cd 
di:'iclrargl'. Tlr t' \lolulllt' 
G1'eraged tiemily < 11, > 
(dasll-doll('c/; 6x W I'1 m - 3 filII 
scald .'iI('(J(I;ly ;IIC/"et1.'if'.f dllr;ng 
I//{' II- mo(le. TIll' dOffed Clln 'e 
sholl'.'i 111 l' ('\'01111;011 of II,e /0/(1/ 

illp ll l power , PI::~:" (JET pulse 
1(755 ). 

Bulk Radiation Loss: During the L- mode p;:,:,lk and P~:!:lllre nearly equal (Fig. 2). The bulk 
radiatio n power is about lin early propo rtimwl to the vo lume ave raged dens it y up 10 
<11,> ~ 1.5x 1U t'J 1/1 -) • achieved in the L- lllo<.1e. During the I-I- mode when <11, > increases 

stead ily up to ~ 4 x 10 19 /11 -3 a strong increase in p::':i'k is obse rved. ro ughl y pro po rtional to 

<11, >2 in pure NB hea ted di scharges (Fig. 3 ). Disrega rding cha nges in te mperature amJ in 
profil es of de nsity and o f impurities th is implies cons tant impurit y conce ntrati on. In the few 
cases whe n the H- mode was Sllstai ned fo r some time with the addit io n of slight RF- hea ling 
(P'CIlI1 ~ 2 MW) tI more rapid increase o f I'r~,:1~ with <lie> was obse rved. 
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Fig . 4 : EVO/II(;OIl of the radial 
emissivity profile dllTing rile 
H- mode. AI/hollgh the l1Iain 
impurity species are carbOIl alld 
oxygen, !'ery broad radiatioll 
shells are obJcrl'ed. The 
/HIII/ber at each cl/rve gi ves 'he 
time of the profile lVilh respecr 
(0 file Slart oJ th e H- mode. 
Curve 0 shows the profile 
tlllrillR the I"'('et'clillg L- mudc 
(JET p ulse 10755). 

The domina nt impurities in purel y NB healed d ischa rges arc carbon and oxygen: metals are 
negligible 4. Rad ial e missivity profiles de ri ved from the holometer measurements show a 
radi a tion she ll much broader than predicted by coronal cqlli1ihriulll . Furthermore the widt h o f 
the radiati ng she ll broadens during the H- mode although the plasma de nsity in the outer 
regio n grows faster than in the cenlrc. Thi s behaviou r is not un derstood at prcsent. Fi g. 4 
shows th e cvo ~\.Ition o f radiation cmi ssiv it y profil es during one o f the longest H- modes 
( - 2. 1 s) achie ved so far in JET. 

Power Flon' and Radiation in the ScrapNJIT Layer. Th c powcr co nducted into the SOL (the 
heat ing power of the SOL) is given by 

I ',;~~'- = I >,::~" ~ cn~,/dt _ p::.:1J. _ 1';:",1< 

The charge cxcha nge losses ,,).~"'k are not mc asured and lIrC ncglc(tetl thus ovcreslim<lting 

PI;~~/- which is typically 40 to 60 01. , o f 1"::::11 anti docs not va ry signifi can tl y timing the J-I- motlc. 
The power loss frOIll thc SOL is give n hy 

P,~!~L = P,~:, +. p/""rr + P,"""'r + /',:~('" + ",:'.!' + p lim . 

An upper hound for th c charge e xchan ge loss 111:1£ he estim ated. usi ng the l11 eal'urcd 
DII" - infl ux from the wall s t..;;; 10 21 S-l), to be p~~()- .... 0.3 M W: I'/t jl' el'timatetl 10 be 
smalle r. Using data from Ihc Langm uir p robes the powe r co nduct ed to the lim iterl' and wil ll , 
plim, is negligible. The largest powe r losscs measuretl fro m tile SOL :Ire hy r:u.lia tion and 
conduction to the target liles. and these are maintained d uring the I I- mode. in contrast to 
observation in ASDEX ". At the onse t o f the H-modc in J ET. l';;f:, usually decre:lses suddenly 

and th en increases with < 11 ,.> until it reachel' - IS':.'o o f I',:~:" and then heco mcl' stat iona ry, 

alt ho ugh both <11,. > and 1':';:1'1< grow l' tcadil y. In cuntras t I',"""" "ppears to show an incre:lsc to 

about IS"/" of p/:~:1I at the o nsct of th e !-I- mode lllld the n decreasel' to - l() % be fo re 
termination . Immed iate ly afte r the I-I-mode is termi nated . there is a rel1larkable increase in 
P;;!:" 1',"''''.' and I'i~~~,'- (Fig . 2) for ~ 40 1111'. The po loid'l l dis trihut ion of I',:!:, l' hows a 
ma xi mum 11t the inne r wa ll side o f the X-point in its illllll ed i,lIe vici nity (Fig.S). This 
dis tribution dev iates appreciably fro m the Do dist ri bution 5 indica ti ng that Lyman- crc mission 
(to which thc bolol1l c te rs arc still sensi tive) o nly p'lrti ally accounts for the ohservcd emissivity. 
Wit h ca rbon target til es. C is exrectcd to bc main ly rel'pollsihlc for th e rmliatiun loss in the 
divertor rcgion. The obse rved maximu m mC,m emiss ivities lie hetwee n I and S AlIV m - J 

. A n 
cstimatc on thc basis o f coro nnl cqui librium gives the lowcr limit of the possible carbon 
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conce ntration, showing that it lIIus t he at 1e00S! ."I to ]I} 'y" at ('lSStIlIlCtl) local densities o f 
5x 10 19 111 - 3 to account for the observed rad iatillll levels, ~lss lLl lling il SOL thickness (If ahout 
2 cm al the mrl.xillllllll of 1>, ::,1,. Il owevcr the local poloidal resolution of th e holometers 
(- 0.4 Ill) ma y Ic"d to a flal!cllill g o f the poloidal profile. With a sleeper profile the peak 
emissivity may be large r. suggesting loca l densities""';' 1t1 2U 111 - 3 <1' the larget tiles. This is 
co nsistent with the ohservcd power nux (''is: I kW CIII - ~) IO the outer tiles if 1~ ~ IU eV 
locally. The fast poloiual decay of the X-point ratiiati(111 il1llicalCs high gr;,di c ll!S of 7 ~ and 11 ." 

as have been observed in ot her tokamaks ",7. These high gradients would be Illore probable 
with the higher va lu e of " ,. ( lO lU m - J). It is worlh noting Ihal in th e inner diver!or region, 

where P;~:, and Do radia tion arc high and so the flux of recycli ng atoms must he high. I~"""" is 
low. The opposite is true in the outer divertor region where Ihe recycling flu x mllst be lowcr. 

Tdggering and Termination or the I-I-mode: There is experimental evide nce that the 
"I- mode is trigge red by increasing thc heating power con du cted into Ih e plasmu edge. and thnt 
this can be achieved by increasing the power input . or poss ihly hy the decay of a sawtoot h , or 
alternatively by decreasing the edge radintion loss by reducing 10(';11 impurit y sources. At 
prese nt it is not quite clc:lr if an increase of rl;~~:IL triggers the Ll I-I - lrUll sition. III 111<1n y cases an 

increase of PI;~~,L preceded <1n I·I- mode but the re we re also cases obse rved where the J-I- mode 

was achievcd at constant PI;~?/-' Ap:lrt fro111 thosc cases where the additional heatin g power 

was switched off the te rmination of the 11 - IIlOtJc always occurcd when 1)::.:1k/p,:~:u reached 
about 60')1". 

Fig. 5 " Poloil/al distributiOIl 
of P'~!:I lllld oJ rhc D(1 rariiarioll 
ill the X- poilll region . 71lc 
graph covers Ihe IIppcr half of 
the plasma cross sec/iOIl for a 
SN discharge (J ET jJlI/JC 10755 ) 
duri/lg thc H- mollc (0 == 0 (It 
the Olller midplalle). 
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BEHAVIOUR OF PARTICLE I NFLUXES AND EDGE 
RECYCLING DURING ICRF HEATING ON JET 

M. Bures, V.P. Bhatnagar*, M. P. Evrard* . A. Gondhalekar, J. Jacquinot. 
T.T .C. Jones . P.D . Morgan , O. F.H . Start 

JET Joint Undertaking, Abingdon , Oxon , OX14 3EA, UK 
* LLP-ERM/KMSj EUR-EB Association, 1040 Brussels , Belgium 

INTRODUCTION 

During reRF heating in JET, the main species and the impurity 
neutral influxes always increase . The magnitude of influxes and also the 
density increase Is proportional to the RF power . The important parame­
ter is the number of neutral atoms available for desorption from the wall 
and limiters . This depends strongly on the conditioning of the vessel 
and after glow discharge cleaning or carbonisation the neutral influxes 
are substantially enhanced . The global particle confinement, which is 
the ratio of the electron content and the total influxes. is thus always 
decreasing with the input power . 

The density e*~lution is appropriately described by the incremental 
confinement time Tp Of the additional density and by the time dependent 
additional influxeS 6~ . 

NEUTRAL INFLUXES AND DENSITY EVOLUTION 

The neutrals are released typically with two time scales . The flux 
from the wall is seen to rise rapidly (1~10 msec) . The flux from t he 
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~ Evolution of the limiter flux and the volume averaged density at 

the onset of the RF power . (c) and (b) curves represent the 
measured and simulated (eq. 1) density traces. Curve (a) shows 
the evolution i f the total neutral influx is assumed to vary as a 
step function . 
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.l imiter also rises rapidly but its final value approaches on approxi­
mately the conflnement time scale for energy . An example of limiter flux 
is SllOWfI in Fig 1. 

The fast flux from the wall is 40$ of the fast limiter flux. The 
particle balance then becomes 

N 
N T Zefr 1 

• ~ .... O~ (1 • 7-'i"+-o-",-) [s-' 1 
_ne "I • 1 "rr 'p e 

~ • ~$F + 6~s are the particle fluxes deduced from the absolute Ha 
measurements . The typical values of Z rr measured by the viSIble 
bremsstrahlung are 1n the range 2 .5 - 3.5. ZI · 7 13 assumed in simula­
tion , which represents well the JET dataset on lefr ' AssumIng the fast 
flux to vary as a step function and taking o<f.s Ct) ~ f..<Ps (l-exp( -tiT,)) 
the evolution of the total electron content from the ohmic value can be 
expressed 

N(t) .~Tl~F(1-exp(-t/.~F»_6$~T~FT1(exp(-t/.~F)-exp(-t/T1» /(.~F_' l ) (1) 

Here T~F - AN/~T. The measured and calculated densities are shown 
in Fig 1, curves c and b. We conclude that t~p density evolution is 
determined not only by the confinement time Tp but also by the evolution 
of fl~r~} Eq . 1 can be used to define the r~cycling coefficient 
R - HF It always increases at the onset of RF power indicating a 

N( t)hp 
rapid neutral desorption . The importance of the flux evolution for the 
density build-up is also observed in cases where the RF power is ramped 
up . Correspondingly the influxes become slower and the density build-up 
longer . 

CORRELATION OF INFLUXES WITH RF POWER 

Already during the early high power experiments on JET [1] it was 
concluded that 20-30% of RF coupl ed power which could not be accounted 
for and therefore had to be dissipated at the edge or the scrape-off 
layer (SOL) of the plasma . As indeed all the fluxes are proportional to 
the RF power , it is su~gested that the fast influx is correlated to the 
unaccounted RF power PRF while the slow influx from limiter is due to the 
RF power diffuSi2g from the central parts of the plasma 
PR}(t) K (PRF-PRF)(l-ex~( -t/TRF» corrected for the increase of 
radiation . Here PRF-PRF+PR: and AW-PRFTRF-PRFTi c ' PRF is the power 
radiated by the antenna and AW is the increase oP plasma energy. Ti c is 
the incremental confinement time which is usually used to describe tHe 
efficiency of the additional heating of the plasma . It was observed 
during the 5 MA disch~rges that the fast portion of the l i miter influx 
scales indeed with PRF , The importance of the power conducted into the 
SOL is shown in Fig 2 . The infl ux from the limiter is not proportional 
to the plasma density , as observed in OH cases [2]. 
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EFFECTS OF THE ANTENNA PHASING 

The 5 MA high Rr power discharges show the fast limiter influx . At 
low power levels the fast influxes are often masked by the f l uctuat ions 
due primarily to sawteeth activity . The modu13tion of HF power and 
signal averaging to improve the signal to noise . ratio clearly demonstrate 
that limiter signal contains a fast portion even at lower power l evels . 
Flg 3 shows the boxcar averaged normal ised signals for the dipole and 
Quadrupole [1] phasing . The level of the fast signal correlated with the 
RP power represents 10-1 5% of the total limiter signal ...... ith dipole 
antennae . The fast limiter influxes with the quadrupoles were not 
observed . Also t he inc remental confinemen t time fo r energy increases 
typically by ~ 25% [3 ]. Experiments were performed in deuterium with the 
hydrogen minority . 

SC ALING OF INFLUXES WITH THE RF POWER 

The neutral influxes ' from the Bmir.er and wall are rout inely 
measured on JET. The main results of scaling with the power in RF 
equ il ibrium can be summarised as follows : 

(a) both l imiter and wall influxes increase roughly linearly with 
the RF power up to the maximum levels achieved so far , PRF ~ 8 MW. 

Cb) the density increase is correspondingly also li near , except for 
the lower power levels , wh ere it increases faster . 

(c) the ratio of wall to limiter flux scal es with the plasma current 
and is independent of the RF pm/er in accordance with the expected 
evolution of the SOL profiles . 

CONCLUSIONS 

The time evolution of dens ity during the RF heating on JET can be 
explained in terms of fast and slow neutral influxes . The conducted 
power into the SOL is an essential factor for the neutral flux release . 
The fast infl ux at the onset of the RF power is correlated to the 
unaccounted RF power . The l i miter signal contai ns a non-negligible 
fraction of the fast influx which disappears when the antennae are phased 
as quadrupoles. 
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'l'J-li!: CALCULA.'i'I OI; 0';? A KOE:;:;:JULI3nIln.; lOij DIS':.1;:UBU',aOi; 

l~UHC'i'IO~: ! L~:'",n. A LE:I'l'l!:R 

T.P.Volkov, Yl, . L. I Gitkhanov 

1. V.}i:u rchC!tov In.'::t itut e of l".torric I'inerc;y 

I"~OS C(I \'1 

Abstract 

A distribution f unction of ions QutcQ!"',inc; from plan,a:'..:J near 

diver-tor plC!tes or li!:liter in csser!tinl ly n on- :qulibriw:1 one cue to 

a ourface p,osorptioll of ions f.md ch2.:c.::;e exchm~:,e collicio~1s with 

neutra.l atoms. For diagnostic purposes it is :');:;101'to.nt 'co knO\'l the 

real ion distribution function because the va luf! of D. satul'P ... tion 

current for probe llIcusu::''mcnts is dete~'mined by the ion distribution 

fUllction . 'i.'he calc1.tl a·~ions S}10-;! that th ere is El. clepIc tion of ion 

d:i.Btribution function comral'atively to equlibrium one in high energy 
.l·c~-.:~ge du~ to escup~ of ion;] -~o the "::011. 1~lis ~frple tiOll leads to tilE: 

f Rct that t he averange ener["-s of ion incoming ·~ o the \"lG.ll nppearn 
less thull 2~'. The dependence of the che.r~e exchr.nge rate upon the 
relative velocity leads also to the depletion in a high energy ranee 
and to the enrichment in a 10\" energy rrmge.The l c.st effect is pro­
portional to the neutral atom concentration ne~r the limiter ( or 
cUverto)' pJ Hte). Tap. heRt flUx is c<:lJenlnted fr0'n the; 0bt~"in.e-:", it)~ 

distribution function. The momentum flu..'-:es for ion and neutral com­
ponents at the plasma surface are calculated. 
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I n l11 It h 9.s been ~ho\·.n t;J~''-~ r;ith ~. :ti.:;c ..:..~. pJ.,-:.::::r.a. d(! :;:::it :.r ['.t 

the scpar c"trix \- 1 c; tl !) to .- 2 . 1020
1:1- 3 , the plc.m~B. h'::lperu tl1.l' e in the 

neighbourhood of uivG:ctol' p18tc IJ drops to ::: 1 eV and a co:·,:~'}.ete I 

vollJ.11\ctric pln.r:li1n rcco:11binutio::1 OCellI'S . In this ense, the cr.:::!rgy 

flu:.:: onto the platei:J tr~.nSiGrrCld by l' p.dic.tion~ the s!1ectl'l.un of 

\'/hic11 is Jete ~.:·mJ.ned by the p'~r.::!.r:1c"te rs o f :! pl~sf!\a in the 10c:::.1 

thcrr,:od.')':101:: ic ~~l cqu~Ll5.b:!' i ·.'.:.I . I II l1] 'i.,~:.c ~·<:!cl.iatiml ~.; rQnsport effect 

L,,: j.G neglected.. Therefore the re sults obtained there e.re top es­

ti!::~!.te a. The CCC01Ult of L :..( - tr:m,::;pol't nllm:s to ;:lc.ko the condi tionD 

for the (\ivert or operc.t1.on close to that of a GEl.GOOUS blcYlket rnucl? 

softer and studied in a Given paper. A l~inetic equation for the 

intensity of radiation IOt,l"':) in the L",,-line and. the heo.t conduc-

tion eqnetion are Golved: 

~l(~, eJ) /'J S= 

are the losses in reco!nbina tion radiation and in the radiation of 

hiGher series ; d2 r i3 the plasma heat conduction coefficient under 

pressure P; Ki(L,)) is the L",-ab::;orption coefficient. The plasma 

temperature in the nej.ghbourhood of the plates (X=O)is ccnsidered 

to be equal 0.3 eV; the energ,:,r flUT. entering the zone of radiativ e 

lo~ses q_~ :::£'C. : .. ~~ 11 .. -.::>-.> is vUl~ied from' 0 . 03 to 0 . 3 kW/cm- 2 • T~e 
dependences of a conducti~ener&y flux onto the divert or plates , 

qd' on P aTld q _ are obtained . 

1. Krashcninnikov S. I ~, PiGar ov A-. Yu . 11 Int. Coni . on Plasma 

Phys . and Contr . lfucl. Fusion Hes., Kyoto , 13- 20 nov o 1986 , 

IA;;,\-CiI- 47 /S- III-l o. 



728 

INDIRECT STUDIES OF EROSION AND DEPOSITION ON GRAPHITE 
PROBES IN THE L1MITER SHADOW IN TOKAMAKS. 

H. Bergsaker. , S. NagataQ
, 8 . Emmoth., J .P. Coad 0 and P. Wienhold·, 

• Research Institute of Physics, 8-104 05 Stockholm, Sweden 

Q Department of Nuclear Engineering, Tohoku University, Sendai, Japan 

o JET Joint Undertaking, Abingdon, OX14 3EA, United Kingdom 

• Institut fiir Plasmaphysik, KFA, POB 1913, D-S170 Jillich, FRG 

1. Introduction 

A major part of both hydrogen recycling and impurity production in tokamaks takes 

place at. Iimitere and other protruding structural parts which absorb high heat load and 

particle flux . Consequently, it is valuable to study how limiter surfaces are modified by 

the plasma, and to develop and test models which describe the actual surface conditions 

at limiters during tokamak operation and predict e.g. impurity source distribu tions. 

Erosion, deposition and hydrogen retention at graphite surfaces are of particular interest, 

since graphite is presently the preferred choice of limiter material. 

As a part of the preliminary collector probe experiments at J ET / 1/, cylindrical 

probe shields of graphite, Inconel and shields which were made partly of graphite and 

partly of Inconel have been introduced in the Iimiter shadow and exposed to one or 

more discharges. A limiter-like graphite probe was moved into position 9 mm outside 

the main limiter in TEXTOR and exposed '0 eleven complete disharges. The surface 

composition of these various probes has been investigated afterwards, using ion beam 

analysis techniques. 

This report shows that the amount of carbon which has been deposited by the plasma 

on the graphite probes can be indirectly determined from depth distributions of deu­

terium, oxygen and metals. 

The lateral distribution of collected deuterium and impurities is related to the inten­

s ity of the plasma contact, and it is proposed that, within the frames of a simple model, 

this can be used to infer the relative importance of erosion and deposition, as a function 

of distance to the plasma edge. 

2 . Results and discussion. 

Figure I shows an RBS spectrum from a graphite probe sh ield which has been ex­

posed to five 10 s discharges in the limiter shadow at JET. The spectrum is from a point 

60 mm outside the plasma edge. The spectrum (dots) indicates that an overlayer with 

more or less uniform composition has been deposited on top of the graphite substrate. 

The solid line in the figure is a theoretical spectrum, simulated for a hypothetical target 
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with a 165 nm thich layer of composition Cl.oOo.o,Do ... Cro,oozNio.ootl , situated on top 

of a homogenous Cl.oOo.omNio.ooos bulk substrate. Depth profiles of deuteriu m from 

Nuclear Reaction Analysis likewise suggest a layer with more or less uniform hydrogen 

concentration. Deuterium or impuri t ies which are implanted into graphite at energies 

which might be expected (in the lower 100 cV range) can not penetrale subst.antially 

below the surface, and are not expected to diffuse at low temperature. It thus appears 

that oxygen, metallic impurities and deuterium can be used as markers for carbon which 

has been deposited on the graphite surface. A second probe shield which was exposed at 

JET was made partly of graphite, partly of incone!' It. was exposed to seven discharges, 

three of which were disruptive. Simulated RBS spectra were fiLted to spedra from the 

graphite parts by adjusting the thickness of uniform carbon layers containing a few per­

cent impurit ies. On the inccnel parts the amount of carbon could be determined directly, 

by non-Rutherford proton backscattering. Figure 2 shows an example where the indirect 

determination of carbon deposition on graphite can be compared to carbon deposition 

on inconel substrate. The fact that there is a fairly smooth passage, going from one 

substrate to th«: other, supports the arguments where depth profiles were used . There 

is a comparatively small mismatch, in that the amount of carbon collected on graphite 

seems to be 20 • 100 percent higher than on inconel. However , the same discontinuity 

is visible in the areal density of deuterium, and it is likely that there is indeed smaller 

deposition of both carbon and deuterium on the inconel substrate . This could be due to 

higher backscattering, or lower sticking of molecular species . It may also have to do with 

a difference in surface roughness. 

