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The l4th European Conference on Controlled Fusion and Plasma Physics was
held in Madrid, Spain from 22 to 26 June 1987. It was organized by Centro
de lnvestigaciones Energéticas Medioambientales y Tecnoldgicas (CIEMAT),
Madrid, Spain on behalf of the Plasma Division of the European Physical
Society (EPS).

The following topics for poster sessions were taken into consideration:

Tokamaks

Stellarators

Alternative Magnetic Confinement Systems
Inertial Confinement

Plasma Edge Physics

Plasma Heating and Current Drive

Tokamak and Basic Fusion Plasma Theory
Diagnostics

TORmMTOE>

The orally presented contributed papers were grouped into four sessions
covering:

Confinement and Heating in Toroidal Plasmas
Plasma Edge Physics
Inertial Confinement

The Conference Programme included 18 invited lectures, 19 orally presented
contributed papers and more than 400 papers presented in poster sessions.
In addition, an evening lecture on the Status of Fusion Research was given
by R.S5. Pease.

The contributed papers of this 3-volume publication are photographically
reduced in size from the originals provided by the authors.

Programme Commitee/Paper Selection Committee

F. Engelmann (Chairman), FOM (The Netherlands), NET (German Fed. Rep.)
J.L. Alvarez Rivas, CIEMAT (Spain)

K. Appert, CRPP (Switzerland)

R. Behrisch, IPP (German Fed. Republic)

G. Briffod, CEN (France)

A. Gibson, JET (United Kingdom)

M. Key, Chilton Lab. (United Kingdom)

D.D. Ryutov, Inst. Novosibirsk (USSR)

The invited papers will be published by Pergamon Press in the journal
"Plasma Physics and Controlled Fusion" and sent free of charge to each
registered participant.
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FIRST SPEEDZ Z-PINCH DISCHARGES ON SOLID STATE FIBRES

G.Decker,K.Gasthaus,W.Kies,M.Mdlzig,C.van Calker,G.Ziethen
and A.E.Robsont,J.D.Sethian*

Physikalisches Institut I, Universit&t Diisseldorf

+ Naval Research Laboratory,Washington DC, USA

Abstract
Solid state fibres(CDz and frozen Dz, diameter <10-4m)

have been applied to the pulseline POSEIDON (500kA, 500kV)
at NRL and recently also to the capacitive driver SPEED2
(1.5MA, 300kV) at Disseldorf university in order to generate
thermal Z-pinch plasmas for nuclear fusion. The neutron yield
(>1010 for POSEIDON and~ 109 for SPEEDZ) is mainly due to
beam-target reactions initiated by disruptive instabilities
hat have been found in the POSEIDON experiments to appear as
goes to zero. In SPEEDZ2 experiments the pinch is disrupted
after typically 400ns and 250ns for CDz and D2 respectively
although the pinch current keeps rising up to 1.5MA with CDz
and 900kA with Dz after 700ns. Early pinch expansion leads to
too low density (<1027m-3) and plasma temperature (<100eV) for
nuclear fusion. There is evidence that not only initial
electric fleld and current rise but also the fibre length are
crucial parameters for discharge initiation and current
concentration to the pinch - a necessary condition for
high pinch energy density.

300 capaciti iver SPEED2

SPEED2 is a capacitive driver originally meant as a current
generator for an initially low inductance dynamical pinch (Z-
pinch, plasma focus) (Decker et al.1988). First discharges on
a high inductance (15nH/cm) stationary pinch (CDz 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
dem long pinch.

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

+ t
W(t)=1/2LI2 + 1/2 SLIzdt’ +‘JR12dt'. (1)
o [

Dynamical pinches efficiently make use of the second term via
an increasing inductance generating a nonthermal plasma
component (Deutsch,Kies 1987) that finally governs the
pressure equilibrium (modified Bennett equilibrium)
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polz/87= Nt <Wb >+2NKT (23

where Nb,N denote line densities of the nonthermal (beam)

and thermal (tavget) plasma components and <Wb >, D=Ty =T

the mean energy of fast particles (typically 100keV) and

the bulk plasma temperature, respectively. These fast
particles have the advantage of causing many beam-target
fusion reactions but they limit target density (<10%€m-3) and
temperature (<keV). Unfortunately, the extrapolation of fusiun
efficiency of dynamical pinches above break-even-conditions
requires target data (density 1028m-3,lifetime 10-7s and
temperature »>10keV) hardly achievable since fast particles
primarily settle the final equilibrium. Furthermore, dynamical
pinches are prone to impurity problems at discharge initiation
especially in high power experiments (Kies 1986).

Stationary pinches are supposed to generate purely thermal
plasmas avoiding ion runaway and acceleration mechanisms.
The plasma is generated 'on axis' and

ohmically heated since the second term of eq. (1) vanishes
and eq.(2) reduces to the normal Bennett-relation. For a
given temperature (e.g.l10keV) the line density can be
matched to the pinch current available from the driver.
However, there is hardly an ab initio stable pressure
equilibrium maintained beyond current maximum (more than
700ns in our case). Initially pinch expansion is very
likely because of effective ohmic heating while later
during the discharge when the plasma resistance is low
rapid contraction (localised) may happen so that fast
particles can also be generated. Therefore, not only line
density but also initial density profile and especially
initial voltage and current rise are important parameters.

SPEEDZ2 stationary Z-pinch experiments

Based on experiments carried out on the pulseline POSEIDON
first Z-pinch discharges on CDz and frozen Dz fibres
(diameter 70pm, length 2 to 4cm) have been investigated at
SPEED2. Experimental set-ups have been chosen such that
initial conditions (vacuum 10-5mbar, initial voltage rise
20kV/ns, electric field at breakdown 105V/cm,initial current
rise 3kA/ns) are comparable to the POSEIDON experiments with
the exception of current rise time (130ns -> 700ns) and
current maximum (500kA -> 1.5MA).

Figure 1 shows image converter and X-ray pinhole pictures.

The visible pinch structures (400ns (a) and 200ns (b) after
discharge initiation) can only be identified in the X-ray
picture (behind 10um 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
neutrons (<109 for CDz and 2109 for Dz) are not of
thermonuclear origin but due to fast deuterons accelerated by
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(a) 10mm (b)

Fig.1l: Image converter (upper,10ns exposure) and X-ray pinhole
pictures (lower, time integrated) of Z-pinch discharges
on CDz (a) and frozen Dz (b) fibres

pinch disruptionstypically taking place 400ns and 250ns after
discharge initiation for CDz and Dz fibres respectively
although the pinch current is steadily rising up to 1.5MA
(CD2) and 900kA (Dz). Pinch expansion by a factor of~s 10
occurs and the current is not totally concentrated to the
visible pinch. The different pinch behaviour in the POSEIDON
experiments (expansion less than twice the initial radius) is
hard to understand since the only obvious difference is the
pinch length (POSEIDON 5cm). (Leak discharges develop only
after the current maximum thus not affecting the pinch phase).
We consider a collisionless moving electron being accelerated.
Starting in the cathode region at radial position r and
gyrating in the self magnetic field B it can only be prevented
from directly crossing the gap if its larmor radius is much
smaller than the pinch length lp. This yields a condition 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 electrons 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

Ia >> (10%8/2) (x/lp )W Ukv (4)

which giyes an estimate for I if it is regarded as a constant
(I=§1dt~It). However, ? tends to drive the discharge off axis.
Since pinch inductance is almost fixed by pinch length I~ U,
Even if condition (4) is satisfied high electric fields can
also cause axial ion runaway in low density regions where
electrons are magnetized but ions are not. The necessity that
initially the radial E x B drift should exceed the axial one
can also give an upper limit of both initial electric field
and current rise.

Conclusions

SPEED2 Z-pinch discharges on solid state fibres show that
there is no straightforward extrapolation from low to high
current stationary pinch experiments. Initial voltage and
current rise, pinch length and radius have been identified as
important parameters the optimum values of which have not yet
been experimentally determined. Parameter estimates based on
equilibrium conditions are uncertain since initial pinch
expansion is unavoidable. Fast stopping of this expansion and
subsequent contraction needs higher initial current rise
(»3kA/ns) and longer fibres (>5cm) than presently available
with SPEEDZ but there might be also upper limits. It seems
also likely that a shorter current rise time (<500ns) is
necessary to avoid pinch disruptions prior to reaching the
current maximum. The latter requirement is beyond SFPEEDZ
limits but within accessible modern driver technology.

Support by EC is gratefully acknowledged.
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PLASMA BEHAVIOUR DURING PROGRAMMED CURRENT DECAY AND RAMPING IN THE
REVERSED FIELD PINCH
P G Noonan, C G Gimblett and A A Newton
Culham Laboratory, Abingdon, Oxon, 0X14 3DB, UK
(UKAEA/Euratom Fusion Association)

In this paper we summarise investigations of Reversed Field Pinch-
(RFP) with rising and falling current on HBTXIB (R/a = 0.8/0.26 m) with
156 graphite tile limiters and toroidal equilibrium given by a conducting

shell.

CURRENT RAMPING

The usual method of start up in HBTXIB is the matched mode. A large
1oop voltage, VL, of 200-500 V is applied to produce plasma current, I, of
120-440 kA in a risetime, T of 0.7 to 1.4 ms. The loop voltage is then
clamped at 30-60 V to sustain a flat top current. The toroidal field, B ,
is programmed so that the toroidal magnetic flux in the vacuum vessel ?5
constant during start up. Thus the pinch parameter, &, rises with the
current and reversal of the toroidal field at the edge of the plasma
occurs late during the current rise. Although the resistance of the
non-reversed discharge is high (a few mq) the risetime is sufficiently
short for it to make only a minor contribution to the volt second

i
consumption, Ap = [ IVL dt.
0

Attempts to produce a plasma current of 200 kA with a Tower V, of 80-
120 V and a risetime of 5 ms in the matched mode have failed. The maximum
current I <100 kA 1is achieved early in time and thereafter the plasma
resistance increases with time to several mp. Reversal of the toroidal
field is not obtained.

Therefore we have investigated current ramping (sometimes called the
constant @ mode) [1,2] in which field reversal and the peak @ are produced
early in the current rise, in 2 ms at currents of 30-40 kA. Fiqure 1
compares waveforms for a ramped discharge and normal start up matched mode
with a flat top. To ensure breakdown at low VL a high initial Brp is
required which is quickly reduced by programming in the first 1 ms of the
current rise. Switching to a passive polaidal current crowbar causes the
small discontinuity in the current rise seen in Fig la. For most of the
time the plasma resistance is <1 mg and in this case the current is ramped
to 140 kA at constant & in 7 ms. It can be seen that in the flat top part
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of each discharge the plasma resistance RD = VL/I is independent of the
mode of start up.

During the ramp the inductive contribution to VL can be subtracted
to obtain the true plasma resistance. The magnetic energy is calculated
using a Modified Bessel Function Model where the cutoff radius, rys is
determined from the measured values of F and ¢ at the plasma surface. The
resistance is found to be independent of dl/dt. 1In Fig 2 we show that the
resistance falls with current (RD = [~1) 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 a¢ = RIl, + Cq¢,/a2, where 1, the plasma
inductance inside the vessel = 1.1 x 10-¢ H/(m of major radius) and C =
3.8 Vm2.

The magnetic fluctuation level at the plasma edge is found to be
independent of dl/dt in both the ramping and flat top cases and is related
to I, decreasing from 6% to 2% as I increases from 50 to 150 kA. It was
expected that ramping would require more dynamo activity than the matched
mode [2], but this is not seen in present conditions.

The Rp vs I behaviour can be analysed in terms of R I = VS + 5V where
VS is due to the collisional conductivity and gV = 45 to 55 V is the
anomaly arising from the intersection of field lines with material objects
[3,4]. The value of &V is significantly reduced in the flat top when the
equilibrium is corrected by Bv and the Timiters removed [3,4]. We expect
that if the equilibrium could be centered during ramping with no limiters
the volts seconds consumption would be reduced.

DECAYING CURRENTS

Rapid termination of the RFP with large induced V, occurs when the
reversed B is lost (see Fig 1). It has been shown that control of V
during currént decay maintains B <0 until the current falls from 200 to 3
kA [5]. During this "controlled rundown" measurements of asymmetry factor
(Shafranov's n) suggested that g_ increases to 50% with improved energy
confinement [5]. Such improved confinement and reduction in fluctuations
is predicted when current and toroidal flux are decaying at the same rate
because the magnetic field configuration will be closer to the BFM [6] and
has been observed on ZETA [7].
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Here we report experiments where V, and V_ were varied over a wide
range (V, = -50 to +70 V, V_= -8 to 1 V) and data taken as the current
£alls between 180 and 140 kA with o nearly constant in the range 1.3-1.4.
Figure 3 shows the normalised OV intensity fluctuations decreasing from
30 to 15% as V, is reduced. The 0V and CV mean intensities are reduced
by a factor of 5 although tne electron density remains constant at n_ =
1.3 x 1012 m~3. Magnetic field fluctuations also decrease about a factor
of 2 with more negative VL.

The energy confinement time, TEs WAS estimated from Tf measured by an
NPA assuming TP = Ti' A scan of VL over many shots shows Tf constant at
330 eV. Energy confinement increases due to the reduction of ohmic
heating in the plasma volume as VLis made negative. The results are
sensitive to a number of assumptions including the temperature and
magnetic profiles being the same as those in the flat top.

CONCLUSION

Start up by ramping to currents of <160 kA in 4-7 ms (¢,/a? = 65-110
ms/m2) with loop voltages of 80-125 V has been demonstrated and the plasma
resistance found to be independent of the dI/dt in the range 0 to 30 MA/s.
A typical ramp uses A¢/IR = 1.6 Vs/MA.m which is consistent with the 3
Vs/MA.m at tI/a2 = 120 ms/m? specified for RFX (R/a = 2.0/0.5m, I =2
MA) under construction. With decaying currents some improvement in
confinement with Tower fluctuations is seen, although the effect is at
present short lived.
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EFFECT OF A MOVEABLE TILE LIMITER ON THE LOOP VOLTAGE IN HBTXIB RFP
B Alper and H Y W Tsui
Culham Laboratory, Abingdon, Oxon, 0X14 3DB, UK
(UKAEA/Euratom Fusion Association)

INTRODUCTION

Results are presented of detailed investigations of the dependence of
the loop voltage, V , in a steady state Reversed Field Pinch (RFP) on
the quantity of flux intercepted by a carbon tile 1imiter when inserted
progressively into the edge of the plasma in HBTXIB.

Models based on magnetic helicity balance in relaxed state systems
[1,2] or the interception of current flow [3] have been proposed to
explain the dependence of V on field errors and on the insertion of
limiters. In models [1,2] it is proposed that the helicity dissipation in
the edae regions dominate the impedance of present day RFPs. Following
ref [2] the increase in loop voltage (sV) over that expected classically
is given by: &V = &y (a/ma2)A, where 5y is the potential difference
hetween the boundaries where field lines enter and leave the plasma and A
is the projected area of such surfaces normal to the field Tines.