At the surface of limiters or probes which are large compared to the expected Larmor 

radii, it i:!l reasonable to assume that plasma particles, heat and ionised impurities are 

transported macroscopically along the magnetic field lines. Insofar as erosion and deposi­

tion mechanisms are directly related to heat flux and ion impact, they are thus expect.ed 

t.o increase monotonously with I cos 01, whe re 0 is the field inclination wi th respect to the 

surface normal. Due to the surface sheath potential, the microscopic angle of incidence of 

ions and electrons is expected to be rather weakly dependent on 0 /2/ , par ticularly at a 

rough surface. Apart from the 9·dependence, erosion and deposition at a probe which is 

inserted in a symmetrical environment should only be a function or the distance r to the 

plasma core. This suggests that interesting information may be gained from studying the 

results or plasma sur face interaction at a probe where 9 varies continously at constant r . 

In the experiment at TEXTOR a graphite cyli nder of 25 mm radius was used. At 

the end which was facing the plasma, the cylinder is term inated with a half-sphere with 

the same rad ius. With its cylinder axis along a tokamak minor radius, the probe was 

moved in stepwise, unt il the spherical tip reached a position 9 mm outside the main 

limiter position . At the intermediate positions between the wall and the final position , 
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it was exposed to eleven discharges, three of which were disruptive. It was then exposed 

at the final position to eleven discharges with 3 s duration, plus one disruption. 

Figures 3 and 4 show the collected amounts of metals (Cr+Fe+Ni) and deuterium on 

the probe, at three different distances from the plasma. The angular coordinate is chosen 

such that the plasma contact is large at 90" (electron drift side) and 270" (ion drift side). 

The solid lines are least squares fi ts to the expression c(r,6) = A(r)+ 81(r)· /1 (6)+ 82(r)· 

12(6), where /1(0) = IcosOI on the ion drift side and zero on the electron drift s ide, and 

conversely for h. Apparently the distributions of collected material change from a I cos 01 
deposition pattern at 40 mm from the plasma to a more uniform distribution closer, at 

16 mm outside the main limiter . In the case of deuterium, there is even an inversion, in 

the sence that there is at r - a = 16 mm a minimum where 1 cos 61 is maximal on the 

electron drift side. The same behaviour is visible for oxygen (not shown) . 

The observed surface concentrations c(r, 0) must result from a balance between de­

position and erosion. A simple, Iinearized balance equation may be written: 

(1) 

The last term allows for erosion processes which may be proportional to the surface 

concentration, such as sputtering of a very thin layer, or particle induced detrapping and 

release of molecules. If K = 0, there will be an accumulation proportional to I cos 01 at 

positions where D > E, and any initial surface concentration Co will be eroded where 

D < E /3/. If K > 0 then: 

(2) 

which is initially a I cos 01 distribution, but tends to become a uniform distribution when 

equilibrium is approached. In the present case, only the amplitude and not the widt.h 

of the maxima in the angular distributions seems to change with r, suggesting an accu­

mulative, rather than equilibrium behaviour. An initial areal de nsity Co may have been 

deposited by disruptions while the probe was brought. in. The fitting parameters B go 

negative at about r - a = 22 mm for both deuterium and oxygen, indicating that D < E. 

At the tip of the probe, where the areal density of metals is about a monolayer, the 

uniform distribution may possibly be an equilibrium distribution. 

R eferences . 

/ 1/ H. Bergsaker, JP Coad, L de Kock et al. These Proc . 

/ 2/ R. Chodura, J. Nucl. Mat. 111/ 112(1982)420. 

/ 3/ G . McCrackeo,J: Ehrenberg,P. Stott et al. , J . Nucl. Mat. 145-147( 1987)621. 
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PRELIMINARY MEASUREMENTS Or IMPURITY FLUXE$ USING TIME RESOLVEO 
COLLECTOR PROBES IN JET 

H Bergsaker* , J P Coad, L de KoCk , ij £mmOCh*. 
J HanCOCk , A St evens and J Vince 

JET Joint Undertaking , Ablngdon , Oxon OX14 3EA, UK 
* Research Institute of PhYSicS , 10405 Stockholm 50 , Sweden 

1 . INTRODUCTION 
Two probe systems have been developed to collect impurities 1n the 

boundary region during selected tokamak pulses , the Fast Transfer System 
(FTS) which exposes probes near the outer midplane and the Plasma 
Boundary Probe System (papS) which inserts probes near the top of the 
vessel. The preliminary results of the first exposures with each of 
these systems are presented her e , and the results are compared with 
Langmulr probe data obtained from similar shots . 

2 . BXPERIMENTAL 
The PBPS is a vertical Shaft mounted on top of the torus in Octant 

I, the probe entering the vessel at a major radius of 3.25 rn , just 
outside the piasma centre (at 3 . 15 m) . The probes are cylinders 
(initially of graphite) which can rotate within a carbon shield with two 
slits, one on the ion drift side anoj one on the electron drift side of 
the pr obe axis . Connection lengthS on the electron drift side were about 
9 metres , and on the ion dr ift side were about 60 metres , for the types 
of pulses considered below . 

The first PBPS probe was exposed ouring shots 9651 to 9661 
(i nclusive) . The shots wer e 3 MA , 2.8 T pulses , with 10 second flat 
tops . The plasma was in contac t with the limiters during the flat-top , 
but was pushed onto the inne r wall at the start of the rampdown . The 
probe did not rotate for pu l se 9651 , but for the other$ it rotated at 
constant angular velOCity du r ing 8 seconds of the f.Lat top . 

The F'TS enters the torus horizontally 385 mm above the median plane , 
and uses the same collector probes as the PBPS . The connect i on length on 
the electron- drift side is 2.5 m to a graphite limiter in octant 6D , and 
on the ion-drift side is typically 55 to 80 metres if the field lines 
clear the inner wall , or 25 to 35 metres if they do not. The probe was 
exposed without rotation to eight 3 MA discharges (8927 to 893~), so that 
deposition only occurred under the two sl1 ts , whilst two other probes 
were exposed to Single pulses when the collector was rotated throughout 
the pulse. 

3. RESULTS 
The analYSis of the deposit in the flat-top region of the PBPS probe 

as a function of vertical distance from the plasma is shown in F'ig . 1 . 
The area analysed was exposed for a total of 2 . 2 5ecs(- ~ sec from each 
of four discharges) approximately half way through the flat top period 
The observed amounts of deuterium , oxygen and metal (small amounts of the 
elements Cr , F'e and Ni are not separately resolvable by the technique 
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used , Hutherford 8ackscott.ering Spectroscopy) 
di:>tance into the scrdP~-Orr layer (SOL) . 
deposits on tOL:> prob~ , the first silicon 
l ndi.~ate3 that the deuterium L:i no t r'eLlted 

decrease C!)(ponentia.l.!.j wit.h 
Careful ~nalysi3 of the 

probe and various ::ihiel,,::; 
L.n t.ne incident deuterium 

flux , but co toe .1mount. o f carbon collected . Tni s conclu~ion 1S reached 
from analysis of the tnicl(er depOSits , eg o in the two ::;lit images wherein 
deuterium and oxygen are found t.o be at a constant level of about. 20 dlHl 

5% respectively , toe remainder being carbon . Thus , the collected arnOIJnts 
of carbon , oxygen and metal impurities are at appl"oximately , 20 , 1 and 
0 . 1% of the total ion fluence at a vertiC:;Il i.llstance of 64 mm [('om the 
plasma boundary , the flux being taKen fr-01O Langlnuir probe data measured 
for these shots . Ais:) on rigure 1 are shown a:3 ai:i~hed lines oimiLar 
plots of concentl'ation versus distdnce frolll tile pLisma for- tile r-drnpdown 
image . The distri butions are much flatter" than for' the fLaL top and the 
amounts of deposit much lar-ge r. 

The f i rst pr-obe e x;>osed on the FT:> wa ~ not rotated so gave 
lntegr-ated data from eignt similar di::;charges . It :;ho wed much greater 
amounts of deposition on the iOIl dri ft side t han on the eLectron-drift 
side , so the latter is probably affec teo by the short connection length . 
To gain more direct informa tion o n the relative dlllounts of carbon and 
de u terium collec t ed ill the SOL , the second pr-obe exposed on the FTS wa3 
made fr-om silicon (the collector) and inconel (the shield) . The probe 
wa!; I'otclted throughout a single 5 I".A pulse( 10903 ) in Cl step-Wise manner , 
each point being exposed for 1 . 33 seconds . Figure 2 shows the analyses 
of deutef"ium and carbon as a function of distance from the plasma from a 
part of the collector exposed to the ion-drift di r ection at the beginning 
of t he Hat-top: the amount of deuterium is approxi:nateiy a constant 
fraction of the amount of carbon (a t 25 to 301.). The metal impurity 
levels are a sim ilar proportion of the deuterium conce ntration to that 
found on carbon probes , but at these low levels could also be influenced 
by local spu ttering from the sides of the inconel shield . On this probe 
the greatest deuter-ium and carbon levels we re found on areas exposed 
during the fl a t -top , the levels falling away from these values in bo th 
the ramp-up and ramp-down phases . I f the Langmu ir probe da ta recorded 
mUCh nearer the plasma boundary at the midplane are extrapolated to this 
distance from the boundary they suggest the ion saturation current is 
S imilar to the deposition rate of carbon as deduced from figure 2 . 
Clearly the r e is a n i nconSistency here which requ i res ellucidation . 

The last rotating collector probe to be exposed In 1986 was exposed 
using the FTS to a 2 MA p l asma (flat- t op from 45 to 55 secs) with 4 t~W of 
aUXiliary RF' heating from 48 to 51 .5 seconds (shot 11149) . Carbon and 
deuterium concentrations found on the collector 66 mm from the plasma 
boundary as a func t ion of time in the pulse are shown in Fi gure 3. The 
area was ex posed through the ion-side sli t and eacll point was exposed for 
1 . 33 secs . Pr ior to rotation during shot 111119 the probe was parked in 
pOSition in the torus during shots 11143 to 111 48 (some of which 
disr upted) . ThuS deposits accumulated at the zero pos iti ons dur i ng these 
pu l ses , which accoun t s for the high appare nt levels near 40 and 60 
seconds in F i g . 4 (the image points for the ion and electron-side slits , 
respectively) . Although there is some scatter in the data , the carbon 
level is higher than the deuterium level as usual except during the 
period of HF heating . Ouring HF heating the deuterium level greatly 
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increases {by a factor of about 10) and then clearly exceeds the carbon 
concentrdti on I which only increases margi nally . Langmuir probe data (') 
suggest that closer to the plasma the ion density increases and the i on 
tempe ratu re does not fall off as rapidly as one moves out into the SOL 
during Rf heating . If the La ngmuir probe data is ext rapolated to 66 mm 
from the boundary (le . the distance at whi ch the data of Fi g. 3 is 
taken ) then one mi ght expect a greater ion (deuterium) flux and 
temperatures of - 20 eV rather than - 5 eV. 

4 . DISCUSSION 
During the fla t top phases impurir.y flux es decrease radially into 

the SOL with e-fold ing lengths of typi call y 10-20 mm . Di f f erences in 
folding lengths have been observed between ca rbon (as inferred from 
deute rium wher e necessary) and other impurities (oxygen and metals) , and 
between ion side and electro n side. However , not enough measuremen t s 
have been made to be sure these differ ences are systematic, and 
connection length effects have not been evaluated . A clearly d 1f fe r e nt 
folding length .... as observed during rampdo .... n (combined with moving to the 
inner wall) using the PBPS . As two pro bes e xposed using the FTS have not 
shown such e ff ec t s during simple rampdowns , it seems r easona ble to assume 
a strong f lux of carbon whi ch i s aloost constant in the reg i on probed 
(from 60 t o 120 mm vertica lly above the plasma) associa ted with the move 
to the inne r wall . This may be of releva nc e t o the phenomena of "wall 
pumping" and will be investigated further . 

for all the probes exposed during ohmic heating th ere is no e vidence 
o f implanta tion of deuterium into the probes . All the deuterium level s 
observed can be explained by trapping within the associated carbon 
deposits , fo r exampl e by CO-deposition , a nd in many cases the deu terium 
co ncentra tions are too hi gh to have occur red by implanta tion . The 
situation during RP heati ng is t otally different , however . The deute rium 
concentration s uddenly increases a nd exceeds the carbon l e vel while t he 
RF heating is on . The majority of this deuterium must be implanted into 
the silicon s ubstrate , or else be combined on the sur face wit h some 
element whIch is undetec ted . tn order t o i mplant - 2 . 5 x 1 0 '~ atoms cm- 2 

of deuterium at tne fluence o f - 1 0 '~ atoms cm- 2 predicted from Langmuir 
probe data , an ion temperature of 30-50 eV is req ui red , assuming a 
Maxwellian d i stribution , or an ion energy of - 180 eV for monoenergeti c 
ions (2 , ] J. During lCRH the predicted average ion temperature is - 20 eV 
at 66 mm from the boundary , so average ion energies of - 80 to - 120 eV 
migllt be expected , alloHlng for the sheath potential ( ~) : thi s 
approaches the order of magnitude needed and t;,e energies deep In the 
boundary ffidy be sufficient to explain the implant3tion observed . 

5 . CONCLUSIONS 
Pour collector probes were exposed us ing either the PBPS or F"TS 

sY5tems at ·JET towardS the end of the J!}86 campaign , o f whi ch three gave 
tlme-r';!s01ved informatlon . As a nrlety of' plasma p.;.rameters and 
co nditions were involved , the results mereiy provide d foretaste o f the 
inFormation tnat Inay be gained in more comprehensive studies . 

I t is already clear that import-ant information can be obta ined 
rdelling LO .,jall ;>um;>ing , connection lengths , d lffusion and RF" hea ti ng 
effects In tne SOL. 
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OBSERVATIONS OF NON-AMBIPOLAR FLOW TO LIMITERS IN THE DITE TOKAMAK 

c S Pitcher*, 0 H J Goodall . G F Matthews, GM l-lcCracken. P C Stangeby* 
Euratom/UKAEA Fusion Association 

* 
CuI ham Laboratory. UKAEA , Abingdon , Oxon. OX14 JOB 

Institute for Aerospace Studies. University of Toronto, Canada 

1. Introduc tion 

It is normally assumed in tokamaks that plasma flow to limlters and dlvertor 
plates is both globally and locally ambipolar In nature. Although global 
ambipolarity is req uired for charge conservation no equivalent restriction 
is placed on l ocal particle fluxes. Local deviations from ambipolar 
conditions, if they exist, could significantly change the power and particle 
fluxes incident on limiters/divertor plates. In this paper we presen t 
experimental evidence of significant local non-ambipolar effects observed 
for limiters in the DITE tokamak. 

2. Experiment 

Experiments are performed with a movable ~raphite probe limite r (PL) in 
ohmically-heated DITE discharges, fig . 1 Ll]. Four built-in Langmuir pr obes 
are voltage scanned with respect to the PL body, which e lectrically floats 
with respect to the main fixed limiter. The fixed limiter defines a 
circular plasma of nominal radius a ~ 26 . 0 cm and the PL is moved between 
discharges from a minor radius r pL - 27 . 5 cm t o rpL • 22 . 5 cm, entering from 
the top of the machine. In addition to the built-in Langmuir pr obes the! PL 
is diagnosed with an infra-red (IR) ca~era and a CCD camera · 
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) . Results 

The experiments are performed in deuterium dlscha r ges with a plasma cur re nt 
I = 150 kA toco i dal field Bt '" 2T. a Hne average density n: ..... ) x 10 \ 9 m- J , a l oop voltage V I'" 2 .7 V, approximately 75% radl A. t ed 
power and a cent r al e l ectron te mperatu r e of T (0) ~ 700 eV. Langmuir probe 
data is fitted t o a simple chara cteristic fo r~ the cu rrent density j [2 J 

j-j.[l- ( 1 ) 

where js is the ion satura tion current dens ity , c[lp the probe voltage an d it'f 
the f loating voltage. Plotted i n fig . 2 arc th e tesults for j a nd T 
obtained by the fOlJr p ro bes during t he cur rent f l a t -top (t = 375 ros) a~ 
f unctions of the radial posi tion of the par t icula r Langmuir probe . At minor 
r adi i less than 26 cm, eg , inside the f ixed lt mi t e r, probes on the elect ron 
drift sid e (1 and 2) agre e with those on the lon dri ft s ide (3 and 4) . In 
addition . the inner probes (1 and 3) agree with the outer pro bes ( 2 and 4) 
for the same radia l positiol1 . The latte r agree ment ind ica t es that inser tion 
of t he probe limiter i n t o the plasma is not significantly al t e ring t he edge 
condit ions fu rt he r out. I n additi on to the va lues of js and Te' data for 1f 
a nd the body po tential ~L a re taken (fig. 3) . As the probe limiter is 
pushed in , the body float s negative with respect to th e torus, while the 
inner probes (1 and 3) float negative with r espect to the body a n d the oute r 
probes (2 and 4) float posi tive. With the probe limiter at r pL > 26 c m t h e 
body and pro bes float at approximately the fixed !imit e r poten t ia! . 

The f ac t tha t the pr:obes do not float with the probe limit e r body (eg, 
<lIf * 0 ) mean s that net cunent is flowing i n to the bod y . The loca! net 
curren t density j net t o t h e body is simp l y th e c urrent density drawn when 
the loca l Langmuir probe Is a t the sa me poten t ial as the bod y (<lip " 0) , eg 

(2) 

For ~f > 0 , jnet is posit ive implying net i on co llection l ocally and fo r 
4lf < 0 we have n e t elect r on collection ; jnetl js has been plotted in f ig . 4 
for the four probes. With the probe limiter at r pL ~ 23.5 cm minor radius, 
net electron collection a t the l eading edge is indicated by p r o be s 1 a nd 3, 
whil e farther out on t he body at r ... 25 cm (probes 2 and 4) net ion 
collection oc curs. Current is thu s flowing through the pr:o be l imiter body 
in a r adial direction. ente ring further ou t and leaving at the leading edge. 
As eqn.(2) indica tes, the probe lim l ter s ur face ca n draw no more than js ion 
curren t density (ion saturation) wh i le electron c urrent density can be ma n y 
times js' up to - 2 / jsl fo r the pr esent case, fig . 4. 

In addition t o the cu rreflt flowing through the body in the radial directi on, 
net current flows through the body in the toroidal direction . This is 
i ndica ted by the diffe r ences in jnet between the ion and e l ect r on sides in 
fi8 . 04 . At al l positions the toro idal c ur rent s within th e limlte r flow in 
the d irect ion o f the plasma current. Th is was also obse rv e d in T1 0 [3]. 
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4. Effect on Power Density and Sputtering: IR and eCD Cameras 

' Although the non-amblpolar flow to the probe limlter has little effec t on 
the ion flux, it does howeve r affect the s hea th potent i al and thus, the 
powe r flux and sputtering . The Langmuir probe measurements are correlated 
with the IR came ra (for the power) and eco camera measurements of Cl 
emission (for the sputtering) , table 1. While the plasma conditions (js , Te) 
are symmet ric on the two sides , s i gnificantly different electron currents 
(je - j - jnet) are drawn . The sheath potential and the power dens ities 
(Pe pJ are calculated using 

jills l i ,e .. \ ~samb\ + ill~ .e 

2kT 
Pe .. ~ (1 - ye)-l je 

2kT 
Pi = (~- ills) js 

(4 ) 

(5 ) 

(6 ) 

neglecti ng particle ene rgy reflection and assuming Tt = Te , Z - 1 . (lOb has 
been calculated usi ng secondary elect r on emission data from Woods et al [6] 
for tokamak-exposed graphite (y ,. 0 . 5) . The resulting total power Ptot i s 
signi ficantly enhanced on the electron side and this agrees well with the lR 
came ra measurements. The larger sheath volt age on the ion side results in 
enhanced sputterlng and this is in qualitative agreement with the Cl 
emission which is ~ 40% more intense. As expected from the probe 
measurement~, the Da emission is symmetri c on the two sides . On both sides 
of the lead1ng edge the shea th voltage i s , in r ela tive terms, reduced 
compared with furthe r out on the body. This enhances the power fl ux at the 
leading edge but r edu ces the sputtering . 

5 . Conclusions 

S trong non-ambipolar flow to a probe l imlte r is observed whi ch is in 
qualitat ive agreeme nt with a simple model . Toroidal curren t s a r e appa rent l y 
driven through the limlter by the toroidal e l e c tric field whlle radial 
cur r ents flow because the llmite r is i n contact with a spatially varying 
plasma . Similar observations have been made for the larger lC!. llmiter [7 J 
to be discusse d in a later pa per [5 ]. The general effects associated with 
the cur ren ts are, in the case of th e toroidal current, t o enhance power and 
su ppress spu ttering fo r the electron side re lative to the ion sl de , and in 
the case of the rad i al cu rrent, leading edge sputtering is r educed bu t powe r 
fl ux is enhanced. 
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Both the toroidal and the radial currents are caused by electron flows t hat 
are enhanced or suppressed compared with the ion flow , which is 
app r oxi mately symmetric on the two sides as 1s shown by the r e sults i n 
fig . 2 . The toroidal asymmetry in the electron f lux is ca used by the 
difference in plasma potential 64>s on eithe r side of the probe limiter , 
with the potential being less on tge electron side . This strongly increases 
the electron flux on the e l ectron side while having l ittle effect on the ion 
f l ux , as with simpl e l.angmui r probe operation (2]. The opposite effec t 
occurs on the ion Side, the electron f lux is reduced. The potential 
difference a ri ses because the body partial ly i nt e rrupt s the current t hat 
would be flowing in the plasma in the absence of the PL o 

The radial cu rrent is nearly i ndependent of the to r oida l asymmet ry and f l ows 
because the equ i potential body is in contact with a spatially va r ying plas ma 
(ne(r), T (r). ~ (r)). In genera l, the plasma to body potential at the 
leading e~ge is ygss than the sheath potential I~ I required fo r ambipola r 
flow (4]. eg S 

kT 
~mb _ t _e ... 