In the studies outlined below we vary A in a controlled manner and
are able to separate the effect on Vwop due to helicity dissipation at
the plasma boundary from that of impurities in the plasma core.

RESULTS

A long graphite tile 5 cm wide by 0.5 cm thick was inserted
progressively into the edge of the plasma. The effect on the increase in
loop vol tage during current flat-top discharges from ~33 V at I = 220 kA
is shown in Fig 1 for two examples; Firstly when the tile intercepts the
maximum flux at the plasma edge and secondly when it intercepts the
minimum flux (ie rotated through 90°). In both cases the Toop voltage is
seen to increase linearly with the distance of the tile insertion beyond
the existing limiters (L c¢m in from the liner) with about a Ffactor of
three greater increase in the first case. When taking due account of the
changing angle of the field lines at the edqe with insertion depth, the
increase in loop voltage for both cases is proportional to the Fflux
intercepted by the tile. (In these discharges F ~ -0.1 and g = 1.4 at the
edge.) Similar measurements were carried out at other plasma currents.
The variation with 1. of s§V/A was small; (s5V/A represents the increase in
loop voltage per uni? area of tile normal to the field beyond the fixed
Timiters). Values of 5V/A were 0.5 + 0.1 V/em2 at 175 kA, 0.5 ¢ 0.2 V/cm?
at 220 kA rising to 0.7 + 0.15 V/cm2 at 280 KA.
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The resistivity of the graphite (10 pn.m) is comparable with that of
the plasma in the edge region. To investigate any effect of varying the
tile conductivity whilst minimising any change in the impurity
composition (see next section), a ‘"pyrolytic" graphite tile, with
anisotropic conductivity, of identical dimensions was used. For this tile
the electrical resistivity across the face was (3 my.m), ie about a factor
of 300 higher. Values of sV/A were 40% + 25% higher with the pyrolytic
graphite being 0.7 + 0.1 V/cm2 at 175 kA and 0.9 + 0.2 at 220 kA,

The current flowing through the tile is measured to be ~2A/cm2 which
is of the order of the ion saturation current in the edge reqgion. The
deuterium ion temperature (see 4] this conference) rose with insertion
depth. (Electron temperature and Z,¢p Changes are discussed below.)

IMPURITY AND TEMPERATURE EFFECTS

An increase in carbon impurities and a possible fall in T_with
limiter insertion could contribute (classically) to increases in
This possibility was studied in detail for the case of a 4 cm qraph1%e
limiter insertion at I = 280 kA. For this case, Fig 2(a) shows the
signal from a bolometer which has a direct view of the neighbourhood of
the Timiter. The curve shows the integrated radiated power (P ) as a
function of time compared with a normal discharge with no tile present
(shown as a dotted 1ine). The discharge starts at t = 2 ms. From 2 ms to
~5 ms the values of Prad are about equal but at around 5 ms a rapid
increase in P occurs for the data with the tile in. At about the same
time radiation from CV (see Fig 2(b)) as measured by a visible
spectrometer Tocated 90° around the torus also shows a rapid rise with
Tittle or no increase above standard discharges (dotted line) at earlier
times. Similarly, in Fig 3, the central electron temperature T_, measured
by a Si(Li) detector, deviates significantly from values founf in normal
discharges (dotted 1ine) only at later times when it is seen to fall - in
direct contrast to the increase in T, noted earlier.

These results indicate that impurities do not play a significant role
in these discharges at early times when any contribution from changes in
Zeff and T on 5V is small [5]. This has been confirmed by studies
using a computer modeP which takes account of all electromagnetic energy
energy flows into and out of the plasma during the discharges. The
effective value of the Toop voltage (Ve F} required to maintain constant
current and profiles is shown for these discharges in Fig 4. An increase
in V of ~10 volts over normal discharges (dotted 1ine) is present at
early times before impurity and T effects are believed to contribute.
This increase, we attribute to helicity dissipation effects in the region
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of the tile-plasma boundary. The same dependence of V.l éi with time was
confirmed experimentally by varying the power-crowbar lidr‘iwing Toop-
voltage) to obtain current-flat-tops at various times in the discharge and
measuring "10 D at these times. In general, the onset time for the
commencement ofo impurity influxes was earlier the higher the current and
the deeper the limiter insertion depth. Also with the pyrolytic limiter,
influxes were earlier and higher than that with the corresponding graphite
conditions.

The values of &V quoted in the previous section were taken at these
earlier times, ie before or just at the time that impurity influxes were
observed, In the case studied here (4 cm in at 280 kA) the measured value
of sV 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.

DISCUSSION 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 loop voltage of ~0.5 V/cm?2 of graphite tile insertion is
additional to any effect from changes in Z and T_and is proportional
to the magnetic flux dintercepted by the object. This is in good accord
with recent models which propose that helicity dissipation in the plasma
edge regions where field lines intersect material objects increases the
plasma loop voltage. The potential differences (8y) across the tile
required to account for the observed values of avap are in the range
400-800 volts.

Further confirmation that Timiters contribute significantly to v1oo
in RFP discharges has recently been obtained in HBTX1B where a reductmﬁ
of ~30% in v]oo was obtained with the removal of 156 graphite tile
1imiters which coeered 8% of the liner 1 cm in from the surface.

These studies demonstrate that future RFPs must be carefully designed
to have correct equilibrium with nc obstructions protruding beyond the
first conducting wall.
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DIVERTOR EQUILIBRIUM OF REVERSED FIELD PINCH

Kichiro Shinya
Toshiba Research and Development Center
4-1 Ukishima-cho, Kawasaki-ku, Kawasaki 210, Japan
Kiyoshi Opawa
Electrotechnical Laboratory
1-1-4 Umezono, Sakura-mura, Niihari-gun, Ibaraki 305, Japan

1. Introduction

Recently impurity control has been recognized as one of the crucial
jssues to realize reactor relevant plasmas even in the reversed field
pinches (RFP). The poloidal divertor seems to be an attractive tool for
this purpose from both the physical and engineering view points. Active
shaping by the external equilibrium coils is required for attaining divertor
plasma configuration, which results in necessity of precise estimation of
the equilibrium coil current distribution by 2-dimensional equilibrium ana-
lysis beforehand.

The purpose of this paper is to describe how to obtain divertor con-
figuration of the RFP plasma for prescribed plasma parameters by numerical-
ly solving the Grad-Shafranov equation. Plasma parameters are chosen of
the TPE-RX which is planed as a next step machine succeeding to the TPE-
1RM15 at the Electrotechnical Laboratory. Both the normal and inverse-dee
double null divertor configurations will be described.

2., Formulation

The MHD code EQUCIR, which was developed to analyse tokamak plasma
equilibria, was modified to calculate RFP plasma. In this code the plasma
cross section, null point locations, average plasma pressure and plasma
current are required inputs. On the other hand equilibrium coil currents
are resultant outputs.

The Grad-Shafranov equation which rules over the axisymmetric plasma
equilibrium is written in the cylindrical coordinate (R,$, Z) as

a2y 1ay | a%y

5§§ ~zmtiz 22 = HDRj¢(R ) (1)
_ ap 1
(R ¥) Ry + dW( 2) (2)

where j; is the tor01dal plasma current density. 1In solving the Grad-
Shafranov equation the functional form of the plasma pressure p(¥) and
toroidal magnetic field f(Y¥) =RBppgr should be identified. In this paper
p(¥) and £(¥) are selected as

p(¥) = pg¥™ and £(¥) = £,(1 + ch?“‘f) (3

where § = (¥ -¥g)/(¥y~-Y¥g) is the normalized poloidal flux with ¥y the flux
at the magnetic axis and ¥g the flux at the plasma surface.