, e C 3) • [Ch ~)C Z + 
" 

whe re Ye(Te) is the seconda ry electron emission coeff i cient. As a result, 
net e l ec tron col l ection occu r s at the leading edge with the s i tuation be ing 
reversed a t g r ea t er minor radii. More detailed modelling will be presented 
i n a subsequent paper (5]. 
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DENSITY AND TEMPERATURE CHANGES IN THE JET EDGE PLASMA 
DUE TO NEUTRAL BEAN INJECTION 

S K Erents,* J A Tagle, and G M McCracken* 

JET Joint Undertaking , Ahingdon. Oxon OX14 3EA, UK 
* Culham Labor atory, Abingdon. Oxon OX14 30B , UK 

(Euratom/UKAEA Fusion Association) 

L Introduction 
A knowledge of the scaling of edge paramete r s with neutral beam power is 
important for predicting t he plasma behaviour as the beam power is 
increased . 
In ohmically heated discharges in JET it has been found t hat the edge 
tempe rature and density var{ 12 a predictable way with the line ave r age 
density and the input power I, >. In this pape r the effects of neutral beam 
heating on the edge paramete r s has been investigated. The edge temperature 
a nd de nsi ty have been meas ured over a ~ide range of condi tions using the 
Langmuir probes in t he scrape-off layer (SOL) . The temperature and density 
pr ofi les are no r mally expo nential falling with e- folding lengths of between 
5 and 50 mm. Fr om these measu r ements estimates have been made of the total 
ca rbon spu ttering yield f r om the l imiters . Sca l ing of the i mpurity 
production to higher beam powers is discussed . 

2. Expe riment 
The mode of operation of the Langmuir probes in JET to obtain ion cur r e nt 
density (IS(r» , and e l ect ron tempe r ature (Te(r» is described in pr evious 
publications . From these measurements the electron density (Ne(r» is 
ob t ained . 
Data are taken from an extensive neut ral beam heating campa ign in which 
various NB! powers were injected into 1-5 MA reference pl asmas . 
~leasurements were made as close t o steady state as possib l e , duri ng the 
plasma curre nt flat-top just before NBI , and one second into NB! when the 
temperatu re i s nea r to a ma ximum (for 2 MA discha r ges) and the internal 
ene r gy is no longer changing , (~= 0) . However, the mean plasma density and 
t he radiated powe r is still changing rapidly at this time, so a true s t eady 
state has not been reached . 

3 . Res ults 
Results for average plasma densi t y (ne)' ion current density (IS) and 
tempe rature (Te) at the first Langmuir probe position are plotted as a 
function of time in figure 1 . The edge density 15 mm behind the LCFS (last 
closed flux surface) calculated from IS a nd Te , is also shown . A NBI power 
level of 5 . 3 MW is injected at 9 seconds during the plasma current (2 MA) 
flat-top . Thi s fi gure i llus trates the type of result whi ch is obta i ned for 
a hi gh NB! power in jected in t o a low ohmic power (1 . 2 MW) discharge . The 
edge temperatur.e,~ which befo re inject i on is falling due to a slowly rising 
density, i ncreases immediately af t e r injection with a time co nstant of - 0 . 3 
to 0 . 5 seconds, then falls again as the edge density continues to rise . 
Very little increase In Te is observed when the ohmic and NBl power are of a 
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simi lar level ; indeed one second af t er NBl , re is often lower than that 
during the ohmic phase of the discharge . 
Oata extrapo lat ed to the LCFS is plo t ted as a func tion of t ota l powe r input 
(ohmic + NBI) in figure 2, f or plasma currents of 2 HA and 4 HA . The mean 
plosma density, which rises due to particle fuel ling by the beams , is also 
shown. The edge temperatu r e data is more scattered at t he hig he r plasma 
curren ts (4 NA), hu t has clearly fallen below its ohmic value one second 
after NBl switch on, for the higher NBI power l evels . Both particle flux 
and edge density continu e to rise with lncreasing total in put power. 
The effect of neutral beam heating on t he edge profiles is p r esented In 
figure 3. The e-foldi ng length of bot h dE.n;;lty (J.n ) and t empe r ature (h-r 
remain almost constant as the NBl power 1s increased 2~r a given ~t~sma 
current . This is in contras t to both ohmic heating ( a nd lCRH . In 
ohmic heating as the plasma curren t is i.ncreased the prof iles become 
progressively steeper Le. ~ decreases. For [CRH the profiles become 
flatter as the heating power is inc r eased . 

4. Discuss i on 
The slow increase in edge paramete r s at Nb! switch-on , ( • • 0 . 3 to 0 . 5 
seconds , figure 1), demonstrates that the disturbance is due to pa rticles 
diffusing from the core plasma rathe r than a di r ec tly induced edge effec t as 
obse rved with I CRH, (4) . 

The edge tempe ra t~re increases , but then quickly falls again as the edge 
density rises . The ri se is du e to the i nstantaneous powe r input at constant 
density. There are two possible e~planations for the fal l i ng edge 
temperature. The fi rst is that aS , the plasma density ris es due to beam 

'fUelling, the particle f lux and edge densi t y (via r e - cycling) rise . As the 
~artic l e fl ux t o the limite r rises the ave rage energy per partic l e , and the 
edge t emperature, decrease . Th e second explanation is that when the edge 
temperature rises for a given flux the number of impurity atoms sputte re d 
from the l1mi t ers increases . This initial increase is mainly due to ca r bon 
self-sputtering - the sputte r ing yield due t o deu terons is almost cons tant 
fo r ion energies corresponding to the Te range shown in figur e 2 . The 
impurity density then increases, and so even at constant density the total 
rad ia tion increases . This f eed back mechani sm results i n l ess power be i ng 
conduc ted to the edge and so the temperature reaches a new equilibr ium . 
Both these processes are likely to occur when the neutra l beam heatin~2~s 
turned on: An analytical model of these processes has been proposed, and 
an app roxi ma te exp r ession is derived that 

Whe r e PTOT is the total power input . 
the neutral beam heating results . 
Both particle flux and density show 
(figu re 2), and each show an almost 

This is 1n reasonable agreement with 

an increase wi t h to tal powe r input, 
linea r i ncrease wi t h plasma current . 
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The total power conducted to the edge, Pc is given by 

r s wall / A IL 
(P C + PNB1 - PRAD ) = J L"., · ys · ls (a).e -[" I.Te(a) e -r ·'r.dr (1) 

r - • 

where a is the radius of the LCFS. Y5 Is the sheath energy transmission 
factor and Lw15 the wetted height of the limiters. 
The power conducted t o the limiters has been calcula t ed using the 
experimen t al density and tempe ra ture profiles. It has been fou nd that 
Pc + PR is directly proportional to PrOT and that the data is In good 
agreement with the data for ohmically heated discharges, (2). 
The total impurity production rate resulting from physical sput t ering of the 
limiters has been calculated using the measu r ed particle flux and 
temperature profiles. It was assumed that the deuterium energy was the sum 
of the thermal energy plus that resulting from acce leration in the sheath 
potential . Physical sputtering only was assumed since no evidence of 
chemical sputtering has been observed in JET, (5). The results are shown as 
a function of NBl power in figure 4. Both deuteron sputtering and carbon 
self sputtering have been included assuming that al l carbon atoms ente r the 
plasma and return in an average charge state 4. It i s seen that the carbon 
impurity influx increases roughly linearly with total power input. This 
increase i s predominantly due to the increase in edge density. 

5. Conclusion 
Measu rements of the edge parameters have been made ove r a range of neutral 
beam heating powers and a range of plasma operating conditions. A 
reasonab l e energy balance between the heating power and the power radiated 
and convected to the limiters has been established. Init ially when neutral 
beam heating 15 turned on the edge temperature rises but it quickly falls 
again as the plasma mean density and edge density rise . A notab l e feature 
of the edge condition during NBI is that the edge profiles do not change 
significant ly. This is in contrast to the situation duri ng ohmic heating 
and I CRH. 
From the measured edge profiles calculations of the fluK of ca rbon sputte r ed 
from the l imiter have been made. The impurity flUK increa ses approKimate l y 
linearly with the neutral beam power . This is eKpected to lead to a less 
than linear increase in the impurity density due to increased screening of 
the impurity flUK at higher plasma densities. 
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CARBON EROSION AND DEPOSITION AT THE JET LIMITERS 

JP Coaa , R Behrisch* , J Roth·, L de Kock. J Ehrenberg** , G Israel , 
D H J Gooctall+ . W Wang* and M Wi elunskl* 

JET Joint Undertaking , Abingdon , Oxon OX1~ 3EA , UK 
* Max-Planck Institut fUr Plasmaphysik , 80~6 Garchlng-bel-MUnchen, ~HG 

+ Culham Laboratory , Ablngdon , Oxon OX1~ 30B , UK 
** on attachment to JET from the Max-Planck Institut fUr Plasmaphysik 

INTRODUCTION 

Carbon is the major impurity in the JET plasma , and may limit the 
ultimate temperatures and dens it ies obtai ned . To understand the carbon 
levels observed it is important to assess the production mechanisms at 
the Ilmiters and walls , and transport in the plasma . This paper 
describes studies of carbon erosion and deposit i on a~ ~he carbon liml~ers 
in J ET in 1986 , performed by marker eXperitDen~s. The pattern of erosion 
from and depos ition observed on the limiters represent a starting point 
for impurity transport calculat i ons and are also important for " 
predictions about erosion in future plasma machines with higher 
temperatures and larger pulses . 

EXPERIMENTAL 

Before the 1986 operations a carbon limiter tile was implanted with ,JC 
at 1 .11 MeV to a mean depth of - 2 ~m at a number of points on the 
surface facing the plasma. The " shape of the limiter tile was also 
accurately measured using a coordinate measuring machine to show up 
larger changes in dimenSions ()a few microns). The limiter tile was 
placed adjacent to t he plasma midplane on the limiter in octant 1 D. 
Altogether there were eight limiters in oper ation for a l most all 3200 
discharges of the 1986 campaign , the limiters bei ng effectively 12mm in 
front of the protection ~iles of the three R~ an~ennae. 

Whiie ~he investiga~ion of limi~er erosion can only give a global result 
af~er many discharges , erosion in one discharge was also inves~iga~ed 

with a special limiter probe which was also implan~ed with "C , however 
at ilOkeV (O .l lJm mean Qep~h) . The limiter probe was a 50mm diame~er 

cylinder of POCO graphite mounted on one of the manipulators of the Fast 
Transfer System (FTS) which allows samples to be inserted into the shadow 
of the limiterg just above the outer midplane of the vessel (in Octant 7) 
(fig. la) . From this pOSition , the probe has a short connection length on 
the electron drift side of -2 . 5m to a graphite limiter in octant 60 , 
whilst on its ion-drift side it has a long connection length of either 
-25m to the inner wall or -55m to a limi ter , depending on the size of the 
plasma. 

After exposure the limiter tile and the p~obe were analysed by Secondary 
Ion Mass Spectroscopy (SIMS) to determl ne the depth or the ,1 C marker . 
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In dddition nuc;1eat' rea ction t.echnHtues were used l O measure deuter i um , 
dnd Rutherford oaCk:;~;l tter i ng (RBS) a:1d Proton I nduced X-ray Emls:5ion 
(PIX~) were used to determine metallic deposits . 

R~SULTS AND DISCUSS ION 

On I.he limiter t il e the , le marker ildU disappeared in the cen Lf'",l part , 
whil e it ~ould still be de t ec t ed on the ede;es . On Lne i on dnft side ' 'c 
was discov ered 22 )Jm benea t h the sLrface , being co vered by a depo5ited 
layer o f , le contain ing o f the order of 0 . 5% !h impurity -Jnd sevt!ra l per 
cent o f hydroge n iso t opes (s% H. 1% D) . On tile electron (]rir t side even 
hea v ier' depos iti on was observed with some flakLng o f the depo:;it : flake 
thicknesse:;; "'e t'e about lOO )Jm . This is co ns i stent witn the phy~ical 

measu r e me nl: of the limiter tile (Fig . 2) . It ~hows that ove r the centra.l 
region of the til.e ero~ion of over 200~ m occurred . Fig . 2 includes the 
r es ult s from thr ee scans across the tile , eacn o f wh ich gives a similar 
pl'of1le . Three tiles of another limiter hav e also been measw'ed yielding 
s imi lar depthS of erosion . Computer calc\.ilatiorl s of erosion and 
redepositlon on lim iter surfaces predict lar~e erosion a nd r ede pos ition 
( ' ) . Howe ver , the net. changes appear to be small , so that the 200 IJ m 
observed here may only be a small fraction of the total erosion . 

The eros ion of the limiter tile IS 
the resuit o f abou t 3200 discharges 
including many different modes of 
operation and other even t s such as 
glow discharge cle a ni n g a nd 
d is r'uptions . I n o rder' to determi ne 
the erosion and deposi t1on during a 
well-defined discharge the special 
probe was exposed using the FTS . 
The probe was I nserted to withi n 
10mm of the last closed surface for 
two identical 5MA shots with 5 secs 
flat tops : a section of this li mite r 
probe is S!lOwn 1n Fig . lb. The 
surface at ali poi nt s on the section 
of the prObe marked in Fig . Ib with 
circles was a nalysed for D, Ni and 
Cr by nuclear techniques , and points 
also ma rk ed with squares were 
pro fll ed wit h Secondary Ion !-1ass 
Spect "o sco py (S IMS) to 
loo k for the I l e marker , and study 
the d ep th distribution or other 
elements . The probe s hows a similar 
e r osion pa ttern to that at the ma i n 
Limiter . At points furthest rrom the 
plasma the marker was present at a 
depth larger than prior to exposure , 
whil e nearer the plasma 
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fig . 1 (a) Relative positions or 
c omponents in the J~T vessel . 
( b ) Geomet r y or the lim iter probe . 
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the markers could not be detected . However, at the surface tangential to 
the field lines ,' c was detected bu t in a somewha t modified distribution . 
F'1g.3 shows the resules o f the nuclear analyses of the probe. for each 
analysis point the areal e lemental concentration is pl otted against the 
distance from the plasma . taking into account the angle between the 
surface normal and magnetic field lines . Large fluences of deuterium are 
observed of up to 10'· atoms cm- i

, disregardi ng the anomaly at the centre 
which i s due to the angle correction . The Ni a nd er are plasma 
impurities and on the ion side are in to t al about D.5S of the collected 
deuterium . The amounts collec ted on the electron-drift side are 
co nsiderably less , probably due to the shorter connection length . From 
the l arge amount of 0 obse rved even 1n the eroded regions it has t o be 
assumed that after erosion , codeposlti on of ca rbon and deuterium plus 
hydrogen occurred in a la t er phase of the d i scha r ge . A trapped 0 fluence 
of 8 x 10' " atoms cm- :Z cannot be due to ion im plantati on (2) at a plasma 
edge temperature of about 100-200 eV (J) , but ind i ca t es a deposited layer 
of about 0 . 2 ~m of satur ated ca r bon ( ~ ) . 

CONCLUS I ONS 

The JET lirniters show both large amounts of erosion and depOSition , 
according to the prox imi ty to the plasma. Close to t r.e plasma - 200 ~m 

have been eroded in 1986 , correspondi ng to about 60 nm (net) per 
discharge . whilst a few centimetres from the plasma up to 100 ~m nas been 
depos ited onto the or ig inal s urface : this Is t he cumulative resul t o f 
exposure throughout the 1986 campaign . 

The limi ter probe was exposed to just twO identical 5 MA discharges t o 
show what happens at the llmiter on a much shorter timescale . It lS 
f ound t ha t erosion and deposition patterns are very similar to the main 
llmi ters in t hat erosion o f > 0 . 1 ~ m occu r s near the plasma edge , and 
deposit i o n occurs a few centimeters away from the edge . However. there 
is also as much depOSi tion on the surface 1n the eroded zone ~ s 

elsewh e re : this must occur in a later part Qf the d i Scharl:\:e . It is 
therefore necessary to inv es ti gate this on a smaller time scale , so that 
one can ascertain within a s ingle dIscharge when erosion and deposi ti on 
occur . 

Globally , one finds that most of the carbon from t he liroiters (and from 
the inner wall ) \5 deposited on the sides of the limiters and on the RF 
antennae , wh ilst a relatively thin layer of carbon (witl1 ~ome 

co-depOSi ted 0 a nd H, and a low concentration of me t als) cover::; the 
vessel wall s . Th!:3 layer was not maintained on the i nner half o f the 
vessel i n 1985 , and carbon i satlon was fo und to r~duce toe met :lllic 
impurities in th~ plasma . However, the thin layer of carbon on the 
ve:::;se l '~all in 1986 may Simulate an all-carbon wa ll in JET , expl,liO!nl 
the low metal conr,entr3tions fou nd in the pLasma . 
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A COMPLETE NEOCLASSICAL TRANSPORT ~IODEL FOR THE TOKAMAK SCRAPE-GFF LAYER 

W. Feneberg, R. Zanino 

Max-Planck-Institut fur Plasmaphysik. EURATOM Association , 0-8046 Carch ing , 
Fed . Rep. of Gennany 

Abstract . We describe here the macroscopic momentum equat ions necessary to 
be solved numerically in a scrape-off laye r code which gove rn the particle 
transport of a pure plasma . Energy transport usually based on classical 
heat conduc tivity along field lines and anomalous heat conduction perpen­
dicular to the magnetic field is not considered here. 
The transport model given here is basis of the 2-D JET boundary code 11/ . 

A self-consistent model for the scrape- off layer of a toroidal limiter 
respectively divertor is stud ied using the classical two-fluid equations. 
In a extension of earlier ca lculations /1/. where only the contribution of 
the coefficient of thermal diffusion to the pe r pendicular transport has 
been taken into account we give here also expression s for the electric po­
tential distribution and the currents flowing in the scrape- off l ayer . 
These are driven mainly by a difference in the wall potential between the 
two positions where a field line hits the limiter respectively the diver­
tor plates. The potential depends from the temperature which is different 
on both sides of the limitcr due to the asymmetry caused by the neoclassi­
cal effects, as it is shown by code ca l culations /1/. 

Due to the Langmuir probe characteristic there exists a connection 
between wall potential and electric cur r ents from which we obta in for given 
wall temperatures the self consistent corresponding potentials which are 
influenced by currents only be ing in the order of the ion saturation cur­
rent . 

We discuss the poloidal plasma rotation caused by the rad i al e l ectric 
field which can overcome the parallel motion of the fluid near a X-point 
and in regions with Mach number M:S O. 1. 

The pressure gradient along the field lines in the scrape-off layer 
produces a current perpendicular to the magnetic surfaces de pending a l so 
f rom the parallel viscosity neglected here assuming the f ree mean path 
small compa r ed to the parallel decay length of the flow velocitz near the 
wall. 

The theory presented here is an extension of the work given by Singer 
and Langer /2/. 

~e start with the classical Braginskii two fluid equations , which give 
a complete set of 8 equations for the quantit i es If, 't , n. an d r/J, that is 
flow vel oc ity, electric currents, particle densit y and the electric poten­
tial in the sheath . Aim of the work is to derive analytic expressions tor 
most of the quantities to enter in the remain ing two equat ions to be solved 
numerically, which a r e the equat i on of continuity for the dens i ty 

~ 

'V 1'1 V '" Gl (Q ; source term) ( 1 ) 
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and the equat i on fo r the t o r oida l compone n t V" o( the flow velocity. which 
fol l ows f r om the parallel compone n t of the equation of mo tion : 

g ( (J ) ' a ( ,/ ,/ (if ) 
;i9 lie V\,Ve"IM , (\ + Y'J iJf Wl , "V,!,'g +lR 

V' aR ' -- <-> 'Jp - 0 - - i 2) - " ""', ~" d9 +1' + b ' fI{ , TT + fp <Jlp -
(P -'" neT + 'f.) is th e total p r essure, f '" Hp/B tp the ratio o f peloid a l t o 
tQroidal emagn~ tic fie l d , V ~ , VS the pe~pend icular a nd poloidal c omponen t 
of the flow ve l ocity ,b = unit vector of B, R th e major r adius) . 

\~ e use here an :lxL symme tric coo rd inate system fixed on the ma gnetic sur-

faces with " 2 
, 2 r ' ' r 2 r 

OS=Hj Of +-fieoe+R o~ 
( f i s a flux quantity; 6\f= H! ~g a nd SLp '" He 9 are t he radial a n d 
poloidal distances) . e 

I n t he exp re ss i o n (or t he v i scos ity b . 'J . TT we .:Jdd to tht! parallel 
v i scosity which is necessary to impose boundary condi tions [or the [low a t 
t he l imite r respective ly the d i vertor pl a t es a l so an expression for gy ro-

v~co'i~ a , g i ven / n 'if- (/3/" ) d (" _I) :Bp d I 1<\ d ("1 -I) 
b' IJ'173.,.:::- 2" Jt RHel'J't if: v'I'R +-RdlI1~B IJl 'yR 

, ~ "8 P r r 'r 

I'] .. "=" ~ iT: W1~ I( eJ3) (3) 

Equ a tio n (I) a nd (2) <:I re considered in it region where the sources Q are pre­
s ent , extending over the scrape-off l aye r and reac h i ng also inside the s e­
pa r atr i x in x- po in t geomet ry up t o it last magnetic s ur face called t he pl asma 
side where we pose conditions on V\ and Y!.p. 

In cases of ne u tral injec t ion t he co~ff icient of gy r ov iscos i ty which 
contai n s the perpe ndicular de r iva tes of (Vr R-I ) describes t he tra n spo r t 
of to r oida l mome ntum into t he scra pe - off I yer where th is e f fect can cha nge 
the flow pa ttern comp l ete l y compar ed with all code ca l cu lati o n s u p to now 
whi c h hav e neglected it . By t his also the impu rity tr ansport wi ll be in-
fluenced . 

Beca u se of friction t he i mpurit y flow is co upled st r ong l y to t he flow 
ve l ocity of the bu lk plasma i ons . 

The iner tial te r m and the v iscos it y in t he toroida l compone n t of th e mo­
mentum equation g i ve rise t o cu rrents pe r pendicu lar to th e magnetic surfa­
ces, which can be expressed using also the paral l e l momentum balance (2) by: 

'J3 Y;;'Rf f(' d') f;Jp 19 p= VI"": R dip p + p 17, lTil P - P dLp (4) 

That means that the perpendicular cur r ent i s p r oduced ma inl y by the pa r allel 
pressure g r adient i n the sc r ape off layer . Viscosity a nd the centrifugal 
forc e e n te r ing i n equ . (4) are conside red a s small ~uantities and will be 
negl ect~d in fu t ure cor r es ~o.nding to an ordering M~ t.... L f;' R /1:l, 1J 
res pectlvely NY'.l. ~ I DU £..L I , where f.l tp is th~ Mac h numbe r of the to­

.Ji0idal flow velocity, AI' t he parallel decay length of Vy respective l y p , 
)... i the f r ee mean pa th 0 the ions du e t o ion-ion collis ions. GYl.""ov i scos ity 
being muc h smaller tha n the para lle l v i scosity was not take n into account 
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here. 
The curren t s in the scrape- off layer have to flow divergence free, 

therefore the perpend icular currents produces a retu rn current along field 
lines such. tha t 

(5) 

As usual the return current deduced from (5) contains a free flux func-

tion' d 56 Jp 
Vi' le /+19 -" (; 'dB) Se = 0< (f) Of 1/) f 

(Here we have integrated along a f i eld 11ne from position ( l) • where i t 
star t s at the wall to an arb itrally poloidal position - a -. ia i s the 
po l oida l component of the cur r ent. ) 

Th e exp r ession for -.the paralle l current can be found complete l y from 
Ohm's law parallel to IS: 

-> _ 0,') / - _ 1- 17. 
- \1,1 <p = III 1" e V,I I~ ~ e 11 Fe 

(6) 

(7) 

The electric field we are using is E = - V4> and 11" is the parallel resis­
tivity . The coefficient of thermal diffusion be ing - ~ i!. Tt is also 
taken into account here. e If e 

From this and the force balance perpendicular to the magnetic surfaces 

(8) 

where inertial effects are ordered to be very small compared to the pres­
s ure gradien t, we ob tain the fina l expression for the return current by 
integrating along the fie ld: ~ 

"', " H ~ dP 
Q«( ~)S H"~"se=J(~ -)cfe+iz)-4J(I ) -t-

'1 ,r;; .ll fI d f 
(I) Jp v3 (I) f f C') l I~) dp 

O,ll ( ,d _I") ~("-1.. OPe J e _ S fI~ ~" ~ (J ~ <)8 Se\ ~e (9) e Te - le / - -e de r Vj df (I) ~'" / 
t} (I} T,. I 

In opposite to the bulk plasma, where the electric potential can only be 
found up to free constant , in the scrape-off layer the electric potential 
depends from the values at the two posit i ons (1) and (2) where a field line 
hits the wal l. As long as the electric currents flowing into the wall are 
smaller than the ion saturation current we obtain the boundary conditions 
f r om probe theory /3/ to be 012'" 3 . 5 Te (I,2). 

The return current in equ . t9) is mainly a thermoelectric current driven 
by the di ff erences between the wall temperatures. We neglect in the fo l lo­
wing the contribution of the resistivity on the right hand side of equ . (9) 
and give the eXDression for the radial electric (jeld: 

£ -= - V <f>(. -~) = ~. (C.I~ T'" _ 4> _ Q:.iL T. -+-
S 1)' ( t e 'e (I) (-,.e l. 

c "t:7 I ~I -H ) 
r , Je )' .,. J _"--b ~ _ o(, , "J -r= ,- " 

~ b , f} ..!, '. 3 ( 10) 
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The toroidal componen t of Ohm ' s law contains t he perpendicular flow ve l o -

( 11 ) 

The radial electric field e nter s the poloidal flow velocity in the well 
known equat i on : I dP: 

Ve := +;, V'f - tj' /By' + VJ eJ3 d'l' (12) 
. 'f 

Th e equs . (9) , (10), (11) and (ll) together with the equat i ons of con ­
tinuity ( 1) and the parallel momentum equation (2) describe a comp lete 
l:ielf - consistent neoclassical transport model [o r the scrape- off laye r. 

/ 1/ R. Simonini , \.J , Fcneberg , A. Taroni, 12th Eu r op . Co n f . on Cont L Fusion 
and Plasma Phys . , Budapest, 2-6 Se p tember 1986. 

/2/ C. E. Singer, W. O. Langer, Phys . Rev . A, 28, 2, 19B3 . 
/3/ D.H . Hanos, G.M. McC r acken , Nato ASI Serie"'S';'" Proceedings of Nato Summer 

Sehao I , 1984 . Queb e c . 
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TWO- ZONE l',ODEL FOR THE 'fRANSPDRT OF IMPURITIES INJEC'l'ED INTO THE EDGE OF 

A TOKAMAK PLASt1A 

II . A. ClaaBen, H. Gerhauser 

Institu t fur Plasmaphysik . Kernforschungsan la~'e Jiilich GmhH 

Association EURA'fOM- KFA , P. O. Bo>: 1913 , D-5170 Jii lich, F'HG 

One method of stuo,ving the transport of impuri tj es in the edge plasma 

of a t okamak is to inject non- intrinsic metal atoms from the torus wall in­

t o the pl asma and to follow their ionization sequence and their space- time 

evolution . 'l'he migration of impurity ions of specified char ge in the eoge 

plasma is determined by the simul taneous act i on of a variety of processes : 

ga in and loss by electron impact ionization (and eventually recombina.tion 

and charge- exchange) , cross-field (in) dirrus ion due to the correlated ef­

fect of density and electric fie l d fluctuations , cross- field drift due to 

friction with the poloidally rotating plasma , as well as parallel-field 

( li B) convection due to friction and electrostatic forces i n t he scrape-off 

layer (s . o . l . ) . The relative importance of these processes and the attain­

able population dens ities of the various ionization levels depena . of course, 

on the injection parameters (puJse duration , energy and angu lar distribu­

tion as well as species of the injected impurity a t oms) and the background 

plasma . 

It is the aim of this paper to present some praliminary results con­

cerning the influence of some of the aforementioned processes on the trans­

mission of a toroidally uniform metal injection pu l se with a Gaussian time­

dependence assuming a two-zone model for t he edge pl asma . This model (see 

f ig.1) subdivides the edge plasma into s . o . l . and outer region of the plas­

ma core and treats in a very simplified form two- dimensional (radial- toroi ­

dal) variations of the plasma par ameters . The radial plasma profiles are 

simulated by s t ep functions, the steps being located at the separatrix. In 

contrast to the core region the s , o , l. is char acterized by low values of 

plasma density and electron-ion temperatures and subject to b B components 

of e l ectrostatic forces and plasma flows . The latter are assumed to in­

crease linearly in toroidal direction towards a limiter or a divertor 

throat . Th i s implies constant values of plasma source and plasma density , 

but presupposes that the electron and ion temperatures undergo slight to-
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raidal variations, which are neglected in this study. 

The analytical treatment of the pr~sent. t i me- dependent impurity trans­

port problem , which ignoras recombination and charge- exchange a::; \~e]) as 

impurity-impurity interactions , is given in detail in ref . [1) . It proceeds 

basically in three st.eps . In the first step the drift-kinet.ic equation for 

each ionization level is averaged over the velocity component Vi and then 

transformed into a set of transport equations by expanding the averaged 

guiding- centre distribution functions in eiganfunctions o f the li B convec­

tion- collision opera t.or similar to the method out. lined j n ref . (21. In the 

~ step the transport equations for the expansion coefficients are de­

coupled i n zero order approximation assuming a col lision- dominated scrape­

off plasma and a toroidally unifor:n impuri ty source function , which is even 

i n vU" The first two zero-order expansion coefficients A~(e., t) related to 

the density (m=O) and the li B particle flux (m=1) satisfy the following 

equation written in Cartesian coordinates : 

cros s - fie l d diffusion and 

,,0 a ~ 13 Ao 
----.!!! + -- D ~ + 
at ae, 1 ae, 

r 

convection source function 

~lA~) + ("r + Am"e + ~;:\~ = ~~ (1) 

r -t.JJ 
ioni z9.ticn and convectjon losses li B 

time variation due to time- dependent surface and vo l u me sources 

~ refers to step\1ise electron impact ionization of th e in,iect.ed impurit,v 

a toms . 8 m1 is the Kronecker symbol. Vc and i'l
m 

are respec ti vel,V the frequen ­

cy of i mpurity- hydrogen ion colli s ions and t he eigenvalues of the li B con ­

vection- collision operator , bot.h de termin ing the effectjve convection time 

'fl~ ' Eq . ( 1 ) holds for each ionization level . It also applies to the sum of 

all charge states (t9.king vI'" 0) . if th e char ge-dependpncc of DJ.' VI. and ~,i 
is j gnored . ]n the t.hirc! step -eq . (1) is solved by l..apl ace t.ra nsforma tion 

with respect to the time (a different method \~aa g iven in ref. (31) using 

the boundary conditions A~(! oo , t)'" 0 , which a t the t orus wall e. = .1 yields 

a boundary va.lue som~\1hat in betwp.£!n Epecu l 3r ion rerlection and complete 

i on a bsorption 

been derived). 

(an approximate solu:ion sa tisfying 11°(6 , t) ~ 0 has d so 
m 

Due cons id erat i on i s given to t he continui ty conditions for 

density and l B particle flux in t.he presence of 'plasrr~3 d i scontimliti e:=: /-It 

the spparatrix e. ,,0 . 'rhe solution contains the S(lUT(~e function Rnd the ini-
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tin I condition A~(~ , O) , whlCh had stjll to be spec i fied for 8 numerical eva­

luation . This was done for m=O assuming a Gaussian i njection pul se of 1IJ0no-

energetic 

where V '" 
w 

time) the 

Tl - atoms leav~ng the torus wall in radial d1rectl0n , 

n (t) = N /(V t Jii ) o,p (- (t_t , )2/ t2) (2) 
w w W 0 1"'\ \ 0 

f 2k'fw/IDz 1S the lnJechon veloclty . Asswmng t1=2to (t.o save CPU­

initial density could be set to zero with sufficient accuracy . 

In a preliminary study we calculated the total density and the l.B flu.x 
2 of Ti - ions (summed over all charge states) taking the same values DL=lm Is , 

VL = 0 or 10 m/s and ~! with Zeff= 5 for a l l ionization levels . Zeff= 5 is 

appropriate in view of the short pu lse duration (t = 40~ s) and the plasma 
12 3 0 13 

paramet.ers chosen (n = 2xl0 /crn , ~T . = 10 eV for the s . o.l . and n =10 / 
3 p e , l p 

cm • kT . = 100 eV for the core periphery) presupposing an injection ener-
0 , 1 

gy kT = 25 eV , which causes a fast penetration of Tio into the plasn~ core . 
w 

Fig. 2 shows in normaJized form the time evolution of the radial density 

pr ofi les and fig . 3 the time- dependence of the ion-flux across the separa­

trLx . Comparisons ar e made With 'T:= D:I in case the liB for:::es i n the s . o .1. 

are neglected . Corrections due to complete ion absorption at the t.orus wall 

are also indicated . For injection energies in the range of 10 eV and above 

the injected Ti -atoms cross t.he co l d s . o .1. a lmos t unaffected t.o be ionized 

and accumul ated predominantly at the hotter and denser core periphery . Thus 

steep density gradients are soon formed at the separatrix leading to a back­

diffusion of Ti - ions into the s . o . l .• where they are swept to a limi ter or 

divertor target . Later the density profiles are smeared out decaying to ze ­

rodue to i on losses at the tar lO,"€ t s , the torus wall ;nd deep inside t he plas­

ma core . A superimposed radial convection ( ~ 1 0 m/s) slightly shifts the 

density pr ofi les inwards or outwards according to the velocity direction . 

For injection energies of t he order of leV and below a density maximum 

forms insid e the s . o.l. (for t he salle plasma parameters ) . It moves towards 

the plasma core in t he decay phase of t he injection pulse and reverses the 

ion flux across t he separatrix during an intermediat.e time interval. 

[1} H. A.ClaaBen, H. Gerhauser , Report J tlL- 2115, KFA Julich (Febr . 1987) 

[21 H. A. Claa Ben , H. Repp, Nuclear Fusion ~(5), 589 (1981) 

[ 3] G. FUBmann . Nuclear Pusion 26(8) , 983 (1986) 
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A KINETI C MODEL OF A SCRAPE-OFF LAYER WITH RECYCLING 

R. Chodura 

Max-Planck Institute fur Plasmaphysik, 
EURATOM Association, D-8046 Carching, Fed. Rep_ of Germany 

Abstract 

A Id particle model with a Fokker-P lanck collision term is used to describe the energy 
flow in a scrape-off layer with particle recycling. Hot par t icles from the core plasma and 
relatively cold recycled particles from the target plate form a veloc ity distr ibution with 
a low energy maxwellian bulk distr ibution and a tail in target direction of energet ic 
particles which cannot be maxwellized within the path length along the layer. The 
energy flux is mainly carried by these tail particles, whereas the other flow quantit ies 
are determined by t he bulk particles. 

Introduction 

In toroidal plasma configurations the core of closed, nested magnetic surfaces is sur­
rounded by a scrape-off region, where magnetic field lines end on materi al walls, i.e. 
limiters or divertor plates . Particles and energy, diffusing perpendicularily to t he ma­
gnetic field out of the core into the scrape-off layer flow there mainly parallel to field 
lines to the target plates. P lasma ions reaching the target are recycled as cold neutrals 
and eventually become reionized. Thus a cloud of cold plasma in front of the target 
is formed. The energy flux along the scrape-off layer has to provide the energy for 
ionization and heating of the recycled partices, fo r the kinetic energy of the ions and 
for the energy of some electrons to overcome the potential barrier of the sheath at the 
target. 

The scrape-off layer contains hot core particles as well as relatively cold recycled par­
t icles. The hot core particles may have mean free path lengths for relaxation which are 
comparable or larger t han their path lengths from the place of their appearance in the 
scrape-off layer to the target p late. The velocity d istribution of these particles is thus 
expected to be strongly non-Maxwellian. The relatively co ld particles, on the other 
hand, have mean free path lengths of a small fraction of their total path length and 
are Maxwell distributed. A kinetic model is thus demanded to describe the relaxation 
process between hot and cold particles and the energy flux along the scrape-off layer. 



757 

Model 

The numerical model is a Id electrostatic particle-in-cell code for the plasma electrons 
and ions including a Fokker-Planck representation of the velocity change by Coulomb 
co llisions [I ]. The magnetic field is assumed perpendicular to the target plate along x 
(Fig. 1). The particle flow originates from a source of hot particles with temperature 
Ti = T~ = Th near the symmetry plane x= O. Ions reaching the target plate at x = L 
are redeposited as cold electron-ion pairs with Ti = Te = 0 in front of the target plate. 
An amount of energy representing the ionisation energy of the recycled particles is 
withdrawn from the already existing electrons. 

s,..-.h, 
pi .... , 

, 
j ~1o. w.lh,ol ltV> ""\1,10 01 h. , m •• 1"" .... 
;---D" I«"oni~lh" .".,.,1«.",,,. ! 

Fig. 1: Schematic situat ion of a Id scrape-off layer with recycling. 

The code resolves the electrostatic Debye sheath. In a real scrape-off layer the sheath 
thickness A8 is 4-5 orders of magnitude smaller than the mean free path lengths A of 
bulk particles and even more orders of magnitude smaller than the lengths L of the 
layer. In order to keep these quantities in scale A, was artificially enlarged relative to 
A and L. Thus, as in reality, 

where Ah is the mean free path length of hot core particles, but the numerical relation 
of A, to the other quantities is unrealistic. 

Results 

Figure 2 shows steady-state profiles of flow quantities and electric potential over x for 
a hydrogen plasma. Hot core particles are fed in at constant rate near X=O with an e­
fo lding length 5 at a temperature Th = 10 (in arbitrary units) . Ions reach ing the target 
are recycled with an recycling coefficient R= 0.9 as electron- ion pairs over a e-folding 
length of 20 in front of the target plate at L= 80. An ionization energy of W i on = 0.4 is 
withdrawn from background electrons. The sou rce distribu tion determines the particle 
flux r. The other curves of Fig. I show density n and mean velocit.y V of ions and 
electrons (which differ only in t.he sheath) toget her with the isothermal sound speed 
C = [(T.: + T~)/miP/2. At the sheath edge V= C. Electron and ion "temperatures" 
(parallel and perpendicular to the flow direction, TII and T~ respect ively) are much 
lower than Th of source particles . The energy input of electrons or ions in the source , 
Qh = ~ rhTh = ~0.OO233. 10 = 0.035 is mainly transported as heat. flux q = ~. 

<{v - V)2(V", - V",) > in the pre-recycling region and is partly transformed in ionization 
energy rate, convect.ive and ion kinetic energy flux in the recycling region. 
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Fig. 2: Density n, mean velocity V and isothermal sound speed C, temperatures 
TII and Tl. parallel and perpendicular to the flow direction for ion and electrons, 
particle flux r, heat flux: q, potential 0 and electric field E as function of x for 
steady state. 
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The energy transport of electrons and ions through the scrape-off layer is characterized 
by a velocity distribution of relatively cold Maxwellian bulk particles and a tail in 
the direction to the target of energetic particles from the hot source. This is shown 
in Fig. 3 for the ion and electron distribution F(vz:) = J J dVydv~/(vz:,vlI'v~) at 4 
locations x on a logarithmic scale. Source particles with their thermal velocity Vth = 
(Th l m)I /2 have a mean free path length for energy transfer to bulk particles of the 
same kind of Ah = 5 . 102 , Le. much larger than L. Since Ah oc: v4 , only particles with 

velocities v < 0.63vth = 2.0 for electrons and 0.05 for ions can be thermalized to the 
bu lk temperature within the system length L. This limit can clearly be recognized by 
inspecting the deviation of the distribution F from a Maxwellian (of the same density, 
mean velocity and temperature). For bulk particles).. ....... 4 . 

.. "" "'" "", ., ,,,, ,,,,, " "" ... - e", F; ... - """ " "",,'",,,,"",,',,' 7' . 
-rt\V\N -}[ bl-ll\J -; "' .. \_ 

0_ ••• " . .. ' ..... ._'R 'R '" '" .. ''' ,_.~ ." . R ...... " ,,,.__ .~ ... . .... 

~:'-J-J\,J U\~ ,-]\, 
.... .. , R''' ' '' .. ,." . .. '" 

Fig. 3: Ion and electron distributions F(vz:} = J J dVydvz/(vz:,vlI,v.) at 4 locati­
ons x = 29.4,59.4, 75.4, 79.8 and corresponding Maxwellians (dashed li nes). 

Only thermalized source particles contribu te to the heating of the cold recycled plasma, 
whereas the fast tail particles move more or less freely to the target plate. The tail 
particles contribute very little to the low moments of the distribution, i.e. density 
(nhln ..... 10-3), mean veloc ity and temperature, but carry most of the heat flux q. 
Thus, in the situation at hand no local or non-local relation between heat flux q and 
temperature gradient 'VT is applicable. The potential drop t:::..olJ over the sheath is not 
noticeably changed by the tail in the electron distribution, i.e. et:::..o lJ = 2.8TelJ as in 
the case of Maxwellian electron distribution, where Tu is the electron temperature at 
the sheath edge. But the elctron energy flux Qu =< ~me V2Vz: > at the sheat edge is 
s ignificantly larger, Le. Qu = 6er IJTu with 6e = 7.6, as compared to 6e = 4.8 for a 
purely Maxwellian electron distribution [2], 
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DESC:ITP'l'IO:! OF I llPUHITIES WI'l'H AilllI'l'R;J1Y COIW!.:::rTRATIOH 
IH Tlill SCjL'-..P~ -OF'P 'l'oIGJ.lAK PL:,.S:.:.A 

I gi -tkhOll0Y i'u.L ' t Po?.harov V . A. , Pistnnoyich v.r . 
I. V . Kul'ch~t()v In:J '~i tute of i,to:.uc :~:lcrQi , i,io8CCI'.-i ,USSH 

AllSTRACT 

;.. 2D-sclf-consi::>tent model of impuri t~r ion tr~~:1:3port in the scrape ­

off laye r and in the divert or volume has been developed . In diftc­

rcn~e iron. t!le previous model::: of t en·t purti cl c 3 [1] I the conc el~­
tration of impuri tics in t he divertor cc.n be T2.ther larGe (L/l~ ·2 > (!.l 
cnd determine the pc.rametcrs of the main pl ar!i:l~ . The mein plasma is 

described \"li thin the fre.mes of 2D-hydrodynarrric~ tran~port equati­

ons and it is cOl1nistent with the tmpurity problem: the plasma. f10vI 

to the divcrtor plnte provides the ir"puri ty ion flux from the pl e -

te due to sputtering , plasma electron and ion transport coeffici­
ents as well as the l onsitudinal e l ectric potential depend on the 

impurity concentration . The 20-moment Grad metilod is u se d to descri ­

be the impurity ions . The expressions in the explicit form have 

been derive d fo r the transport coefficient in the equati ons of mul -

impurity ions f or all charGe state s . The transversal tr~~sport for 

all the components is simulated as a clifft.;sive one \'/i th the anoma­

lous (Bohm) transport coefficien t . It is shonn that a t h ermal 

force affectin a highly- ionized impurity ion \·,cekly depends on its 

~harge state (in difference from the test-particle approximation ), 

when the relaxation of protons in eo plasma is determined mainly by 

the collisions with impurities . The last effect results in the 

reduced pushing of such imptlri ties by a thermal force in comparison 

Vii th the friction force due to the streamine; plasma flow onto the 

plate (this friction forc e rewuns to be proportional to Z2). 