Iterative method is used to solve the Grad-Shafranov equation because
of its nonlinearity. Starting from flat plasma current distribution, the
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poloidal flux distribution is then calculated by the Green's function
method. The contribution of the external equilibrium coil currents to the
poloidal flux are modified to minimize the following square error which is
evaluated at the prescribed plasma surface points

\)

Ng N N
2 2.2 2 2
L= g(ka-q-s) Wy, + JZ'YijIj+ {Uk(BRkJ' Byy) (%)

where Wk is the poloidal flux at the k'th plasma surface point, which is

the sum of the plasma current contribution qu and the external coil contri-
bution Ygy, Njljis the ampere-turns of the j'th coil and Bgk and Bz are the
magnetic fields at the prescribed k'th null point in the R and Z direction,
respectively. The plasma current distribution of the next iteration step
can be calculated by equation (2). Cf in equation (3) is modified so that
the integral of jy over the plasma cross section is equal to the plasma
current Ip. Note that Cg should be less than -1 throughout the iterations
to ensure RFP configuration.

Another iteration loop is engaged in the code to converge plasma
pressure to the prescribed value. This loop works per several j¢ itera-
tions, the number of j¢ iteration being dependent upon the covergence level,

Once convergence is attained for both plasma current distribution and
plasma pressure, the characteristic quantities of the RFP plasma can be
evaluated as follows:

(i) F and ©
o SIS @ w PG (5)
<Brop> <Brpp>
(ii) Safety factor
Y _ () e B dip (6)
21 HZHPOL

The current density, magnetic field and safety factor are calculated on
magnetic surfaces divided into equal flux difference. In the equation (5)
Br(S) and Bp(S) mean line-averaged toroidal and peloidal magnetic fields on
the plasma surface, respectively, which are written as

B (9) dip
TOR
By(S) = [gmeydtp / [ :
ro(5) Bppy (S) 7)
Bp(S) = [Bpgy (S)dfp /a7,
“Bpgp™ is averaged toroidal magnetic field over the plasma cross section,
B, o
“Bypop> = [ByopdaA / fdA . (8)

For nested magnetic surfaces with equal flux difference the equation (8)
reduces to line average on the magnetic surface as follows
Byay d'p
Byos = J [oodp /| [ (9)
tipo, Bpor,

3. Results

Two different divertor configurations with same plasma parameters but
null point locations are examined, i.e., normal divertor and inverse-dee




440

divertor. The proposed plasma parameters of the TPE-RX are; Rp=1.5m,
a=0,3m Ip=2 MA, nev1.5x1014 m=3 and T " Tj%1 kev. The axial posi-
tion of the null points Zy for both divertor configurations are same as
+0.36 m, but the radial poitions Ry are 1.36 m for the normal divertor and
1:75 m for the inverse-dee divertor. The corresponding triangularities are
0.6 and -0.83, respectively,

Figure 1 shows (a) the normal divertor and (b) the inverse-dee diverter
plasma configurations for the average plasma pressure of P=4,8 x 104 N/mz
which corresponds to ng=1.5x1014 p=3 and To=T;=1 keV. The vacuum
toroidal magnetic field at the major radius Rp is fixed at Byn=-0.2 T
throughout this paper. The total ampere-turns of both configurations are
almost equal to 4.5 MAT, but divertor coil ampere-turns for the normal
divertor is twice larger than for the inverse-dee divertor, i.e., 1.3 MAT
and 0.7 MAT, respectively.

The magnetic field distributions are shown in Fig. 2 for three dif-
ferent plasma pressures; (a) 4.8 x 104 N/mz, (b) 2.4 x105 N/m2 and (c) 4.8x
105 N/mZ. The toroidal magnetic field decreases with increasing 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 the toroidal magnetic field in the plasma brings about the reduction of
the average toroidal magnetic field <Bygr> resulting in the increase of F
and O values.

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

Figure 4 shows the F-0 trajectory as the plasma pressure increases.
When the plasma pressure is low F and 0 wvalues exist on the curve pre-
dicted by the Bessel function model (BFM), while at higher pressures the
values deviate from the BFM. It should be noted that the vacuum toroidal
magnetic field Bpg is kept constant throughout the analysis. The F-0
trajectory may therefore be different for changing value of Brp.

Table 1 summarizes the results including a comparison between the nor-
mal and inverse-dee divertors. It might be concluded that there is little
difference between the normal and inverse-dee divertors. The average decay
index of the equilibrium magnetic field is defined by

<n> = n dRdz (10)

1

== B
By I TOR 2
where

B, B, dRAZ .

I ¢
‘ﬁhmn
<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 negative value of <n> inevitably brings about the positional instability
in the vertical direction. The null point location should therefore be
lowered to stabilize the positional instability at the expense of the in-
crease of the equilibrium coil currents. The normal divertor configura-
tion is preferable for suppressing the positional instability.
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FREE BOUNDARY MHD STABILITY OF RFP CONFIGURATIONS
D. Merlin, S. Ortolani, R. Paccagnella

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

INTRODUCTION

In a previous article / 17 a fixed boundary MHD stability analysis of
force-free RFP profiles was descrlbed In this paper we present an extension
of the analysis including the effect of a vacuum region separating the pla-
sma from the conducting shell,

An ideal MHD eigenvalue code and a resistive code, based on the A'cri-
terium, are employed to study the stability, for current driven modes, of
force-free equilibria obtained from a p radial distribution of the form:

>

i [ r“]
won - 2 )
N BZ a 8

where a is the plasma minor radius.

The equilibrium distributions arc therefore parametrized through the
two quantities @ and 0 which define respectively the form and the on axis
value of the p distribution.

The present study considers a plasma-vacuum interface at r=a and a
vacuum region for a<rtb. At r=b we assume the presence of a perfectly
conducting wall. The analysis is performed with different values of the ra-
tio &, = (b-a)/a, i.e. different proportion of the extension of the vacuum
region with respect to the plasma radius. Poloidal numbers m=0,1,2 and
a wide range of toroidal wave numbers, k, are analysed.

For the fixed boundary case the results for m= 1 modes / 1 f which
have been found to pose the more severe constraints for stablllty, are re-
ported in Fig. 1 in a a-@, plane. In this diagram the region of existence
for the RFP configuration is bounded by the curve F=0 and F=-=_, F
being the ratio between the toroidal field at the plasma surface and the
mean toroidal field over the plasma cross section. In Fig. 2 it is seen
that, for the free boundary case, the main differences with respect to the
fixed boundary one are due to the external modes, that is modes resonant
outside the radius of reversal of the toroidal field. In fact with a vacuum
region of 5% extension, the marginal stability curve for these modes moves
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to lower values of G, ( for a fixed value of &). Moreover the ideal and
resistive external modes boundariss, which were practically indistinguishi-
ble without vacuum, become now separated; the boundary for resistive modes
being in this case well below the ideal one. When the extension of the va-
cuum region is increased to 10% of the plasma radius it is found that, be-
yond the ideal stability limit, modes resonant in the vacuum and also non
resonant develop, with growth rates of the order of YT,k =0.5- ™ From
Fig. 2 it is also seen that with this vacuum extension the stahle region,
limited on one side by the external modes and on the other side by the in-
ternal modes, is drastically reduced. Furthermore, as can be expected, the
effect of the vacuum is quite small on the internal modes (which are reso-
nant inside the field reversal point).

In general in the free boundary case the m=0 modes, resonant at the
toroidal field reversal surface, are found to play a much more important
role than in the fixed boundary case. In Fig. 3 it is shown the stability
region for these modes when a vacuum region of 3% is present. The curves
refer only to resistive modes because ideal m=0 modes are found to be sta-
ble. In this case we see that two limits are found for stability. An upper
limit similar to that found for m=1 modes and a lower limit near the F=0
curve, However the most important result from the m=0 mode analysis is

that there is no stable region in the a=0

o Plane if the extension of the

vacuum region exceeds 47 .
Finally, m= 2 modes, both ideal and resistive, are found to be comple-
tely stable.

DISCUSSION_AND_CONCLUSIONS

We have analysed the effect of a vacuum region, separating the plasma
from the conducting boundary, on the MHD stability of force-free configura-
tions. While in the fixed boundary case the m=1 modes set the more strin-
gent limit on stability, with the vacuum region the m=0 modes become more
relevant and they are completely destabilized when the vacuumregion extends
by more than “ 4% of the plasma minor radius. This result appears to be
very similar to that found in a previous analysis / 2 /, in which a limit
of 47 of extension of the vacuum region for the MHD stabxlity of both m=0
and m= 1 modes has been determined. However, in reference £ 2 7, a current
density profile which does not vanish at the plasma edge was used and, to
study the free-boundary properties, it was therefore necessary to modify
the current profile, by introducing a matching region between plasma and
vacuum. In this way m=1 unstable modes were artificially produced by this
matching region.

To discuss the relevance of m=0 and m= 1 modes for stability, we have
also compared the characteristic growth rates for m= O and m=1 external
modes. In Fig. 4 the values of (\'TA) and A'vs.K=ka for the case
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a=5,0,=1.8 with § =0.1 and S§= 104 are shown. It is evident that
the m=1 modes have in general shorter growth times. This aspect is ob-
viously relevant since, if the m=0 modes grow on a time scale comparable
to the resistive diffusion of the equilibrium configuration, then the m=1
modes remain the most important also vhen a vacuum region is present. Fur-
thermore, for a configurations characterized only by the presence of m=0
unstable modes, the A' wvalues are very low and the corresponding linear
growth times are a significant fraction of the resistive diffusion time.

Finally, in the fixed boundary case / 1 / we noted that the destabi-
lization of internal modes, due to the diffusive on axis current peaking,
can also be a good candldate to explaln the large fluctuations and current
redistributions observed in RFP's I 3,4 /. In the Ppresent case, with a va-
cuum region surrounding the plasma, we observe that external modes canalso
play an important role in the plasma behaviour. This fact can be illustra-
ted by plotting the stability boundaries for m=1 modes in the
q(a)* (R/a) - q(0)* (R/a) plane (q being the safety factor) together with
typical experimental points (Fig. 5). It can be seen that in the case of
dv= 0.1, some experimental points lie outside the stability limit due to
the external 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 MHD stability of a vacuum interspace
between the plasma boundary and the conducting shell has been found to be
very significant and could become particularly important in larger higher
current machines where limiters armours and/or divertors can be necessary.
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EXPERIMENTAL STUDY OF FRC PLASMA WITH AXIAL CURRENT APPLICATION
T, Takahashi*, M. Ohara*, S. Shimamura*, Y. Nogi*, M. Machida*

#Nihon University, Japan - %Campiuas University, Brazil

With recent progress on the Field Reversed Configuration
(FRC) research, large scale devices has been constructed!’?,
The axial current application on the FRC machines adresses the
better control of the plasma during the field reversal in a
glow rising main field, increasing the trapped bias flux, and
the plasma equilibrium against the n = 2 rotational instability.

In the Nihon University's NUCTE-II machine?, the FRC
plasma is produced by using a field reversed theta-pinch
device of 1.7 m long, 16 cm bore coil. It's feature is the
existence of an internal z-discharge electrodes for the axial
current generation. When the negative bias field reaches =
630 G, the positive main field (12 kG) is applied to the
plasma preheated by the axial current I_ . In order to study

the effects of the axial current,a secofid current I is added
few microseconds before the main bank discharge.
The I current flows through the well ionized plasma

paramagnetigally,increasing the axial bias field. This
amplification effect has been compared with the calculations
under the assumption of the force-free current profile having
boundary conditions B_ =-630 G and B, =p. I /2w r _ at the tube
wall r . The experimental results agree well with¥the
theore¥ical predictions, indicating that the bias flux
amplification follows the force-free current model.

Although the amplification of bias field is possible by
factor of three with application of 30 kA current in our
experiment, the FRC is strongly affected in the equilibrium
phase by the amount of this current.

We find that there are two limiting values of I to
obtain the long-lived plasma. The first is the magnitiide of
the current existent at the moment when the main field is
applied in the formation phase. For the current below 4kA the
plasma lifetime is longer or at least same as in the case
without current, but above this value the lifetime dacays
sharply. The reason for this limit is not undertood well yet
although, the FRC formation is seemed to be disturbed by the
asymmetry of the bias Field and the plasma condutivity in the
reconnection regions near the coil ends, further studies are
needed.

The second limit is predominant at the confinement phase.
Even if the first limit is satisfied,there is another condition
to be obeyed in this stage. The FRC plasma produced by this
method has strong axial field B, and additional azimuthal
field produced by the axial current flowing near the separatrix
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radius. And it is known that the stability of the plasma in a
magnetic field system composed of axial and azimutal fields is
governned by the Krushal-Shafranov limit or safety factor q.
In our case this stability condition can be written by:

21 Be

a = L. L. fFXag B (1

where & and p_ are the separatrix length and the permeability
of the "FRC plasma respectively. The I_ is total axial current
on the annular sheet. The parameters in eq.(l) are time
dependent, and the FRC is destroyed when the q value becomes-
less than one during the confinement phase.

Many discharge datas have been taken within two limits
above and compared to the cases where no axial (I ) current
was applied. The monitoring of the plasma paramete%s were done
by flux excluded and Rogowskii loops, line integrated He-Ne
(3, 39 pm) laser interferometry and photodiode radial and axial
arrays.

For the ordinary case with no I_ , the initial equilibrium
radius of the plasma is 2.3 ~ 2.6 em f% =0.29 - 0,33) and
the lifetime taken by e-holding time ofthe inirial plasma
cross-section, 7mr z, 18 28~ 56 us.

When the 1z is applied, the plasma radius becomes larger,
2.5 W 2.8 cm (x £ 0.31 - 0.36) and the lifetime is improved to
48 - 64 ps. The® longest lifetime (65 us) corresponds to the
decay time of the main field. The start of the I__ is about
5 us before the main field, so that the current reaches 1.5 &
2.5 kA at the moment of the FRC formation.

The increase of the poloidal flux ¢  trapped in the FRC
is calculated from a rigid rotor equilibrium model":

W 3
b = —>— B (2)
P 2V2 ¢ =
W

which gives the increase of about 30 Z in the trapped poloidal
flux during the equilibrium phase.