This results in the possible impurity circulation vrithin the dive ­

rtor v olwne, \'/i th due regard for t r an3VE:rsal diffusion , and in 

the impurity localization n eor the divert or plates. 

1 . Igi tkhanov Yu . L. , Pistunovich V.1.. Pozharov V.A . lA}; 
Freprint 4217/8 . 
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I MPURITY TRANSPORT AT THE PLASMA EDGE IM TOKMlAK 

Krupin V.A., Yushmanov P.ll. 

I.V.Kurcho.t ov Institute of Atomic Energy, Moscow, USSR 

The generalized trensport :'n the P!irsch-Schluter regime for 

arbitre..ry pcrturbations in the impurity concentrations has been 
dl7rived. The Coulomb collisions at the plasma column edge are fo-

und to be so effective that lono. tudine.l flo\'1s cOJ'.Dot equali-

ze the impurity ion density upon the magnetic surface. As a re­
suI t I D: pol oiclo.l aSyr.1>'1lctry in concentration observed in the ex­

periment emerecs. Unller these conditions the neoclassical theory, 
at;;~uming the smcllnesD of pert urbation.o upon the magnetic surfa­
ce 'ii/11 0 «t ~turns out to be inapplicable. The calcula­

ti on of i mpurity densities in t he hydrodynamical approximation 

wi th the account of II radial ditfuoive flux nnd ionization sour­

ces io carried out in the pa!'lcr. 'l'h l=! TlP,~P flt.d. +'~r ~d' +ho N.i!!·" ~ ':' i'",:, 

flux accoun t , \",hich foll0'0"ls fro;n the violation of the approxir.m-

t ioi.l 11""' Ilto «!:" , resul "(;s in a rise in the order of equations 

in cOlilparizon \"1i th the tradi tione.l approach . Ul!der these condi ­

tiollS the Ilf i:CDch- Schlutcr r .s.dial. flm:c::!, Generalizing the known 

n~ocl~8.:::!.cc.l c:;.:prez3ivn~ . haY€: teen eel (;llla~ed. 'I"ne f>"ddi "tianal 

t orme are :::hO'illl in the exprer.;oion far t ha flux to be important 

in the tra.""l :.:ient pro ccsecs O.iu y . i.ll equ:i.li briWJ state \"'1 th 11 ze:::-o 

flux is dc s cribed by nn cxpreusion cl o::;c ta the neoclasGice1 one . 
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n{j~ IHPUI{UY CONTROL LlMlTER EXPERIMENT ON OlTE 
G F Matthew-s, G H HcCracken , n H J Goodal l, C S Pitcher"', P C Stangeby*, 

J Allen, R Barnsley**, RC Bissel, S J Fielding, N Hawkes , J Hug!ll , 
!' C Johnson, L N Khimchenko**~, A M Te r nopol**** 

Culham Laboratory, Ablngdon, Oxon 0:<14 JOB, UK 
(Eurat om!UKARA Fusion Association) 

* Insti t ute of Aerospace ~tudies. University of Toronto, Canada 
** Depart,nent of Physics, University of Leiceste r, Leicester , UK 
*** Kurchatov Institute , NOSCQw, USSR 
****Pnyslcotechnical Institute, Knarkov , USSR 

1. Introduction 

In this paper we prQsent results from the impurity control limlter (leL) 
experimen t which is installed on the DITE tokamak . Unlike a conven tional 
l1miter the le1 is toroidally concave on the side facing the plasma. It is 
des igned so that the majority of the inc ident ions st rike the hack of its 
ca r bon tiles which are at a n angle of 35 0 t o the toroidal magnetic field. 
Impurities sput tered from these surfaces are directed towards the walls and 
have a low probability of ion i sation . Also, the ionisatIon which does occur 
is strong l y locali sed in the scrape-off layer (SOL) IJhere impurities a re 
lUore likely to be driven back to the limiter . Quantitative predictions of 
the r elative importsll ce of these effec t s have been made by ' ~1atthews, et a l 
(1987) using a 2- D Honte-Ca rlo sputtering code . These calculations showed 
that a signif i cant reduction ln the carbon impurity content could be 
achieved in situations wh ere spu tt e r ing fr om the limiters is the dominant 
sou r ce of contaminat i on . 

2. The Experiment 

The ICL co ns ists of a 180 0 poloidal sector of 21 cm radius made from 9 
poco- graphite tiles . Figure l(a) shows a section through one of the tiles 
and l(b) the comp l ete assemb ly . Twe lve flush Langmuir probes are used t o 
diagnose the plasma local to the lCL. This information can be combined with 

SOL 

GRAPHITE 
TILE 

(a) 

17cm 

CARRIER PLATE 

GRAPHITE 
PROEES 

(b) 

Figu r e 1 The lCL (a) tile cross section (b) the assembly 

LANGMUIR 
PROBES 

GRAPHITE TILE 
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the measurements of line radiation from s pecif i c neutra l impuri ties, made 
with eco came ras imaging t he leL, and used to test the predictions of the 
2-D code . An infra-red camera enables thermographic studies of the 
vulnerable leading edges of the l eL (Goodall, 1987) . 

The leL can be withdrawn completely f r om the torus and two g raphit e rail 
limiters l ocated at the top a nd bott om of t he machine driven into the same 
radi us for comparison . These rails a re of conventional geomet r y with a 30 0 

cha mfe r at the leading edge . On a nearby port a r ap id movement La ngmuir 
pr obe measu res t he plasma parameters In the shadow of the rail li.miters. 
Imsging of the r ai l s with the CCD came r a is also possIble through a 
tangenti a l window on an a djoining octant of the t orus . 

3. Results ----
3 . 1 Global Behaviour 

Compadsons are made between the r ails and ICL i n both he lium and deuterium 
plasmas . A s tandard ohmi c discharge is described with a plasma current of 
100 kA and a toroidal magnet ic field of 2 t . In he lium the l CL reduces the 
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Figure 3 ~lectron density a nd 
temperatu r e , at the lCI. 
radius , ve r s us ne ' 

total r adiation (PR) t o less than one half of that ... ~/:!n with the r a il s at 
all qens itie s . In addition , the l oop voltage falls by 107. (frolD 2V to 1 .8V 
at lfe - 3:<10 19m- 3) , consequ en tly rducing the ohmic input power (POH )' the 
radiated fraction PR/Pall ' which i s pl otted in figure 2 as .1 f unction of line 
averag'O! e l ect r oll density ne' is 451. lower with the I CI. than with the ralls 
in helium p ln. SI1l3S . 

In deut e r iufll , where the dl~ruptive den s i ty I t'nit 1s ,l l ,nO':lt thr l!~ tiln l~:j lowe r 
than in helium, the lCI .. has a sloal l er effec t on glona1 ;><lr ,lInet ers; it 
reduce .. the to t a l radiation by 207. a lld the loop voltage by 4% (fro:n 2 . 3v t o 
2 . 2V at ne'" 3xlOl~-3) . 
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3 . 2 Local Behaviour 

[n figure) the poloidally averaged electron density and temperature at the 
l eading edge of the let are plotted as functions of Hne average density . 
These measurements are loude with cho:! Langmul r probes embedded in the l CL. 
Helium and deuterium plasmas have very similar edge electron density 
profiles at a given Line average density . However, the elect ron temperature 
in deuteriu m fall s much more rapidly with increasing line ave r age density 
than in helium, and in both cases the density limit i s reached wlth the edge 
tempera tur e in the reg ion of 10 to 15 eV. 

The Langmulr probe measurements have be ell used as input data for the 2-D 
sputtering code . This model ca lculates the ene r gies of the incident ions 
from t he specified plasma condltions and determin~s the physical s putter ing 
yield (Bohdansky , 1984), se l f sputte ring and chemica l spu ttering are 
neglected (Pitcher, 1986) . It then gene r ates trajectories wlth the energy 
and angula r dist ribut ion spec i f ied by Thompson (1981) and compu te s the 
ionisation of the s puttered at oms in each plasma ce ll. In the case of 
carbon the photon efficiency (Pospieszczyk, 1987) is used to comput e the Cl 
emiss ion at each po int and this is then integrated torodially along the 
lines of sight . The results of this procedure are shown in figure 4 along 
wit h the normalised radial distributions measured with a CCO came r a fitted 
with a Cl (9050 A) interference filter . Theory and experiment are in good 
agreeme nt considering that there are no arbitrary parameters . As pred i cted , 
the lCL pushes the Cl sou rce into the scrape-off layer, in complete contrast 
to the rail limiter where the bulk of the emission is located inside the 
limiter radius. These observations apply equal l y to deuterium and helium 
plasmas . 
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4. Spectroscopy 

A wide variety of spectroscopic data Is available . lntensities of 
Fe XVII(lSAO) and DV III(19A O) near the centre of the plasma are measured 
with a Bragg rotor spectrometer (Barnsley , 1986) . In the ultra-violet 
region of the spect rum OVI(1037AO), OV(629 . 7AO). CV(2271AO) and CIII(1176AO) 
are monitored . An analysis of this data using a l;-D transport code 
(Behringer, 1986), shows that the radi a ted power is dominat ed by oxygen and 
carbon in all cases . Far from either limiter, a visible spect rometer Is 
focused on the wall and observes CII(4267AO). OII(43S 1AO) and CrI(4274AO). 
When there is 8 change from deuterium to helium the wall influxes of carbon 
and oxygen a r e reduced by a factor of 10. 

In helium plasmas the impurity concentrations deduced from the QVIII and CV 
shows only a small reduction when the rail limiters are replaced by the ICL. 
However, the lower ionisation s ta tes OIl , QV, QVI and CII, CIII indicate a 
halving o f the influx. This inconsistency cannot be resolved by a 1;-0 
impurity transport model and so a definitive analysis of the impurity 
control cannot yet be provided. 

5. Discussion 

Significant global impurity control has been demonstrated with the I CL in 
helium plasmas but it is not as great in deuterium. We believe that this 
difference is due to the dominance of the impurity influx from the walls in 
deuterium. Support for t hi s vi ew is provided by spectroscopy of the wall 
sources of carbon and oxygen which show a ten fold reduction when the switch 
is made from deuterium to helium. This behaviour is probably associa t ed 
with the charge exchange flux which is found in ASDEX to be 5-15 times lower 
in helium than deu terium (Verbeek , 1987) . However, the physical sputtering 
yields are too low to explain the influxes and so charge exchange induced 
desorption must be postulated (McCracken , 1987) . 

The physical sputtering of carbon from the I CL and rails and its subsequent 
ionisation is well described by our 2-D compute r model. This aspect of the 
problem is in accord with our predictions and is well understood. 
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THE THERMAL PERFORNANCI:: OF THE IHPURIT'I' CONTROL LIMITER GRAPHln: TTLES IN 
SIHULATIO N EXPERIMENTS ~D IN THE U[TE TOKAHAK 

\} H J Goodal l , G F Matthews, G H McCracken , C S Pi t cher* and tJ A Hughes 

Cu l ham Laboratory , UKAEA, Abingdon, Oxon . OX14 30B 
(E u rato~/UKAEA Fusion Association) 

* Institu te f or Aerospace Studies , Univers ity of Toronto, Canada . 

1 . Introduct i on 

The impurity co ntrol limit e r (leL) in the DITE tokamak is mad e f rom 9 
ind ividua l graphite tlles whi ch hav e a thin t ape r ed leadlof }dge sha ped to 
minimise the sputte ring of impurities Into the plasma 1 . The cross 
sec tional profile 1s unlike that found fo r typical limlte r s which are 
desig ned to spread the incident heat flux uniformly over their s ur face. 
Fig . 1 s hows a sing l e ICL tile with a JET l1.miter tile for comparison . The 
max imum heat load for the ICL is at the l eading edge unlike th e JET tile 
where the maximum surface tempe rature and eros ion ar~ obs e r ved in t he r egion 
sho wn in Fig. 1 on eit her si de of the tile cent re (2 ). In addition to the 
no rma l heat flux, the tips of t he lCL ti le are vulnerable to runaway 
e l e ctrons and a suitable gr ap h ite mus t be chosen to minimise this type of 
damage. 

Head load 

~ 
- - 9, 

Heat load 

(a) 

Fig. (a ) an ICL limite r tile (b ) a JET l1.miter tile . 

2 . Choice of Graphite 

From the many possib l e graphites, three types were s elec t e d for hea t l oad 
simu lation expe riment s using a high pQ'.oler l ase r ~~J..ch cou\<J. prov i de ~ 10 kW 
co ntinuously. Thes e were a py r olltic graphite\ ), Poco ) and S890PT(S). 
The therma l properties of the pyrolitic gr aphite differs markedly from the 
o ther two , having a the r mal conductivity which i s a facto r of 3 highe r i n 
one plane and only'" 0.005 of this value ortl1ogona1 to the hi gh cond uc tivity 
direction . Tes ts on rectangular samples with peak laser power density of 
3 . 6 kw cm- 2 fo r 5 sec s howed least s ur face damage fo r the pyrolitic 
graphite, but delamination occurred at low power levels when the initia l 
tempe r ature wa s ) 300 °C . Surface damage and weight loss for the othe r types 
were similar but with Poco performing slightly be tter tha n the 5890 PT 
graphite . 
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In addition to the rectangular samples , sma l l t r iangular samples of Paco 
graphit e s i milar to the design of the ICL tile leading edge were tested 
using the laser beam incident on the apex of the triangle with a power 
density ~ 3 kw/cm 2 over an a r es of 1 cm 2 for 0 . 5 secs, simulating the 
expected heat load in DITE . No significant da mage was o bse rved under these 
cond itions . 

To simulate runaway elec tro n damage triangular samp l es were placed 1n a 
vacuum chamber with an e l ectron beam inciden t on the apex of the tr iangle . 
The samples were moved through the beam at uni form velocity . The 
experimental arrangement enabled a large number of graphite types to be 
compared including carbon reinfo r ced graphites. Beams from 60-80 kV with 
current densities up to 5 A cm- 2 were used . Again i t was found that Poco 
graphite showed the least erosion at the apex of the samples and this 
ma t erial was therefore selected to fabricate the lCL . 

J . Thermal and Stress Analysis of an lCL tile 

A 2D fin i te element analysis using t he compute r progr3m PAFEC (6) was 
unde r taken to evaluate the temperature and stress dist ri bution and to 
ca l culate peak temperatures. A 216 element mesh is used in the computation 
with very small elements at the tip of the tile, increasing i n slze towards 
the base (Fig . 2) . The analysis is 
divided into two parts, a transient 
pulse heating phase fo llowed by a 
cooling period equal to the pulse 
length . Stress calculations ar e 
made at the e nd of the heating 
phase using the computed thermal ~ 
data. For the heat calcu l atlons , 
an incident heat flux F(r) - F 0 exp 

(-.~) is assumed where F 0 = 3 kWcm- 2 l ' 
and h · I cm with radiative cooling 
to 0 K and a tlle base tempera t ure 
of JOOK for both 11eating and 
coo li ng cycles. The thermal 
properties of 5890l'T graphite are 
used as th ese are known as a 
fu nctlon of tempe r ature . Once the 
incident heat f l ux is removed the 
hot tLp acts as a heat source which 
conducts to the rest of the body 
giving a peak tem perature stress at 
the cnd of the heat ing pulse . The 
ca lcu la tion s show tha t the ti p 
reaches 2620K lit the end of a 0.5 
sec puise cooling to 1375K after a 
fu rth er 0 . 5 sec. A large 
pr oportion of the tlle , howeve r, 
remains a t the b;;lse tempera t ure 
with the maximum thermal gr"dient 
at the tip aiong the face OA . 

Ftg. 2 The mesh and the 
gr a dients .J{ter 
heRt lng. 

t e mpera ture 
0 .5 6ecs 
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for the stress ca l c u lations t he same lIIesh is used with the til e base AB 
constrained not to move in the ){ d irect i on and t he mi.d-pot nt of AB 
constrained not to move in any dlrect l oll . The analys i s is in tw o parts, a 
plane strai.n and a plan e st ress boundary condition with zero di sp l acemen t 10 
the Z direction orthogonal to the p lane in fig . 2 . Although this can cause 
a rtificially high out-at-plane stress it is considered in practice this 
would not occu r in a finite ob ject . 'fhe compu tati o ns s how that the r e is 
some st r ess relief by the bendi ng of the thin tLp of the tile and that both 
faces OA and OB are 1n compl:"esslon wi th tensile stress in the tlle cen t re . 
The in-plane stresses calculated are conside ra bly below the fall ure s tress 
giving a high factor of safety . 

4. The Pe r fo r mance of the l CL 
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Elec tron Side 
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T he local cond i tions at the lCL a r e 
monito re d using integral La n gmuir 
probes and the rmocouples and remotely 
by a s ca nni ng infrared camera and CCI) 
c am e ras fitted wi th interference 
filters. The IR camera at the back of 
the ICL drive views the apex and part 
of th e outer s loping face on both side s 
of the tile i mmediate l y below the 
median plane tile. A similar view but 
cent r e d on the tile immedlately abo ve 
the mid-plane i s obtained using a eCD 
camera . A vertical view of the bac k o f 
the mid p l ane tile 1s obtained by a 
miniature CCO camera and a complet e 
view of the ICL is avai l able from a CCO 
came ra us ing a tangential window. All 
the CCO ca meras could oonitor Cl, Cll, 
CIn, 01 , OIl and H a line emiss ion. 

10 

'" Ion side 
0 

The Langmuir pr obes a re in pairs at 
three different poloidal positions, and 
at two minor r adii . This provides in 
addition t o the local T e and n e 
measu r emen t s the e-folding l e ngth for 

05 

0 

f 
j o 

the power to the lCL , ~ , from whic h 
the power densi t y at the tile apex can Fig . 3(a) 
be ext r apo l ated . The nearest Langmuir 
probe palr to t he tile observed by the 
lR ca mera is on the ele ctron drift sid e 
of the tile immediately above the 
median pla ne . Thu s a comparison of the 
heat f l ux abo ve and below the media n 
plane can be made. 

0 
0 

<ft • 0 

• o LangmUlr probes) • 
• I R camera el~~on 
• I R camera IOn s loe 

, 6 8 

The power density on 
lCL tiles ab o ve and 
below the median plane 
tile. (b) Intensity of 
C l r ad i at ion abo ve 
median plan e, as a 
function of line 
a verage line density . 

The lCL consists of discrete straight s i ded tiles fo r ming a polygon whi c h 
does not exactly match the circu l ar flux su rfaces (1). The maximum p lasma 
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surface interaction therefore , occurs at the centre of the flat [ace of each 
tile . Fig. 3 shows the power density at the centre of the tile apex as a 
function of the line average density for a 100 kA helium discharge with a 
toroidal field of 2T . There is a marked diffe r ence between the two sides o f 
the tUe for the IR re s ults at l ow density probably due to a cont ribution to 
the power from supra thermal electrons and non-ambipolar cur rent flow (7) 
on the electron side. (Both the IR and eco cameras show very l ocalised 
interactions which decrease and eventually disappear as the density 
increases) . When the mapping of the ICL on to itself for a rotational 
transform of q • 3. 8 is considered, it is found the e l ectron side of the 
upper tUe containing the probes is connected after 4 toroidal rotations to 
the ion side obse rved by the lR camera. Fig. 3 shows that th e power density 
for these two positions is in good ag r eement bath in magnitude and density 
dependence. This is partly fo r tuitous since a sheath transmiss ion factor of 
10 has been assumed and non-ambipolar cur r ents are ignored. 

The Cl line intensity at the upper tile for a helium discharge shows a 
similar density dependence to the po""er density and also reaches a maximum 
at 6 x 10 19 m- 3 (fig. 3b). There is a l so an asymmetry between the two 
sides, with the ion drift side having twice the intensity of the electron 
side which is again consistent with the mapping between the upper and lower 
tiles. 

S . lCt Damage 

Slight damage was obse rved on the tiles above and below the media n plane 
tile and on the median plane t ile itself . This damage consists of the 
removal of about 1-2 mm f r om the original apex of the tUe for a few cm of 
tile height. This damage occurred during low density discharges and is 
thought to be mainly due to runaway electrons. Once damaged , the tiles did 
not deteriorate further during norma l density dis charges and t here was no 
noticeable effect on the distribution of sputtered atoms as seen by the CCO 
cameras . 

6 . Conclusions 

The power density observed at the lCL tiles was within the limits 
anticipated for the stress analysis computations and confirmed that the type 
of graphite selected from simula tion tests is a suitable materlal for the 
lCt geometry and the plasma conditions during the experiment . Some mino r 
runaway electron damage was observed but thi s did not affect the performance 
of the limiter in the control of impurities. 
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ENH ANCED PARTICLE FLU X CONTROL IN A TOKAMAK 
WITH A RESONANT HEl1CA l DIVERTOR 
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S.B. ZIIENG". X.H. YU., S. FAN··, and the TEXT GROUP 
(The Un.iversity of Texas at Austin, FUsion Research Center, Austin, TX 78712 USA) 

I . INT RODUCTION 
A series of experiments designed to demonstrate the efficacy of the Resonant Helical 

Divertor /1/ (RHO) concept in a tokamak have been completed. These proof-of-principle 
experiments ut ilized a small scoop limiter and a simple modular coil set /2/ to produce an 
m = 7, n = 2 RHD configuration for controlling the p;artide efflux and edge refueling rate 
in the Texas Experimental Tokamak (TEXT). The coils were designed to generate a quasi­
ergodic edge layer using a few modes. Nevertheless at small perturbation levels intact islands 
are produced. See Fig. 1 for the relative positions of the perturbation coils and the scoop 
limiter module. A description of the movable scoop limiter, the diagnostics used for analyzing 
the RHD performance, and the TEXT island topology have been given in a previous paper 
/3/. Typical TEXT RHD parameters are fi" ::::::: 2 - 3 X 1013 cm- 3 , with an ohmic plasma 
current (Jp) between 230 kA and 295 kA depending on rl. The results, for scoop limlter minor 
radii (ri), between 20 cm and the primary TEXT limiter at r = a = 26 cm (Ro = 1.0 meter) 
clearly demonstrate greater flux control than had been expected for this simple RHD geometry. 
Conditions necessary for optimal particle collection are: the scoop limiter at the o-point of a 
7/2 magnetic island, a 4 kA current in the coils producing islands of'" 1.0 cm full width, and 
helium discharges at hlgh toroidal magnetic field (BT = 2.8T). The neutral density (no) within 
the scoop limiter head is increased by up to 500% and recycling on the front scoop face can 
be reduced as much as 80%. Under optimal collection conditions the central electron density 
(ft,) is reduced by 20% indicating enhanced global particle control. Experimental results and 
implications of cross-field particle diffusion are presented. A comparison of RHD efficiencies in 
hydrogen and helium discharges is discussed. 

The RHD concept was proposed in 1977 after experiments in Pulsator /4/ suggested 
that magnetic islands could be resonantly driven with external coils and used to guide plasma 
flux into a collection aperture. This is conceptually similar to the poloidal divertor but with 
the advantage that resonant helical magnetic islands may be driven using relatively modest 
currents in a simple external coil. Operational advantages of the RHD approach include an 
ability to adjust the flux collection efficiency on a short time scale for feedback control during 
a discharge and dynamic island shielding of sensitive material collector components. An ideal 
RHD configuration may be capable of providing plasma unloading efficiencies from 10%, a 
typical value for conventional pump lirniters, up to values approaching 100%, which are expected 
with full poloidal divertors. 

Demonstration experiments on TEXT have produced better than expected particle flux 
control results. The relatively small poloidal and radial extent of the magnetic islands, shown 
to scale in Fig. 1, restrict the size of the limiter head and neutralization plate which means 

Institute of Plasma Physics, Chinese Academy of Sciences, Beijing, PRC. 
Institute of Plasma Physics, Hefei, PRC. 
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that particles must make many toroidal circuits before transi ting an island and striking the 
neutralizer. In h.igh cross-field diffusion dominated discharges the full benefit of coherent island 
RHD flux control mechanisms are lost to local effects which dominate near the limiter. Extreme 
raclial diffusion washes out the island effects completely. In this limit the RHD concept has little 
or no useful purpose in terms of flux control. Although the TEXT configuration is somewhat 
less than ideal with its small radial island widths and closely spaced multiple mode resonances, 
(see Fig. 1), the experiments demonstrate very large improvements in the scoop collection 
efficiency during RllD operation. The increase in efficiency is so dramatic that additional 
mechanisms must be invoked to explain the rapid circulation of particles aroWld the islands. 
The case shown in Fig. 1 implies that particles must make about 10 toroidal circuits in order to 
travel from the inner 7/2 island separatrix to the outer separatrix where they will be collected 
by the limiter. This corresponds to a toroidal transit length of ..... 60 meters or roughly a 
1 ms transit time. In TEXT Dr ::::::: 104 cm1/sec gives an average radial diffusive velocity 
(Vr)di/J :::: (dr )di/J/t ::::3 cm/ms. Thus radial diffusion carries particles across the primary 
resonant islands faster than it takes them to make a normal island circuit assuming only parallel 
flow. The effective rate of circulation can be increased if the island o-points are at a different 
potential than the separatrix. 50 V/ern radial island electric fields have been observed on 
CSTN-ll /5/ with externally imposed magnetic islands and would provide a sufficient ExB 
island circulation velocity to compensate for the effect of radial diffusion and explain the large 
efficiency increases which are observed with the TEXT RHO. 

2. FlUX CONTROL RESULTS FROM THE RHD DEMONSTRATION ON TEXT 
In the demonstration experiments on TEXT a measw-e of the effectiveness of the R.HD 

is obtained from neutral density measw-ements behind the scoop limiter head. Ow-ing the 
steady state RHD period, a parallel particle flux r ll ex nivn enters the scoop apertw-e, hits 
the neutralizer and is collected for measw-ement as neutral gas in the scoop chamber. When 
the helical current is pulsed (typically with a pulse length of several hundred milliseconds) any 
neutral density change in the scoop chamber reflects a change in r n. 

The typical data signatw-e of interest is a drop in the recycling li,ht on the li~titer face 

with a corresponding rise in the scoop chamber neutral density as q{ \ == qC1I1 [1 + T"Y 1), the 

safety factor on the scoop limiter face, nears 7/2. Here t: = r{/ Rv and '1 = 2{A - 1)+ (A _ 1)2 +3 
account for the reduced plasma size and toroidal effects with A = (Jp + li/2 . These signatw-es 
are consistently observed with 20 cm ~ r, ~ 24 cm and with the helical coil cw-rent (Iii) phased 
to produce a fundamental m/n = 7/2 island o-point on the lirnlter head. Figw-e 2 shows the 
neutral density time response. Figure 2(a) shows n!{ for a hydrogen di scharge with r{ = 24 ern 
while 2{b) shows n:;~ for a heliwn discharge with rt = 22 cm. As qt increases through 3.3, n:; 
goes up by approximately a factor of two. 5n,,(qtl is clearly a resonant phenomenon. Given a 
plasma density of fi~ = 4 X 1013 cm- 3 this increase in scoop neutrals corresponds to roughly 
2.5% of the total plasma ions. A reduction in the recycling source at the face of the scoop 
limiter accoWlts for an additional loss of fueling. Although the exact natw-e of th.is change 
in recycling is complex we expect that an increase in recycling takes place inside the scoop 
chamber as flux is diverted away from the face into the apertw-e. 

The combined effect of enhanced particle flux collection with loss of limiter face refueling 
are shown in Fig. 3. A multi-chord Fm laser interferometer is used to obtain plasma density 
profiles, ne(r), just prior to the lii pulse (i.e., at. t = 300 ms), and at (ow- subsequent times 
during the Iii pulse. Figure 3{a) shows the ne profiles during the RHO pulse at t = 345 ms, 
465 ms, 390 ms, and 428 ms respectively. Shown in Fig. 3(b) are the time evolution of fie and 
the Ho light from the scoop limiter face. These results are from a hydrogen discharge which 
had a n:! response similar to that shown in Fig. 2(a). A ne(r) profile modification occurs as 
the scoop collection efficiency is increased and the scoop limiter recycling begins to drop. This 
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causes a decrease in 0''0) the central electron density, with relatively little change in the shape of 
the n,,(r) proflle. One-quarter of 20% reduction in nu is accowlted for with the increased flux 
coUectioIl of the scoop limiter while the remainder is due to a drop in the limiter face recycling 
and a reduction in the particle confinement time due to a partial ergodization of the edge / 6/ . 

3. COMPARISON OF RHO EFFICIENCY IN HYDROGEN AN HELIUM DISCHARGES 
RHD induced neutral density increases in the scoop limiter chamber are observed for 

both hydrogen and heliwn discharges. Typically the increase in the scoop efficiency is more 
pronounced for heliwn, in some cases a 500% increase is observed. The best results in hydrogen 
are limited to slightly better than 100%. Figure 2(b) shows a typical RHD induced n!1e increase. 
Thls may be compared with the results shown in Fig. 2(a) for hydrogen. Figure 2(a) shows 
data for I'H = 3 kA while Fig. 2(b) I'H = 5 kA. Allowing for differences in Tt in these two cases 
and the perturbation field intensity decay typical of our m = 7 coils there remains a slight 
difference between the optimal lii for hydrogen and that for heliwn discharges. T he difference 
in lii may be related to a difference in the radial diffusion coefficients (Dr) for hydrogen and 
helimn. 

As yet data on the radial diffusion coefficients (Dr ), scrapeoff layer widths (An), and 
particle confinement times ('Tp) for these two species is incomplete. Relatively complete electron 
temperature profiles have been measured and measurements of 'Tp in hydrogen and deuterium 
have been regularly obtained. These'T'p measurements indicate a 011/ 2 / 7/ scaling suggesting 
that a factor of two increase in Tp from hydrogen to heliwu may be reasonable. All the data 
now support a model which indicates that the flux steering capacity of the RHD configuration 
depends strongly on Dr. 

4. CONCLUSION 
The effectiveness of the RHO concept for enhanced particle flux control has been demon­

strated on TEXT. Different RHD efficiencies have been fOWld for hydrogen and heliwn dis­
charges. These differences are believed to be related to the diffusion coefficient, D r , as well as 
variations in other discharge parameters. Correlations with other parameters are being investi­
gated both experimentally and with nwnerical particle transport simulations . Enhanced island 
circulation velocity due to radial electric fields in the island and E xB drift can explain the 
better than expected efficiency of the RHD on TEXT. The full potential of the RHD awaits 
demonstration on a large auxiliary heated tokamak using an optimized perturbation coil to 
generate coherent islands of width ........ 0.1 a. 
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Fig. I. 

a,) Relative positions of the RHD 
perturbation coils and movable 
scoop limiter. b.l Partial Poincare 
stc tion showing the m~gnetic 
island topology with the scoop 
head posi tioned in the 0 ~ 900, 
m/n " 1/2 island o.point. 
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a,) Time evolution of the scoop neut ral density 

n ~ in hydrogen. b.J Time evolution of n ~e 
for similar condit ions as a.J but in he lium. 
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1. Introduction 

The deposition rate of deuterium and impurity fluxcs have been st.udied by analysis 

of rotating collector probes, exposed at TEXTOR in the scrape-off layer . Detai ls of 

the probe system were described earl ier / 1/. The collected deuterium was measured 

by using the nuclear reaction D(~ H C, p)4 H c. Impuri~ies were determined by Ru therford 

backscattering analysis. 

The TEXTOR discharges were add itionally heated by ICRH. The input power varied 

in the range 0.2 • 0.9 MW. The collector probe was exposed for one single discharge on 

several occasions, hut twice two discharges were overlayed in order to study t.he scaling 

of deposited particles. A typical discharge lasted 3-45, with a flat top current of 350· 500 

kA and a. central electron density of 2.4.1015 atoms/cm~ . 

For the interpretation of the deuterium measurements we use experience fro m other 

experiments at TEXTOR and at JET, where it was found that deposited deuterium 

concentrations should be explained by two different effects. One contribution would be 

implantation of deuterium and another effed would be the code position of deuterium 

and carhon impinging at the probe surface. In the latter case every new layer of carbon 

deposits reach saturation, and a measure of deuterium surface concentration corresponds 

to deposited carbon flux. Data collected in a t ime-resolved way are critically influenced 

by the exposure time, and due to limited of measurements the reported rcsulLs should 

he considered as preliminary. 

T he impurities oxygen and metals were also detected on the probes. Oxygen was 

only found in small quantities or less than one tens of deuterium. Measured metal 

concentrations were even smaller. 

2. Results . 

Increased deposition of deuterium in form of a peak when ICRH acted on the plasma, 

Fig. la, can be compared with the evolution of the density, Fig . lb, and the corresponding 

change in central electron temperatu re, Fig. l e. This b ehaviour is typical in a number of 

shots, alLhough in a few cases these features in the deute rium deposition was obscured by 
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a "fine structure". A slower increase in density, Fig . lb , appears to be slightly delayed as 

compared to the ICRH pulse. From our deuterium data, there is no consistant support 

for a delayed deposition of deuterium. 

In the next figure it is shown that an increased metal dep osition i Fig. 2a comes with 

an increase in oxygen deposition, Fig. 2b, simultaneously with an increased deuterium 

deposition, Fig. 2c. Both deuterium and impurities increase during the ICRH pulse, 

suggesting that the same responsible processes are acting. Collected metals are expected 

to be directly related to the ftuxes of metal impurities in the scrape-off layer. The 

deposition mechanisms [or oxygen are not yet fully investigated. 

In Fig. 3 seven radial decay curves are shown for deuterium. The average e-folding 

length is approximatly 40-50 mm. The two top curves seem to have a longer decay for 

the first part which is closer to the plasma. These curves were taken within and at the 

end of an ICRH pulse, but data are not sufficien t for definite conclusions concerning a 

different e-folding length inside and outside ICRH , as was earlier shown in Langmuir 

data /2{. 

3. Discussion Bnd Conclusions . 

Deposited deuterium surface concentrations on the collector probes can, since these 

measurements were made in a time-resolved mode, be converted to deposition rates of 

deuterium, which next can be compared to other calculations where deuterium l1uxes 

were determined in the scrape-off layer by other methods like the lithium beam device at 

TEXTOR /3{. For a single discharge exposure of the probe, with an exposure time on 

each point of the collector of 0.13 seconds, we find the deposit ion rate of deuterium to be 

4. 1017 atoms/ cm~· 8, whilst calculations based on density and temperature measurements 

with lithium beam experiments, give a deuterium flux at the probe position of 1_2.1018 

atoms cm -2 . S-I. Kinematic particle reflect ion, erosion induced by sputtering or thermal 

release, and diffusion due to the heat flux may partly be responsible for this discrepancy, 

but first the relation between the measured surface concentration of deuterium on the 

probes and the retained level in graphite a~ deuterium energies and fluences expected in 

the scrape-off layer should be considered. 

Carbon which is subjected to deuterium implantation can only incorporate about 40 

at. percent deuterium, which is retained in a surface layer, the width of which corresponds 

roughly to the range of the ions. Through the range, the maximum attainable areal 

density depends sensitively on the implantation energy. It has been shown that if the 

energy distribution of incident ions is known, the retained areal density can be calculated 

reliably usi ng a simple local sat uration model / 4,5 /in combination e.g. with TRW depth 

profiles. Due to acceleration through the surface sheath, ions reaching the sur face arc 

essentially monoenerget ic with average energies Eau = J( . k8T., where /( is a factor 
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between 3 llnd 6 /6/. In order to llccaunt for the inRuenee of an energy spread ..... kaT, we 

introduce an cffect.ive energy E<1f slight.ly higher than Eau, which would give rise to the 

same saturation level in monoenergelic implantation as is observed for the actual energy 

distribution. With electron tcmperat.urcs 1'. in the range 15-20 cV /3/, deuterium should 

saturate in graphite at 2_3_10 16 atoms/cm2
, which is far below the areal concentrations 

measu red on the probes. 

For the general feature (e.g. Fig. la which can be compared with the feature of 

two overlayed discharges), disregarding the fine strudurc, the collected areal density of 

deuterium, A, during a s pecified fraction of the discharge is measured and can be written 

A = ~. T, where cz, is the deposition rate and T the exposure time . For a single discharge 

the areal density can be writ ten A(l) = A,mp+Ac, where the first term is the implanted 

part and the second the amount of deuterium related to codeposition with carbon. For 

two overlaid discharges, assuming the same n. (0), we measure A (2) = Aimp + 2A c. The 

relations between the collected areal densities in the two cases give A{l) - A(l ) = A c , 

or A{l) = F· A(l), where F may vary from F == 1 if implantation only is responsible, 

up to F == 2 if the deposition is only determined by codeposition. In principle this is a 

way to measure the carbon flux cz,e, since A c = b· cz, e' T, where b is approximatly 0.4 or 

at least in the interval 0.2~0.5. In our investigated cases the factor F is found to be 2 

or somewhat less. We can therefore conclude that the collected amount of deuterium is 

mainly determined by carbon codeposition. 

Simultaneously with the ICRH we found an increase of the deposition of deuterium. 

If this increBl3e .6.A in surface concentration on the probes is to be attributed to a raise of 

T., then.6.A = K· die ·kB.6.T.(r}. From the local saturation model or from experi~ents 
.1/ . 

the factor d:~1 can be est imated, and from measurements at TEXTOR, kB.6.T.(r} is 

approximatly known. Although some uncertainity still exists we can preliminary conclude 

that the observed increase during ICRH is mainly due to increasing codeposition and 

hence in carbon flux. 

/l/ 
/ 2/ 
/3/ 
/4/ 
/5/ 
/ 6/ 
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DEPOSITION AND EROS ION AT THE OPEN AND CLOSED rCRH ANTENNAE OF ASDEX 

R. 8ehrisch, F. Wesner, M. Wle!unskl I, J .-M. Noterdaeme , E. T8g1auer. 
Max-Planck-Instltut fUr Plasmaphyslk, 
EURATOM Association , D-8o~6 Garching 

1. INTRODUCTION 
In the ASDEX tokamak ICRH has been applied with two antennae and a total 
RF generator power of 3 MW for about one and a half years between 1984 
and April 1986. Second harmonic and minority heating modes in Deuterium 
and Deuterium-hydrogen mixtUre plasmas have been investigated Ill. In 
April 1986 the antennae were dismanteled to be exchanged by watercooled 
ones. This gave the possibility to investigate the surface composition 
of the internal and external surfaces of antenna elements and of the 
carbon tiles of the antenna protection limiters using ion beam tech­
niques as RBS, PI XE and Nuclear Reactions I~I as well as SIMS and Auger 
Electron Spectroscopy . These surface compositions are the time inte­
grated result of deposition and erosion processes during the different 
operation modes of ASDEX as glow discharge conditioning, carbonization 
and decarbonization processes as well as tokamak discharges in the Land 
H mode with NI, ICRH and LH heating and pellet injection . 

2 . GEOMETRY AND MATERIAL OF THE ANTENNA ELEMENTS 
Two low field side loop antennae with Faraday screens and protecting 
limiters have been installed in ASOEX (Fig . 1, lower part). Central and 
return conductors of the loops and the antenna side wall elements were 
silver coated. The limiters were made of graphite mushrooms brazed into 
copper blocks, the copper being protected against particle bombardment 
by stainless steel plates at the side seen .by the plasma . The Faraday 
screen was composed of TiC coated rods with different cross sections: 
the screen of one antenna consisted of T-shaped rods and was almost 
opaque while at the other antenna circular rods formed an optically open 
array 12 , 3/. 

3. EXPERIMENTAL RESULTS 
The surfaces of the dismanteled limiter elements and Faraday rods showed 
almost no visible modifications due to the plasma operation , while all 
parts below the Faraday screen of the optically open antenna - mainly 
the central conductor - showed a remarkable pattern of dark and bright 
stripes correlated with the position of the Faraday rods. 
The distribution of metals and deuterium found on the TiC-coated Faraday 
rods and on the cent er conductor of the optically open antenna are shown 
in Fig. 2 . In contrary to initial expectations carbon due to carbon­
ization processes is almost homogeneously distributed and the dark 
stripes located in the shadow regions of the Faraday rods on the central 
condUctor show a depositi on of Fe and O. The bright stripes show clear 
maxima of D- implantation . 

Ni) and of Deuterium on the 
The concentration of both is 

behind. The maxima of metals 

The distribution of wall material (Fe + Cr + 

different Faraday rods Is shown in Fig . 3 . 
Clearly larger in front of the plasma than 

I Guest scientist from Institute of Nuclear Research, Warshaw - Poland 
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are found at the sides or at half-shadowed surface parts of the rods 
while Deuterium shows a more homogeneous distribution with maxima rather 
in front of the plasma. 
The deposition of silver on the inner surface of the opaque screen Is 
much smaller than in the case of the optically open one (Flg . 3) indicat­
ing that silver from the Ag-plated inner antenna surfaces is only eroded 
by particles coming from outside and not by arcing In the antenna . This 
is in agreement with the result , that the electrical strength in the 
open antenna Is not worse compared to the closed one up to the tested 
level 12/ . 
The small content of tantalum and tungsten Is possibly an impurity 
or iginating from the TiC coating process. 
Figure 1 (upper side) shows the toroidal variation of the surface com­
position of the Faraday screen elements and of the protection limiters 
facing the pla5ma . While the D-concentration is similar for screen and 
limiter elements, the concentration of wall material (Fe + Cr + Ni) on 
the screen is considerably smaller than on the limlters . 
The amount of Ti, Cu and Ag, measured on the carbon limiter blocks is 
much larger than at other areas of the torus , thus indicating sources in 
the direct neighbourhood: the TiC- coated Faraday screen, copper blOCks 
of the 11miter elements and the antenna side walls (Fig . 1). 