The n = 2 rotational instability has been measured by the
interferometric and photodicde systems. The instability grows
within 25 ~ 30 us after the start of the main field in the case
of ordinary FRC operation. When I, is applied the onset time
of the instability is delayed to 35 - 40 ps, and the amplitude
of the oscilation is modified to lower levels. This indicates

the possibility of the stabilization of n = 2 instability
besides the usual external multipole system used in other
machines?'®,

So far, the total supression of the n = 2 instability is
not possible due to lower current limit (< 4 kA) imposed by

q value. The estimatives of current necessary for complete
supression was calculated by the radial force balance between
centrifugal force of the plasma and Lorentz force due to the
axial current gething I, = 13 kA. Therefore what we have
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observed in NUCTE-I1 is the slight change on the behavior of
the n = 2 instability.
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SLOW, LOW VOLTAGE GENERATION OF ANNULAR FRC'S*
G.C. Vlases, Z.A. Pletrzyk, R.D. Brooks, K.D. Hahn, R. Raman, R.J. Smith
University of Washington, Seattle WA 98195, U.S.A.

Introduction Significant progress has been made in FRC research in the past few
years, with the achievement of ntg > 410!lem3sec in 40 cm diameter plasma tubes. !

Conventional FRC generators, which are descendants of reversed fleld linear 8-pinch
devices, require very high voltages and fast pulse technology. We report here on an FRC
generation technique designed to circumvent these difficulties, which we call the Coaxial
Slow Source.2 This CSS consists of coaxial 8 coils, with radif of 7 and 22 cm, an active
length of 95cm, and with plasma formed In the annular space between the colls (Fig. 1).
The outer coll is of conventional single turn design, while the inner coil, which is
cantilevered from one end of the device to allow translation of the plasma out the other
end, is a four turn design consisting of close-fitting coaxial two-turn coils wound in the
opposite sense to cancel axial currents and provide for a symmetric current feed. The
colls are powered by a 2 kV, 800 pF bank and an 8 kV, 1200 pF bank, respectively. The
resulting loop voltage of 2 kV maximum is 1/50th of that used in the similarly-sized FRX-
C device! and the rise-time of 25 pus is about 10 times that of FRX-C. The vacuum vessel is
of quartz, with metal end flanges, and the base pressure is 2-10°8 Torr. The operating
scenario s as follows: The inner coil is discharged "negative" through one quarter-cycle
(18 ps), during which a weak glow discharge Is normally operating. As the inner coll
current begins to decrease in magnitude, the plasma acts to prevent reduction of the flux
linking it, effectively transferring reversed flux from the inside of the core to the region
between the core and the plasma, forcing it outwards. After a delay of ~ 2 to 12 ps, the
outer colil is energized in the forward direction (t)/4= 24ps), forcing flux inwards. The fleld
lines on the two sides of the plasma, being oppositely directed, connect at the ends of the
plasma, building In time a set of nested near-vacuum flux surfaces around the plasma,
which is heated both ohmically and compressionally.

{ outer col \U

e \\
e —_ ______ oulercon
plasma outer coil
\\_‘7';“‘51&\—)_)
F——————
)"
Fig. 1. Schematic of the CSS and P L S — T
two possible magnetic field ! s mjef t{onl [
configurations. I / o \. Y
4 \ L=y} Jiw m,:\
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The main diagnostics consist of several axial arrays of 11 B, probes each along the
{nner and outer colls, and flux loops on each cofl. An array of 12 internal probes, spaced
about 1 cm apart radially, 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 addition, a 2-D resistive mhd code written by Barnes? is used to
predict and interpret the experiment performance.

Results The desired reversed field configuration forms within one or two ps of the

time the outer coil is energized, and persists for times of 40 - 60 ps, depending on fill
pressure. Such formation has been observed [or pressures from 60 mT to 8 mT, limited at
the low end by a poor preionization system, and with inner coil voltages from 4 to 8 kV.
Figure 2 shows recently obtained internal probe data, where the formation and radial
growth of the reversed field configuration can be seen. If one of the separatrices is
assumed to be on a coil (which must be true at least until the field within the inner coil
reverses or if the field along the coil changes sign) the location of the other separatrix can
be determined from purely "external" probe measurements. Even If one of these
conditions is not met, simulations show that any error incurred by assuming one
separatrix always to be on a coil is very small. The radial position of the separatrices and
the plasma can be controlled by varying the ratio of outer to inner coil voltages; the outer
coll acts analogously to the vertical field coils in a Tokamak.

N psec 32 usec

Fig. 2. Magnetic field (B;) versus radlus every 2 us at the midplane from internal probe
array and probes between the vacuum walls and coils. The first curve is at the
outer cofl start time. (0.1 Tesla/div, V,,=1.7 kV, V,=6.0 kV, 9 mT of He)

Once the positions of the separatrices at the midplane are known, the poloidal flux
enclosed within them can be estimated by assuming a model profile, For this purpose we
use a rigld rotor model* constrained by the axial equilibrium condition, which for the

2. rei2
1 I'so”-Isi
CSS geometry Is <f> = 1-5 Toln;
can be seen that the flux builds up continuously over a perlod of about 20 ps, 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-folding time of ~12 ps. This

corresponds to an average resistivity at the magnetic axis of ~2:10% Q-m.

. The resulting values of flux are shown on Fig. 3. It
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Values of average electron density have been obtained by single chord, axial-viewing
interferometry and, in addition, for a limited number of shots the radlal profile at a
given instant was determined by axial holographic interferometry. For the shot shown
in Figs. 2 and 3, Jngdl = 9:1016 cm2 corresponding to <ng>= 9:10'% cm3 if the plasma
length is assumed to be 1 m. For field lines with negligible curvature at the midplane, a
radial pressure balance estimate of the temperature then gives T + T; = 120 eV. Total
temperatures determined in this manner over the entire operating range of fill pressures
quoted above vary from ~60 to 220 eV.

Flux (mWb)

Fig. 3. Flux within the
separatrix versus time.
(Vour=1.7 kV, V,,=6.0
kV, 9 mT of He)

Time (ps)

The time dependence of the length of the plasma Is somewhat mysterious. Modelling
with either a multiple of classical or anomalous drift-parameter-dependent resistivity
predict that the plasma should contract axially, as is nearly always observed in
conventional FRC's. Since simple measurements of diamagnetism do not yield an
unambiguous measure of the plasma length, we have used a plot of B,(z.t) as an
approximate indication of the axial extent of our plasmas, supplemented by data from
the simulations. An example of a plasma which remains "confined" within the length of
the magnet is shown in figure 4. It is clear that the x-points remain on the inner coil,
near the ends, for the entire duration of the shot, as evidenced by the fact that B, changes

8.3
8.2
8.1
8.9

B (Tesla)

=57, 1% TIME (usec)

Fig. 4 Magnetic field (-B,) along the inner coil versus time. The field at
the ends is directed opposite to that at the midplane for all times
indicating that the separatrix is always on the inner coil
(Vou=1.95 kV, V, =5.0 kV, 8 mT of D)
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sign along the coll from + to - and back to +. On the other hand, when |B,| remains
apprmdmately constant and negative along the whole length of the coil, one may surmise
that the plasma extends beyond the length of the coil, and is not well-conflned axially.
These two types of configuration are sketched in fig. 1. The axlal contraction of the

lasma expected theoretically is seldom seen. At higher pressures in both D, and He, the
length Is approximately the coil length, and changes relatively little In time. At lower fill

ressures, the plasma seems to form near the midplane, and then to expand axially, often
beyond the coll length. This tendency to form near the center is not yet understood, but
may result from the axial profile of the initial plasma which results from the glow pre-

preionization, combined with the first quarter cycle induced 6 p.l. It seems to be less
likely to occur when a more energetic z-discharge p.1. 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.

lusi We have demonstrated that the desired "annular FRC" configuration can
be formed over a wide range of initial pressures, using voltages about 1/50th of those
conventionally employed in FRC research, and on time scales 10 times longer. This
should ease the technological requirements for scaling FRC generators to larger sizes,
provided the annular 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 spectroscopic
measurements have been carried out to identify impurities, quantitative measurements
of radiative loss rates have not yet been made. The plasma radial position can be
effectively controlled by adjusting the external “vertical field" coll voltage for a fixed
inner coil voltage. The plasma axial dynamics depend sensitively on the filling pressure,
type of gas used, and preionization technique, and are not yet adequately understood.
Termination of the configuration occurs 45-60 us after initiation, fairly independent of
initial pressure, Termination may result either from radial diffusion, expansion out the
ends, or a combination of the two. The device is currently being upgraded to allow for
higher flelds, longer risetimes, lower fill pressure operation through improved
preionization, and active mirroring of the outer coil to control the axial dynamics.

wl nts The authors wish to thank D.C. Barnes for allowing generous use
of his simulation code, and for stimulating discussions concerning the experimental
results.

References

1. RE. Siemon et. al., Fusion Technology 9, 13 (1986).

2. G.C. Vlases et. al. Bull. Am. Phys. Soc. 29, 1360 (1984).

3. D.C. Barnes & D.D. Schnack, Bull Am. Phys Soc. 30, 1455 (1985).
4. W.T. Armstrong et. al., Phys. Flulds 24, 2068 (1981).

*Work supported by U.S. Department of Energy




450

HIGH DENSITY Z PINCH FORMED
FROM A SOLID DEUTERIUM FIBER

J. E. Hammel and D. W. Scudder
Los Alamos National Laboratory, Los Alamos, NM, USA

I. Introduction

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, 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 8 = 1 plasma, it can be ohmically 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 achieve 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 flowing 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- 00 . L :
etrate into the center of the col- 9 a o2 s
umn. Kadomtsev! and Suydam? T
have shown that a z pinch can be
stable to m = 0 modes if the

1-MA
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plasma beta falls of with radius at a sufficiently slow rate. 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 ~ Viherm /7. However, the radially integrated reaction rate is  n?#nr? «
N?/r? 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, more 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.

1I. Experimental Techniques

The current generator for the 250 kA experiments is a 12 kJ, 600 kV Marx bank
charging a 1.6 {1, 100 ns water transmission line switched to the load by a self-breaking
multipont water switch. The plasma chamber is maintained at a vacuum of 10-%—10-7
Torr. The plasmas are created from fibers of cryogenic deuterium with diameters
ranging from 20 to 40 pm 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 ﬁgur.e 3.
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Diagnostics of the pinch include a multi-frame fast schlieren camera giving seven
images, one every ten nanoseconds, neutron counting with a silver counter, and neu-
tron time history using a scintillator/photomultiplier tube arrangement, differential
absorber XRD soft x-ray detectors, and an x-ray pinhole camera.

III. 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 ns. The re-
sulting plasma columns expand at a velocity 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.

Plasma parameters are inferred from a number of diagnostics. Since the initial fiber
diameters are known, the average plasma density can be obtained from measurements
of the column diameter. The initial solid density is 5 x 10 m~2, which drops to
2 % 1027 m~3 before the onset of instability.

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

wol® = 167 NkT

fives temperatures which range from 150 eV to 600 eV for fiber diameters of 40 pm
down to 20 pm. The number of neutrons per shot varies from several 108 to 108. The
larger neutron numbers would 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 pm aluminum foil. They show emission from a narrow (resolution-limited), con-
tinuous column, although it is impossible to rule out structure in the pictures smaller
than the 400 pm pinhole size.

IV. Future Experiment

Extension these experiments to plasma currents of 1 MA and above is underway.
To do so requires a substantially larger current generator with 200 kJ of stored energy
and a voltage of 3 MV. The design 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 {1, 50
ns vertical transmission line to drive 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 the intended parameters.




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 fiber load. By optimizing the design of the intermediate store 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 pm diameter fiber
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 significant thermonuclear burn in a com-
paratively modest experiment.

V. Summary

Experiments in which 250 kA have been passed through a z-pinch column formed
from a thin fiber of cryogenic solid deuterium have demonstrated unexpectedly stable
behavior. It has been shown that it is possible 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.

! B. B. Kadomtsev, "Hydromagnetic Stability of a Plasma,” in Reviews of 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 MHD STABILITY OF THE Z-PINCH

M. Coppins
Blackett Laboratory, Imperial College, London SW7 2BZ, UK

Abstract

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

1 Introduction

Ideal magnetohydrodynamic (MHD) linear stability theory is the most extensively
studied and familiar theoretical treatment of low frequency gross instabilities in plasmas,
The Z—pinch is particularly susceptible to this type of instability. 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
suzh a study provides a firm basis for more elaborate theoretical work.

Because of (a) the relatively high degree of collisionality of many Z-—pinch plasmas,
and (b) the absence of mode rational surfaces in the device (implying that purely resistive
instabilities do not arise), ideal MHD should provide a good description of Z—pinch
stability. A comparison with recent experimental results is given in Section 3.

2 Theoretical results

We use a 1—D shooting code (a medified version of a code originally written by C.
Davies in 1979) to solve the ideal MHD linear eigenvalue equation. A formulation of the
eigenvalue problem is used in which the equation is rewritten as a pair of coupled first
order ordinary differential equations for rf, (£ is the plasma displacement) and P*, the
total (thermal + magnetic) pressure (3,4). Both growth rates 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 wall at r=ry. For m=0 the perturbed magnetic field
(B,) in the vacuum is identically zero and the plasma is decoupled from the outer region.
The existence of a conducting wall outside the plasma therefore has no effect on the
linear m=0 mode, For all other m numbers the eigenfunctions in the plasma are coupled
into the vacuum region through the plasma edge boundary condition and thus growth rates
can be modified by changing the value of ry/a.

The solutions given here are for a compressible (I'=5/3) plasma. Growth rates are
given normalised in terms of the radial thermal transit time.

Two important types of Z—pinch equilibrium have been studied.  The first is
characterised by a uniform current density. This equilibrium is unstable to m=0 and
m=1, but stable for m>2 (2). Figure 1 shows the dependence of growth rate on ka (k is
the axial wavenumber of the instability) for the two unstable modes. The m=0 mode
grows faster over almost the whole range of ka. Figure 2 shows the components of §
and B, 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 satisfies the Kadomtsev Criterion (5) i.e.
it is unstable to m=1 only. This type of equilibrium is characterised by a centre peaked
current density, Figure 3 shows the components of £ and B, of the m=1, ka=4.0 mode
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in this case. The instability is peaked on axis.

These solutions have been obtained with the assumption of a vacuum of infinite
extent surrounding the plasma. The existence of a conducting wall seperated from the
plasma by a vacuum of finite extent does not affect the linear m=0 mode, but can
reduce the m=1 growth rate if the wall is close to the pinch. Figure 4 shows the
dependence of m=1 growth rate on the ratio ry/a 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 ry/a=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 for the

Kadomtsev stable profile.

3 Comparison with experiment

A detailed 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 estimate that the observed lifetime of the compressional pinch is
equivalent to approximately 20 m=0 or 11 m=1 growth times, where the growth times
correspond to peak current. This surprising degree of stability may be due to rapid
cooling 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
conducting wall stabilising effect described above. In this case a plasma layer which forms
inside the insulating wall of the pinch chamber, the existence of which is inferred from
the maintenance of the equilibrium beyond current reversal, acts as a conducting wall close
to the plasma.