4 . POSSIBLE INTERPRETATIONS 
The measured surface composition is the integrated result of deposition 
and erosion processes during tokamak operation and conditioning glow 
dicharges . Figure 4 shows schematically the relevant particle fluxes for 
both cases . During tokamak operation electrons and ions follow 
predom1nantly the mgnetic field lines , superposed by drift and plasma 
rotation movements . In addition , there are runaway electrons, energetiC 
ions on drift orbits and charge exchange (D) neutrals moving in random 
directions . During the glow discharge the plasma (0+) ions are acceler­
ated in the sheath potential and move perpendicularly towards the wall 
and antenna structure. Their energy is of the order of a few 100 eV and 
thus sufficient to cause sputtering. Shadowing is only possible for 
charged particles. 
The stripes inside the open antenna (Fig. 2) can be explained as being 
the result of random deposition of sputtered, not ionized wall material 
(Fe+Ni+Cr) , possibly predominantly during glow discharges, and erosion 
at the unshadowed areas below the slits between Faraday rods by 0- lons 
during the glow discharges. The profiles shown in Fig. 3 can also be 
e xplained by this shadow effect. 
In order to explain the surface" cooposition shown in Fig. 1, glow and 
tokamak diSCharges have to be taken into account. SInce 0-lons at plasma 
operations would be shadowed from the screen by the limiters , the almost 
homogeneous 0 content , implanted wi th energies below about 1 keV , is 
obviously the result of glow discharge Ions and/or CX-neutrals in 
tokamak discharges. The small maxima at the ion side of the 11miters can 
be due to an additional ton implantation in tokamak discharges . 

The small Fe + Cr + Ni content on t he screen situated more than 5 mm 
behind the first unshadowed magnetiC surface could in principle be the 
result of an ion .deposition during tokamak discharges, whi ch is largely 
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reduced due to the shadowing limiters . But the maxima at the sides of 
the screen rods (Fig .. 3) and limiter elements (Fig . 1 , mainly at the 
left one) may rather indicate a homogeneous deposition and a subsequent 
erosion during tokamak discharges (the erosion during glow diSCharges 
should be similar at Faraday rods and limiters ) . I n this case a special 
Ion acceleratIng process by IeRH just in front of the active antenna 
area would have to be assumed to explain the erosion . This would be in 
agreement with the increase of antenna material i mpurity observed at 
ICRH operation in JET 15/ . The Fe+Cr+Ni maxima at the Quter limiter 
sides are comparable with the deposition on carbon limiters previously 
used in ASOEX /6/ . They may be enlarged by the direct neighbourhood of 
the stainless steel plate protecting the copper blocks , while Cu and Ag 
may originate from the Cu blocks and the Ag coating of t he faraday 
screen support . 

SUMMARY 
The measured s urface composition of the ICRH antenna and protecting 
limiter elements, dIsmanteled after an operatIon time of one and a half 
year, showed an implanted Deuterium and metal content which can only be 
explained by combined deposition and erosion processes during tokamak 
operat ion and glow discharge conditioning. Some results also indicate a 
special ion accelerating process during ICRH just in front of the active 
part of the antenna. 
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I)Hf)U~IfIA TION OF CARBO N FlU XES IN THE UHlTE R SHAllOW OF TEXTOQ BY 
ANAL VS I S OF CM80N "EPOSITS ON STEEL TARGETS 

P. W~eflhol d. F. \~tle l hroe ck., H. BergsRke r+, R. Schweer, 
!-I . Ci . Ec;s ~r • . 1. Wi nter 

ln sti t ut fiir Pl ilsmaphysik , I~ernfl) rs c hu.'l l]s~nldyp' J il ie ll Gn1bl-\ , 
J\ss . (IIRJ\HPI/I~FA, O-S17!) J iil iCh , nH; 

+ R.esearch Institute of Physics , Ac;c; . EIIRATI}!1jEFN, 
S- ln4llll St,)Cl<h01l;1, Swerle n 

1. Introduction 
The inner wal \ of TEXTIlR is co v e r ~d ~litfl an dr'lo rph o(J s hydrogen-con t di ­
n1ng carhon layer /1/ . Nevertheless, the C concentration in t he p'nsma 
10es no t exceerl - l ' of tl1e average electron cJe.'ls i t:y; / 2/ . It origina ­
tes frOf!l the gr d ph ~ t~ 1 imite r s /3/ dnrl fr olR the carh8n:lerl 1 iner ,~he r~ 
hydrocarbons are formed /4/ (F rank - Cond on ato,n5 dfH1 c ha r ge exchange neu­
t ra 1 s) . 
The Stockholm-TEXTOR pr obe has heen userl t o InNsure t ime reso l ved the 
carhon flux'E!s in the scrdpe-off l ayer (SOL) IS,f).!. The C rie[losition oc­
CIJ rs '1ld:nly du r -ing the flat t op phase nnd is p ract ir.~ ll Y1~onstant_~ljn ng 
the disch arge . The C flux rtensHy is then abol lt 2: x 10 ) C . cm s . 
The RBS-techn ique "j s t ime consUf1l1 ng , Therefore. rl cOlnp l e 'l1entary methorl 
was 1,lsec1 to c1eternrine ca r bon ilnpurity fluxes in the SilL fr Oln t he th"ick ­
ness of ca rhon deposits on steel targets . This I'le thor! Cdn be used l)ecalJ­
se the transparent depos its ex hi hit -i nt e rference colours from w!"ich 
t he i r thi ckness, hence the areal densi ty of ca rbon can be deduced. We 
report nere on prel ilni na ry experiments made hetween september and nove:n­
her 86 to tes t tl-je app 1 i cah i li ty of tll i s 'llethod du ring typ "ica 1 TE XTOR 
experimental ser"ies . 

2 . Experimenta l situation at TEXTOR 
The four main limiter segments (ML , r = 46 cm) dnd t he two poloi dal pr o­
tect -ion limit e rs (PL , r 0: 4A .~ cm) of t he ICRH - antenna e were made of 
gra phHe; the "inconel liner (r = 55 CfTl) was covered wit., an CllOo rp)"lQus 
deuterClted cClrhon layer (a - C:n) . Une r and 1 imiter t e1npe ratures were ISO 
a nd 2no °C , respec tivel y. Pol"ish ec1 st rl in les s steel ta r gets (8 Cm x 6.5 
cm , 1 cm thick) were positioned with the -i r edge 7. . 5 cm ab ove the pl a sm<l 
and or 'iented perpend 'icul ar to the toroidal d i rection. 

In t ota l , f our ta r gets have he en exposed to between 31 an d 184 di s ­
cha r ges unde r different p1 asllla cond itions. The re su lt s are almost ide n­
tical , dnd we f oc us here on target 2. 7f) c1 ischarges were I"'ldde with the 
f ollowing pa r~¥ter~ f or most of the rl i s charges : III 350 
kA , ii = 3 x 1(1 cm - , BT ::: 7. .6 T, a ... erage duration = 3 .2' s . A few 
shotsewere made itt plas ma cu rrent s of 4QO kA and 2A7 kA and at d if ferent 
~I (2 . 0, 1.11 T) . Five discharges enc1ed d is r uptively . ICRH - powe r hetween 
ISO and 500 k\~ wa s coup l ed in hy minorHy heat i ng (3 % 3He ) in 52 dis ­
cha r ges • 
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3. Results and discussion 
All target s showed sil'lilar rad ial deposition profiles as l'leaSlI red from 
the inte r ference colou r s. l3ut much less mater 'ial was t1eposited on the e ­
drift side . (cOrl1;>dre fi g. 1 ilnd 2) . The mate r ial has neen identified as 
c1euter i um conta "jning carhon (a - C:O ) by the absolute determination of tile 
C and n concentrations at AFI . ,)tockholm using Rns - and NQA - techni ­
fjl Je. 

The targe t ? results (e -drHt side) are shown ~n fig. 1. Tne measu r ed 
areal dens iti es A are plotted as d function of the rarlial positions r; r 
:: 48 .5 crn corresponds to the tip of the tnrget . Three curves are shown: 
C (carhon) dnd [) (deut~r~um) as measured !>y R~S dnd NRA respectively and 
CE determ'ined from the colou r pdtterll !7.'ii/ . All three increase 'dith in ­
c r eas "ing d"istance from the 1 iner reaching at r '" 4q cm a ~axil'lul11 wh ich 
co rres pond s to about 17.0 nl'l. The ne I Tt 
c ircu lar edge (radi1ls ~ mm) '..,~s 4 / I, 20 
flot covered . Tne ratif) Q/C 'is 0.4 '3 ----r 
+ 1.1 as in a-C:O layers formed by 2 .~ I 10 
RG - di scharges in Ctl4/i)2 mi xtures x 1012 I'-+-+/-t~::-::+-+-+-t,-
/l / . ReCClllse of the goon agreeMent cm-3 eV 
between the C and CE cu rves the 
othe r targets werei nspecter:l v'; a 2.1 1 700 
tllei r colou r patterns only. ~ I d 

The deposited layers dre much 1.5 : 500 
tl1'icker on the 'i - rlrift sides. The 1.2 I 
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integrated aMount is -ihout 10 times l .l r ger tndn on the e-drift side . The 
r~r1 i d 1 dependance found on target 2 l 5 g~ ven i n f i IJ. ~ ( sl"luares). Oh­
,d olls 'is the shadow effect of d protruding stiffening ring (SR) at r '" 
1j2/i CIll anrl -It cl tOft)ida l distance of ahout 25 cm from the target. The 
fact that the deposits ohserve(j 011 th~ e-dr 'ift si<1es ,lre thi nner :nay re ­
sult frOI11 a shieldi ng effect of the uppei segroent of the !'lain limiter 
l-Ih1Ch ;s 1.37 In arart only. compared I-Iltll 9.117. m "in the i - drift direc­
tion . 

The maximUM value reaches ,,511 Of:] at r = 51) 011, "i .e. 4 CIIl in the SOL. 
T~kin9 it'lt!) account the ?r) discharges of ahout 1 5 d'Jration. th"is valup. 
cor responds to cl deposition rate of 2 1(, 10 th C-atolllsjclTlI s \<lh~ch agrees 
well with the r esults from tile Stockholm- TEXTOR prohe. Su r ;:>risingly, at 
r '" 52 Cln , 'i . e . /) cm 'in the SOL, the depositiof1 "IS still one half::lf the 
maxir.1um valup.. 

We w"ill show in the following that this carhon or'iginates most [lro ­
hahly from the carhon;zed liner and not fro'll the ]llasf'la . . ~ss'.Jm "ing that a 
flu x 
rw :: 8 x If}?:O/s of neutral deuterium reaches the \~all /9/ and t~at hy ­
drocarbons (mainly rnethdne) are formed with fqyield Y :: 3 x 10- /10/ , 
C04 will enter the SOL at a rate of 2.4 x 10 /5 . These molecules pene ­
trate radially i nward witn ther'nal 'H: locities IIntil they I)ecome "ionizec1 
by col l isions with plasma particles and follow henceforth the toroidal 
field lines (p lasma d"iffusiof1 "is neglected nere). Taking "into account 
tile ionizat ion c ross sect"ions for coli isions with electrons and protons 
given by ILO. langer /1 1/ and the lYIeasllred profiles of elect r on density 
ne and temperature Te in t he SOL / 12/ (top of fig . 2), the ionization 
rate of methane can be calc.vlated as a functiQn of r if no· '" ne and Ti '" 
Te are assumed . If the CH

4 
'ions were to fly along fiel~ lines , their 

flux density at the probe is then the r. curve plotted in the f "igure 
(dots) . It shows a max i rnufl\ at nearly the ~alT\e position than the deposi ­
ted l ayer and an extinct "ion at the plaslna edge (ML). Tile quantitative 
a1]ree,nent is, as shown below, sOfl\ev/hat fortuitious . 

Siln'ilar ion prof'iles 'in the SOL have heen calculated for discharges 
where ICRH - power was coupled 'in (~ 300 kH) and vlith lower cu r rent (285 
kA) us'ing the cor r esponding measu red distr "i hution~30f ~ a nd le' But. 
for il detached plasma (l '" 285 kA, n :: 2 .0 x 10 cm-) , the maximum 
of r. is shiftec1 to r :: 49 cm ann the d~creasing tai l ends at r = 42 Cln , 
i.e.

1
4 cm into the plasma. 

Not all ions reacll the target "in their orig 'inal form: further d"i sso­
ciative col l isions <\.ccur. An estimation based on the mode l of Langer for 
the depletion of Cli

4 
to C+ using the measured TEXTOR parameter is given 

in fig . 3 . It show\ the ave r age d"i stances I coverE1.d in toro"idal direc ­
tions hy an ion CH hefore it dissoc i ates "into CH as a funct "ion of 
the radial distancenfrom the plasma center . ExceptnrJ the very vicinity 
of the liner, where ne and Te are low, most of the Cdrbon should reach 
the target itS C+ unless it escapes rad"ia l ly by known reactions as Co . It 
seems likel y , therefore. that the layers are formed by codeposition of 
carbon and hydrogen ions rather than by hydrocarbons , whereby the re­
su lts show that the ratio D/C does not ex.ceed 0.4. Tak "ing t he above men ­
tioned losses of carbon "in the form of Co, the agreelnent found i n f ig . 2 
"is only by a factor of two. It is sti ll satisfactory if one conciders 
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the uncertainties in the assumpt "ions. rw • Y and on the cross - sections. 
4. Conclusions 
The observations show , that the Illdterial whicl1 has been collected on 
steel targets in the SOL of TEXTOR is arllorphol/S carhon (a - C:I)) and sug­
gest that it orig"jnates 'na"lnly fro(1l tl1e methane released at the carboni ­
zed 1 i ner. Most 1 i ke 1y the 1 ayers dre formed hy codepos i t i on of ca r bon 
and hydrogen ions . 
The thickness profiles of tl1e deposits and also the ahsolu te depOS ition 
rates can he understood ~Ihen th is assumpt "i0n "is l'lade, although the ori­
gin of the diffe rence het\~een the deposition rates observed on the ion 
and electron drift sides is still somel'lnat unclear. It might be due to 
the shielding by d ne"igl1houring segment Of the fila-in limiter. The deposi­
tion rate presents a naximulfI of 2 x lOlh C/CIT\! s at a rad ial posit "ion '1 
cm into t he SOL. These results agree well wit., observations \~ith the 
StQck.holm- TUTOR probe. On the e -drift side of the target, only about 
1/10 is deposit~d. 

It is important to note that the ion~zdtion of the met han e molecules 
hy coll i sions with electrons and deuterons in the SOL should lead to a 
screening effect: most of the carbon re leased (as methane) from the li ­
ner does not reach the confined plasrra , s "ince the r esu lt "ing ions, follo ­
wing the toroidal field l ines, end upon the limiters or other obstacles . 
The screening seems less effect "lve "in case of a detached plasma : the 10-
\~e r elect ron tefT(lerature in the SOL does not lead than to a f!Jll ion -iH ­
tion of C0 4 dur"i ng its transit hetween liner and confined pl asma. 
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A.P. tlartinelli 
tlax Planck lost. fur Plasmaphysik, EURATON A:; .::;ociation , 8046 Carching F.R.C. 

INTRODUC'flON 

In a machine with limiter operation, such 3S the Fra scati Toka mak 
(FT), the limiter is the main source of foreign atoms affecting the plasma 
purity and makes a large contribution to the total recycling of the I>.'orking 
gas [I J. In turn the surface composition and topography of the limiter are 
cha nged, erosion-redeposition phenomena taking place because of t he plasma 
flux. The knowledge of the radia l and poloida 1 distributions of impurities 
and deute r ium deposited on the limiter can be of great importance for un­
derstandi ng the complex plasma-limiter interaction, particularly with re­
gard to the observed asymrnetries o f the scrape-off pa rame ters [2}. 

In this work the sta inles s steel f ull poloidal limiter of FT [3] was 
equipped with six graphite t arge ts in order to study the spatial distribu­
tions of i mpurities and deuterium within larger radial and polo idal ranges 
with respect to previous i nves t igat ions [4,S]. 

EXPERIMENT 

Three ISx I0x2 mm 3 graphi te (grade EK98, Ringsdorff) targe ts were mount 
ed on thf' ion sidf' and three on the e l ectron side of th e stainless steel 
limiter support and poloida lly distributed a ll around the limiter circumfe­
rence, as shown i n Fig. 1. 

Fig. 1: Schematic view of the main 
poloidal FT limiter s howin g the p~ 
sition of graphite targets. 

The collecting surfaces of the 
targets were o riented perpe ndicular­
ly to the toroidal magnetic field. 

I
The reliable measurement point clos­
est to the plasma edge was at r-a = 
1.3 cm , where a = 20 cm is the plasma 
r adius. 

All the targets but one were ex­
posed to 623 ohmic discharges in the 
April/tlay 1986 experimental period; 
once , when the limiter wa s t emporari­
ly extracted after 494 shots, the tar 
get mounted on the bottom ion side 
(ll i n Fig. 1) was removed . The main 
plasma paramf'ters were I = 300~600 
kA, B = 6+8 T, n O.7+2~7xI014 cm- 3 . 
The toroidal fi~ld was parallel t o 
the plasma current. After removal 
from the limiter the targets were sur 
fa ce analysed by SEM, PlXE and NRA. -
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Fig . 2: Radially averaged poloidal dist r i­
bution of meta l and deut erium depo s ited 
on the graphite targets. 

RESULTS 

Metal Deposit Analysis The 
metal cove~age (Fe+Cr+Ni), 
averaged over the seven experi 
men t al po i nts radial l y measur~ 
ed by PIXE on each of the six 
graphite targets, was fo und to 
be 3+sxI0 18 atoms cm- 2 (more 
t han a t housand mono layers) 
with no large poloidal 0[" di­
rectional (electron vs ion 
side) diffe r ences (Fig. 2). 

The ch romium concentra ­
tion on all the targe t s was 
abo ut twice as large as i n the 
s t ainless steel u ~ed as l imit ­
er (AtS I 316) a nd wall CArS I 
304) material. The target sub­
j ected to fewe r disc harges 
t han the ot her ones showed the 
same amount of metal deposit . 

With respec t to the radi­
a l distribution of metallic i mpurities, a concentration continuously de ­
creasing with the distance from the plasma edge was found in the inner part 
of t he limiter on the electron side (target 3E), with an e - foldiog length 
of - 1 cm, and, less clearly, on the ioo side (Fig. 3). In the other parts 
of the limiter the radia l d istribution was almost uniform, with a smooth 
maximum at intermediate positions between the top a nd bottom of the targets . 

De u terium Analysis - Higher radiallv averaged de u terium concentrations were 
measured on the ion side (8+9xI0 1g atoms cm- 2) than on t he e l ect ron side 
(- 3x l0 16 atoms cm- 2 ) by the D(3He, p)4He nuclear react ion on the targets 
wh i ch had been subjected to an t,"qual number of d ischarge s and showed simi­
lar i mpurity d istributions (Fig. 2). 

Unlike meta lli c impurities , lower D concentration by a fa ctor 2+3 was 
fo und on the target 11 with respect to the other targets facing t he ion 
side. 

The rad i al distribution was ra t her uniform (Fig. 3), with sha llow 
maxima and minima occurri ng at different pos i t i ons, but the target 4E show­
ed a 0 concentration c l ea rly increasing with t he distance from the plasma. 

DISCUSSION 

The general pattern observed in the meta l deposit (a s we l l as in lhe 
deuterium concentration) is t he result of several hundred both norma l and 
disruptive dis charges. The eva l uation of impurity fluxes in the scrape­
off from the measured concentrations is to be carefully considered because 
of the different impurity amounts released i n such a large number of di s ­
c ha rges. 

Erosion action o f t he plasma and non linear dependence of the depo s it 
thickness on the number of discharges can also lead to misleading results. 
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pendence is infer r ed by 
paring target II with 
othe r ones. 
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Moreover the metallic 
impurities co llected by de ­
position pro bes mounted on 
the limiter sides are large 
ly the res ult of loca l rede 
position close to the ero:­
sion area. 

According t o the meas -
• ,- 21 ured values of density and 

21 31 scrape-off (6) (;t - lxl0 12 ~ 
temperature in the FT 

.;:r- ---r..3E cm - 3 , T = 15 eVeat 1+2 cm 
tn 31,; e !5 11 .If" outside the plasma edge) 

;;0 ~1E and the calcu lated ioniza -
E 2E ...... -:::r _21'",'" .. /~...) 11 tion rate coefficients (i.e. 

"; 1Ee-~~~_~ .... ..t::r _..6-_ <av> ~ IXIO-7 cm3 5- 1 f or 
_ 3E ~--::g:=" --..f'r- "' "7 2E a Cr atom [7]), a par t i cle 
~ 2. 1016 L _-'--_--'-_--'-_---" __ '-_L_-"-_-,J spu tte red from the Hmi t ee 
Cl 11 15 19 23 27 side with an ene rgy of a 

r - a (mm) few eV has a mean free pa th 
Fig. 3: ~Ieta l and deu te rium concentrat i on on 
the graphite targets as a fun ction of the 
radial distance from the plasma. See Fig. 1 
for the poloidal pOSi t ion of the different 

for electron impact ioniza­
tion as short as "" 1 cm . 
Therefore it has a high pro 
babili t y of being ionized 
and of re turning to the ta rgets. 
limiter under the combined 

action of the friction with the background plasma and the acceleration by a 
pre- sheath electric field . Atoms released with thermal energies by evapora­
tion have an even higher probability of rede position owing to their shorter 
ionization mean free path. The refore the large Cr /(Fe+Ni+Cr) ratio observed 
on all the targets is probably due to preferent ial Cr evaporation from the 
neighbouring hot zones of the l i miter. 

The dec r ease of metal deposition wi t h increasing distance from the 
plasma as found on the inner targets (especially on t he electron side) 
could be related to a poloidally asymmetriC radial profile of energy flux 
to t he limiter. A minimum density (and energy) e-folding length has been 
found in t he inner part of the poloidal cross section of Alcator-C by Lang­
muir probes [2]. 

Particle and energy £luxes concentrated on the upper part of the el­
liptically shaped mushrooms (see Fig. 1) cause a release of metal atoms 
minly directed onto closed flux surfaces inside the limiter radius [81. 

On the other hand , l onger energy and particle e-fold i ng lengths cause 
t he release of metal impurities which are ionized in the scrape- off and di­
rect ly collec t ed by the limiter and overlap the impurity out flux from the 
main plasma. The result could be a nearly constant deposit as obse rved on 
t he targets apa rt from those on the inside of t he poloida l cross section . 

With respect to the working gas concentrations, the deuteri um implant­
ed in t he t argets within - 1 ~ from the su r face (the depth range of NRA ana 
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lysis) seems to correspond to the expected ratio of hydrogen isotopes to 
host atoms in stainless steel, i.e. , - 0.01 [9 ]. However the pattern of 
metal deposition, which is in form of droplets, especially farther from the 
plasma edge (as found by SEM) , as well as the high temperature the limiter 
surface reachs during the discharges, suggests that a large part of de ute ­
rium is not trapped in the metal layer I but is retained i n the graphite 
suhst r ate or in co-deposited carbon. Carbon is known to trap"'" 40 times as 
much hydrogen as stainl ess steel within the range of ion implantation [9]. 

The measured 0 concentration ( ..... 3';-9xI0 1S atoms cm- 2 ) corresponds ap­
proximately to the saturation level of deuterium implanted in graphite 
with the energy expected in the FT scrape-off (E = 5 kT = 75 eV) [10]. The 
flatness of the deuterium radial profiles as observed ein five of tbe tar­
gets could be ascribed to both saturation effects and high temperature ex ­
cursions close to the plasma edge . For the target 3E, the sharp radial de­
crease of the metal depQsit could account for the increase of deute rium 
wit h the distance from the plasma. 

CONCLUSIONS 

Radial and poloidal profiles of impurities and deuterium deposited on 
the FT limi ter during about 600 ohmic discharges were investigated by sur­
fa ce analyses (SEM, PIXE and NRA) of six graphi t e targets mounted on the 
SS limiter support. 

Netd (Fe+Cr+Ni) concentrations as high as 5XI0 18 atoms cm- 2 were 
found with no large poloidal or directional differences. The chromium con­
centration was twice as large as in stainless steel, probably due to pre­
ferential evaporation from the limiter. 

The radial profi le of impurities was rather flat apart from on the 
i nside of the poloidal cross section, especially on the electron side 
('1-e+Ni+Cr ... 1 em), perhaps as a result of asymmetry in the density and 
energy scrape - off lengths. 

The overall deuterium concentrat i on was higher on the ion (8-:-9xI016 
atoms cm- 2 ) than on the electron side (- 3XlO16 atoms cm- 2) and poloidally 
uniform. 

The radial deuterium distribution did not exhibit any decay with the 
distance from the plasma. 

Further analyses on a new set of targets mounted on a limiter with 
INCONEL mushrooms are in progress. 

[1 J 
[2l 
[3 

[4J 

[5J 
[6J 
[7J 
[8J 
[9] 
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Introduction 

Deposition of amorphous hydrogenated carbon films [a-C:H films] on the 
first wall is used in several fusion dev ices to improve plasma operation 
[1]. Redeposited carbon layers on first wall components have been ob­
served since carbon materials are used in fusion devices either in form 
of compact protection tiles or as thin carbon film (2,3] . Both types of 
caFbon films have been investigated in simulation experiments to evalu­
ate their chemical reactiv i ty by thennal and energetic hydrogen impact. 
In addition, hydrogen saturated carbon surfaces have been prepared by im­
planting energetic hydrogen unt i l the saturation level (0 .4 H/C at R.T.) 
and are compared with the films with respect to their reaction with ther­
mal atomic hydrogen. Besides the evaluation of the erosion yields and 
the product spectra these results are al so helpful for understanding the 
recycling behaviour of t he hydrogen species in devices with carbon wa lls. 

Experimental 
The a-C:H films wHh a typ ical thickness of 100 nm are prepared in the 
TEXTOR t ohamak by a rad iofrequency assisted glow discharge at a subst ra te 
temperatu re of 200°C (more deta il s in [41). Redepos i ted ca rbon layers 
used in this experiment were taken from a stainless steel tube which wa s 
exposed to t he sc rape-off region of the TEXTOR plasma . During plasma 
operation of 300 di scharges a ca rbon layer has been bui lt up with a 
th i ckness up to about 1 IJm at the end of the t ube (a bout 2 cm behind the 
limiter edge). The thickness has been estimated from the interference 
colours (51. Al l three types of carbon samples were exposed la ter either 
to a beam ~f thermal hydrogen atoms or energet i c ions (typi cal fluxes 
101 6 HO atoms/cm 2sec and 1014 H+ i ons/cm2 sec respectively). Volatile re­
action products as well as sputtered species have been detected mass­
spectrometically in the direct beam method (6). 

Results and discussion 
The total erosion yiel ds of the different carbon materials are shown in 
Fi g. 1. The yields found at the a-C: H films and the redeposited layers 
are determined by a complete eroding of the f i lm from the substrate and 
a scaling of the atom flux to the thic kness of t he films. The most 
striking effect is the fact t hat t he eros i on of the a- C:H fi lms by ther­
ma l hydrogen atoms reaches yields close to 10-1 C/Ho which i s about two 
orders of magnitude l arger t han on pure graphite . 



791 

However .• this remar>kable difference levels off when the graphite surface 
is saturated with hydrogen. Tne erosion increases in this case drasti­
cally and reaches va lues only a factor three smaller than for the film . 
As can 5e seen ; n flg. 1 the eros; on due to energet i c ; on impact ; 5 on ly 
about twice that of the thermal atoms and similar to erosion of pure 
graphite wi'th ions. It has to fie noted that the differences in the 
erosion yield of the a-C:H films and the redeposited carbon layers whi ch 
are also shown i"n fig. 1 ;s probably due to a temperature excursion of 
the redeposited layers during the pl asma exposures whi ch results in a 
partial anneaHng of the reactivity. 
At temperature above about BOOK , t he amount of produced hydrocarbons due 
to thermal hydrogen impact decreases during the exposure due to a thermal 
anneali"ng of the film structure. An evaluation of an eros ion yield above 
SOaK remains tnerefore doubtfu l. Summarising the results. the differences 
in the erosi"on of a-C:H films and redeposited carbon l ayers by hydrogen 
impact are not very drastic. No large difference exists to the erosion of 
hydrogen saturated graphite surfaces by atomic hydrogen. From this point 
of view other criteria then the chemical erosion may be considered when 
carbon materials nave to select. We have furthermore to conclude that the 
chemical erosion of the low ene~gy Frank-Condon-atoms hitting the inner 
walls with overall fluences similar to the overall ion fluences is a 
significant contribution for the carbon production in the SOL region. 

fig. 2 shows the measured mass-spectrum of detected ions in the reaction 
of thermal hydrogen I<lith an a-C:H film (open bars). Beside the main 
reaction product which is the radical CH3 a wide spectrum of higher hydro­
carbons is formed. The ma in other species are C2H4 together with the 
radicals C2H3 and C2H S as well as C3Hx species "Ihere a detailed ident;­
ficati"on remai"ns more difficult. Taking into account the experimenta l 
uncertainties, equal product distributions are obtained on t he redeposi­
ted carbon layers as well as on the hydrogen saturated gra~hite. 

When energetic hydrogen ions are used to erode the different graphite 
substrates. the oBserved ion spectrum is changed. The main product is nQloI 

the saturated CH 4 mo lecule . the amount of the C2Hx ·species are reduced 
(roughly by a factor of three) and the formation of higher hydrocarbons 
is negligible small . 

A remarl(able behaviour is observed I<lhen thermal deuterium atoms were used 
to erode an hydrogenated carbon film. In this case, the spectrum of pro­
duced species consists predominantly of deuterocarbon molecules and very 
few molecules containing hydrogen atoms. The bonded hydrogen is released 
in this case i"n fonn of an HO molectJle. Recent experiments have shown that 
this small mixing is typical for "hard" a-C:H films ~/hich are produced 
",hen the impact enel'gy is sufficient ly high [7]. "Soft" films (produced by 
impact energies be l ow 100 eV) show a Significant enhancement of the mixed 
molecule formation. 

In the extreme case that no mixed molecules are formed and that the 
maximum erosion level of 10- 1 C/H o i s reached , about 40 X of the 
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impinging deuterilJm atoms are released as deute rocarbonmolecules . The 
recycHng way of the l ow energy Ft'ank -Co ndon -atoms proceeds so to a sig­
nifica nt amount via the producti on of low energy hydrocat' bon molecul es . 
These molecules have l ow velocit ies and t heir way when they penetrate from 
the walls to the plasma has to evaluate. The t ransfer of 40 % i ncoming 
hydrogen atoms to a hydrocarbon molecule (in the max imum) can also act 
as a way to pump away the hyd rogen "/hen t he molecules are redeposited be­
fore the hydrogen atoms are stripped. We have to assume furthermore, t ha t 
the redeposited molecu les can buil d up carbon films contain ing more then 
0.4 D/C . This ha s al ready been demonstrated by producing "soft" 
polymerlike carbon film s (8] . Only about 5 Z of t he incoming hydrogen 
atoms are neces-sary to trans fer the bonded hydrogen in the fi lm to a 
hydrogen molecu le wh en the film is eroded away . The remaining 55 % of the 
incoming atoms may recombine to molecules or di r ectly be refl ected . All 
these numbers have to be used with cau t ion due to uncertainti es of t he 
assumptions of the model used . 

Surrmary 
The chemical reacttvity of the a-C:H films against t hennal hyd rogen 
atoms impact reaches yield s of 10-J C/ H and is simila r to t hat ob­
tained by energetic ion impact 
The obset"ved redepos i ted carbon layers show a similar chem ical 
erosion behaviour as the a-C:H films 
Thermal hydrogen atoms react on a-C:H films, redepos i ted carbon as well 
as hydrogen saturated graphite producing CH3 and a wide spectrum of 
higher hyarocar50ns. When these carbon f i lms are irradiated with ener­
get ic hydrogen ions , t he methane forma t ion becomes dominant. 
From the vi'ewpoint of the chemical erosion by t herma l atomic and 
energetic hyd rogen there are no large dif fe rences between a-C:H films, 
redeposi ted carbon as wel l as hydrogen saturated graph i te . 
The chemical erosi'on of the low energy Frank-Condon- atoms have also to be 
considered in all devices where graphite or other ca rbon materials are 
used. 
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Introduction 

Graphite bombardment by energetic hyd r ogen i ons shows a high erosion 
yield due to chemical reactions (methane formation) . This chemical 
sputtering depends on the graphite temperature as found in beam 
experiments /1/ . In spite of this significant effect , ca r bon 
impuri.ties in a tokamak plasma are not influenced by the tempera t ure 
of a ca~bon l lmi t e~ /2/ . I on flux dependence of the chemical 
sputte~ing , metal impudties a t the limlte r s ur face and redeposition 
of sputtered species were considered as the main reason for th is 
discrepancy. 

In t his work chemical spu tte ri ng a nd its temperature dependence is 
investigated by an ion beam (flux 1.5 1015 cm-2 sec-l) and in contact 
with a plasma (flux 1.5 1018 cm- 2 sec-I). The plasma experiment also 
shows the impor tance of redeposi t ed carbon layers created at certain 
plasma parameters for the net e ros i on yie ld . 

Exper imental 

Chemical s puttering with 0+-10ns of 50 eV , 100 eV and 200 eV was 
measured in t he IPP high current ion source /3/ a nd in the pla sma 
generatgr PISCES /4/ . The graphite temperature was varied between RT 
and 900 C. The sputtering yield was gained by the weight l oss method 
/3/ and the target temperature was measured either by a thermocoup l e 
(plasma expe rimen t ) or by an imfrared pyrometer (beam expe riment ) . The 
targets were cleaned in an ult rasonic bath and outgassed well a bove 
the opera ting temperature before each test. 

Results and dis cussion 

In Fig . 1 yield data for 100 eV 0+ at normal incidence gained by beam 
and plasma experimen t s are compared . Redeposit i on is avoided also in 
the plasma experiment by a proper choice of the plasma parameters /4/ . 
The corresponding ion fluxes for beam and plas ma experiments are 1 . 5 
1015 cm-2 sec- l and 1.5 to 1018 cm- 2 sec-I, respectively. In the beam 
e xpe riment two different types of graphite (Py r ol ytic and POCO 
graphite) a r e tested. The same POCO gra ph ite s amples are t e s ted a lso 
in t he plasma experiment . For temperatures up to 300°C the beam data 
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are higher by a factor 1. 5 which may be explained even by the 
uncertainties 1n the dat a gained from the plasma experiments. At 
higher temperature the difference is larger and even the beam data for 
the different types of graphite are different . A possible explanat ion 
may be seen in the different bu l k structure (dense and porous) for 
pyrolytic and POCO graphite. However, also for t he high ion flux the 
yield data depend on the graphite temperature_ 

The lowest yield values are measured at the highest temperature of 
9000C investigated in these experiments . This is more significant for 
l ower ion energies as shown in fig . 2. In this figure yield data 
vers us target temperature are given for three different 0+-100 
e nergies (50 eV , 100 eV and 200 eV) measured for POCO in PISCES. The 
ext r apolations (dashed lInes) point to the expected values for 
physical sputte ri ng as methane cannot be formed at these temperatures. 

For temperatures above 9000 c an increase i n the erosion yie ld by 
radiation enhanced su bl imation has been measu r ed in beam experiments 15/ . 
Howe ver, this effect may be small for ion energies below 100 eV /6/ . 

The net e rosion yield is reduced in plasma experiments by redepos i tton 
1£ the ionizat i on length for methane is smaller than the plasma 
dimensions (in PI SCES la cm). This is shown in fig. 3 . Erosion yields 
fo r 100 eV ~-ions are given for the same flux but two different 
lonizat ion length (5 cm and ~ 15 cm). Although the ionization l ength 
is sti 11 larger than the diameter of the graphite sample (1' 1 cm) the 
yield is reduced up to a factor 2. Experiments with an ionization 
length of less than one cm gave net erosion yields below the detection 
l imit . However, the surface structure changed significantly due to the 
redeposited layer . 

According to the plasma parameters of scrape-off layers i n tokamaks 
(n ' 1012 cm-2 sec- t, Te :- 10 eV) high redeposit1.on take place .'.It the 
graphite limiter /7/ and th1.s effect may mask the chemical erosion 
effect. 

Conclusion 

The chemical sputtering yield of graph1.te Is not significantly 
reduced at t ypical ion fluxes to a carbon 11miter ( . 1018 cm-2 sec-I) 
comparerl to the data gained by beam experiments (f lu x ~ 1015 cm-2 sec-I). 
Also a t the higfJ flux the yield depends on the graphite t emperature . 
Such a temperature dependence of the carbon impurities in the llk'1ln 
tokamak plasma has not been observed /2/. It is proposed that methane 
formed in the chemlcRl sputtering process Is ionized in the scrRpe-off 
layer a nd redeposlted Rt the 11mjter. Therefore impurities cannot 
penetrate into the main pl:lsma. At t emperatures above 8000 C the 
et:"osion yiel is l ow ancl reaches values expected for physiclll 
sputtering. 
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Fig , 2 Che mical sputte r ing yie ld 
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CARBONISATION OF T-l0 TOKAl't~K LINER FOR TH E ECRH EXPERIMENT S . 

S.A .GRA$HIN. Yu.A .SOKOLOV. G.E . NOT1< I N , V . :-l .CHI CHERQV 

KURCHATOV I NS T I TUTE OF ATOHIC ENERGY. I',QSCOVl . USSR 

V . H . ALIHOV . I. I .ARHIPDV , D .V . OOGOMOLOV , A .E . GORODETSI(Y. S . Yu. RHYBAKQV 

A . P .Z.~ I< HJ\P'OV 

IN S T IT UTE OF PI-IY :3 ICAL CHEM I S T RY . NOSCOW . US SR 

1., 198 5 T-1 0 tokama k was r ebul1ded a nd its vac uum cham b e r was s ub-

stituted by ne w one . After that the a mount of me t al atoms in a p la sma 

tre ,~endous ly r iGed . Hi g h level of heavy i mp ur ities led to desruption of 

the h:g h d e no ity di s ch a r ges. As a consequence we fail ed to ~ i nvest l gat c 

h i S!l cl~ns ity r ~g i me s during the l as t ECRH e xperiment s In s p ~ lng 1986[1] 

To r ed uce h igh Z impurities influx from the wa~l material i n 

pla &Qd we 'use d t~' c ca r boni sa tion of inner s ur face at T-l0 line r. eesid ~ 

of Gt a nda r d procedure devclop~d a t TEXTOR a nd ~ET 50 Hz d isc harges 

in p ure meth~ne u s a me thod of carbon isa t ion were und e r study. To con-

t rol t he cnrbo n i s ~ t lon p rocedure a se t of samples both of meta l a nd 

ail ico n wao i n troduced i nto toka ~3 k vessel and a s Y$ tematical analys i s 

wnn made on ~ A ~p les by Gu r face phys ics t echniqu es as AES , S I MS , EIXE. 

E SCo\ <'lnd RH f::: ED. The fil ms form e d b y carboni SEl tion were highly 

D mO r IJ~O U S and p o s se s s e d o f differc n t ' . ~~ n d s of st ru c ture and compositior: 

dcp ~ nding up o n th e pro c 0 durL of de p os i tio n, 

The e ffect o f carbo ni39ti o n o n l ~vel of me tal impu rit ie s 1 n pla s m ~ 

uro d r"! r hi g h po-.-:o r ECR h Cflti n g i s u nd e r inve s tigation. 

v . v . A li ka ~v , A . A . OG£d~&o rov ~ t . el 11 rh lnt. Co n f. on pla sma 

;- , ,~· s . .--,nd Co ntr. Fusion. Ky o tO . J _~p iln 1986 l AEA - CN-47/A-lI - 4 . 
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ASYlillfi::TRY IH POTEUTIALS AnD NON - ,\J.llIPOLARITY OF PLAS!i.;\ 

FLUXES onTO TH~ LIL1I1'.m SU:iF,lCE HI T- 10 'rO;','J.Llli . 

Vc r .shkov v. ;, ., Chankill A. V. 

I. V • Kurcha.to'i lnsti tuto of Atomi c Enel.:GY ,L!osee\'! J USSR 

The limiter in T-1 0 has a few Lsngmuirj:ica.t flux: probes l ocated 

on both ion <!Ild electron sides . The pai:;.~ of probes , c l osest to 

the · p l asma colwnn , is set at a distance 4 . 6Qln fl~OI:l the plasma 

column surfac e ; the next pair is located 8.t a di s ·tance 40tlm from 

the plasma. coltunn . I t io shol'ln t hat the difference of f l ee.ting 

potcntinls on both sides of the l imit cr is abou t 50 V for the 

neur-plasma probes ; for other probes it is about c. fcm volts . 

A difference in t he current density to the ion Dna electron sides 

of the limi ter surface corresponds to n cur ren t through the 

limi ter equa l. "to "the !;pi tz er o!~~ for the !!leasu:red plasma par:::lme-

is about - 30 V. an avernce potential on other p~:obcs i s positive 

and equal to a few volt!3. Such u potentic.l distribution shouid 

resul t i n the a!'!lbi polari ty of the total flux of charr;ed particles 

from the plosr.tn to the limiter. Both the uoymmetry in floating 

pote:1t io.ls t~.nd an averc.ce potcnLil!l f OI' the plao;;.I£:.- close pro bes 

(Ire proportionc.l to Jd / Fie . '::hcl'e J is the pl€l3l.l3 current, d 
is \lidth of a sc rape- off l ayer , ill,!. is the p l aSi:1G electron density 

aver:::gcd over the pl r.:..;~l!la colu.:.tn diameter. 'J'he relc.tionshi? bctHecn 

the non- w,1bJ.!10lor flu;.; to t bc: l.i.r.:i tor cntl the n:3 ~' J :.'ilC! t ry i r! h0Utins 

is di:;cuz:Jcd . 
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OH TIE J.'{ECH ;JrIS!.i OF S'l'E:illY- S'l',\ '!'J; Buml OF tnUPOJ,.\J{ 
l.IICHo.\.ncs Iii ~iiS 5Ci11.?~-or:;,:' '10E.:..i.:"'J( ?L,·. S;·l\ 

Yu . L.lgi t!:hrulov 

I. V.Kurchetov Inati tute of Atomic EnerGY. !Joscorr , uSoSn 

ABSTR.'V~T 

The !Co del of a .steady- state m:c spot blu'n in the f3crapc- off toka­

mok plozme due to the non- uniform ty oi the surfaces (first Ylall , 

1ill>1 ter ate . ) is proponed. Tile principal difficulty in the theory 

of unipolex ere burn ( 1J under c. magnetic field i s related with 

the impossibility or providine the ere current short circui ting 

\"I i th the current from plasma \"/i thout u 3inf, eddi tioncl mechanisms 

of transversal electron spread from the Dpot . '1'11e role of such a 

mechanism can be played by the so- colled surface conduction rela­

ted Vlith the electron spread upon a non-uniform surface. The cur­
r ent provide d by this effect turns out to be di s tributed \"Ii thin 
a thin surface layer . Sprec.di ng from the spot are a across the sur­
face , el ectrons enter the adjacent magnetic field lines end redu­
ce the potcntia1s there . Thus the current commutation area on the 

surface is increased end the condition for a steady- s t ate erc burn 
i s provided . Some estime..tes shovl that the reflection of 1% of 
~l,;ct:L.'on~ oniy f:rOJii. ail u;.:,eV':H ':;-,J.r::""",,; p",'v-/i~ef., Eo. Iili.:.ilUul (. ..... ;,.'r~r;:~ 

necessary for the cathode spot e:ristencc for typiccl p arc..":leters 
of scr ape- off pl asmas . The treatment of a surface up to a degree 
of r O'.lg.lme2s equal to 10 - 4c!r. rest:..lts in "the rec.'..~di on of ~cre.pc­
off conduction and in the impossibi l ity of sustaining the s teady­
state burn of a unipolcr erc . 

REFERENC!::.3 
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