The main features of the observations on instabilities in the gas embedded pinch are
(a) the complete absence of the m=0 mode, (b) an apparent delay in the onset of the
m=1 mode, and (c) the m=1 mode when first seen is peaked on axis. The first of
these phenomena suggests that the equilibrium is of the Kadomtsev stable type and our
theoretical study indicates that this view is confirmed by the observed spatial structure of
the instabilities. Thus although the form of the current density profile cannot be obtained
experimentally we infer from the nature of instabilities that it is centrally 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 and/or accretion of
neutrals. We suggest that this mechanism offers an explanation for the apparently
universal 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 CONFINEMENT OF SCREW PINCH PLASMAS IN SPICA II

A.A.M. Oomens, H.S. Lassing, J. Lok, A.F.G. van der Meer, and D. Oepts
Association Euratom-FOM, FOM-Instituut voor Plasmafysica, Rijnhuizen,
P.0. Box 1207, 3430 BE Nieuwegein, The Netherlands.

1. Introduction SPICA II is a toroidal screw-pinch device, built to
study the confinement and stability properties of plasmas having a highly
elongated minor ecross-section and a current density profile that is much
broader than the pressure profile. This particular configuration is
produced by applying a fast-rising toroidal field By to, and inducing
simultaneously a toroidal plasma current I,; in, a partially ionized gas,
After the shock formation, By and I,) are (actively) crowbarred to study
the evolution of the plasma. In earlier work it has been shown that in a
circular cross—section stable discharges up to B = 15% (averaged over the
dense central part) are possible and that 8 can be increased by elongation
[1]. The most important parameters of the machine, described elsewhere
[2], are given in Table I, together with the range of plasma parameters in
which we have operated thus far. Since the first report on SPICA II
results [3], we have modified the main circuits and the preheating system
in such a way that now each discharge can be routinely passively crowbar-
red, with a decay time of 0.35 ms, leading to reduced plasma-wall inter-
action prior to and during the main discharges.

TABLE I

PARAMETERS OF SPICA [I

Major radius R : 0,45 m Plasma current I,y : 0.3 — 0.45 MA

Minor dimensions: 2b=x2h: Toroidal field Bp : 0.,72- 1.1 T
inside quartz vessel : 0.29x0.69 m Blas field B, : 0.03- 0,14 T
inside aluminium shell: 0.31«0.71 m Filling pressure pg: 0.2 — 2 Pa (D;)
Poloidal current I, : 3 MA Temperature T, : 20 -80 eV

Toroidal current Ip.. @ 2 MA Safety factor qp 15 =~ 3

Rise time T/4 : T3 us Beta (%) B : £25

Passive erowbar: deeay: 0.35 ms Degree of preionization a: 10-70%

Active crowbar : flat ftop: 1.2 ms
decay o 7 ms

2. Diagnostics A schemalic view of the distribution of the diagneosties,
operaticonal in this period, is shown in Fig. 1. The name "Faraday loop"
stands for a magneto-optical current sensor measuring 1,7 by means of the
Faraday rotation in a single-mode fibre (U4]. AL the position indicated by
"poloidal streak", the aluminium shell contains a large number of viewing
holes to observe the plasma light emlssion by means of optical fibres.
Digital recording of the signals from the separate channels, using photo-
diodes and transient recorders, offers the possipility to further process
these signals after the shot. In this way one asquires, in addikion to a
quantified streak picture shown in Fig. 2 the possibility to apply a
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qumerical reconstruction technique, to gel a cross—section of the
intensity distribution. The results of preliminary attempLs to check the
eorrelation of the emission with the electron density are shown in Fig. 3.
‘The temporary vidicon detection system for the multi-point Thomson
goattering  was replaced by an intensifier-CCD comiination, The
ppoximicy—t‘ocussed, micro-channelplate image intensifier alliws operation
of the detector system at the photo-electron noise limil and also operates
as a fast shutter (- 100 ns) with a shutter ratio better than 10°. The
spatial rasolution is 2 mm with a field of view of 115 mm, while the
spectr'al resolution is - 10 nm with a spectral range of 140 nm.

3. Plasma operation In Ref. [3], it was reported that a rapid loss of
density, within 50 us, of the main column after crowbarring was always
observed, Since then we have operated over a wide range of preheating
gonditions (B, pp,m) and at different qp at the wall. Unfortunately, we
have not yet found a clear connection between the preheating conditions
and the behaviour of the main discharge. Since the SPICA I[ experiment
will be terminated at the end of 1987, the first priority now is to
collect data. However, some general observations, based upon the results
of the interferometer, Thomson scattering and pick-up coils can be made.
At high pp (~ 2 Pa), it is possible to confine plasmas during several
hundreds of us without gross instabilities. Some of the results for such a
discharge are shown in Fig. 4, The displacement of the column is small
(a/a £ 0.14) and ay increases slowly from 1.7 to 2.2. The average density
in the horizontal plane remains roughly constant at 2x10®! m™?, but the
temperature is low (Tg - 20 eV). At low p, and high a, thus at stronger
shock heating, we very often observe a high elongation already early in
the discharge, which 1leads 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 and
vertical chords, the pick-up coils indicate large excursions of the
current centre, mostly in inward direction, and wall contact is obvious
from the digital streak picture and the VUV spectrometer. At low py and
low @, it is possible to produce plasmas with high B (up to 25%, Fig. 5),
but in that case the cross—section of the column is almost circular (b/a =
0.08/0.065).

To draw quantitative conclusions, however, a more detailed analysis,
especially of the magnetic data and the density distribution, has to be made.
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LAGHETIC

VIPFUSTIVE PLASIIA LOSSUS IN WIE CLOSH
THAP "DRACCL" VWITH A SPATIAL AXIS
Glesolev V,i.., Lazoarev S.L., Yrubnikov B.A.

I.V.Xurchctov Instiivie of aslcndic Bnexyy,

Lioscow, UGG
BSERACT

Heat end particle fluxes have been studied in the plasma con-
fined within the spatiel ffap "DRACOHI" which conoists of twe long
straight pieces closed with curvilinear elementis. The quelitative
difference between the diffusive processces in this trap ecnd the
phenomena in tokamaks and stellarators is in the presence of many
groups of particles-passing and trapped at different pieces of the
trap-and in different effects of a rippled longitudinsl meognetic
field, radial electric field, curvature and torsion of the device
axis on their arift.

It is shown that the diffusion and heat conduction cceffici-
ents in the regime of frequent collisions (Pfircch-Schluter regi-

me analogue for tokamsks) coincide with the classicel ones, i.e.

considerably less than those in the functioning devices. The depen-
dence of transport coefficients on the trap parsmeters is found.

In the low collisional frcquency spproximaztion (enaiogue of
the "banena' tokamak region) the particle and emergy fluxes have
been studied in the absence of an electric field in plasnc and at
the ambipoler nature of diffusion. It is shown that the elongation
of straight pieces improves a thermal plesme insuletion in spite
of the resonant nature of ion diffusion there. £ radial slectric

field strongly reduces the fluzes end the trancport coeflficients
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4 STUDY OF PLASHA CONFINL.ENT AND STABILITY IN Al OPEN
Q=PINCH TRAP WITH Uik IAGLEXIC [IRKORS.
€, GeZukakishvili, L.T.Coldinov, E,0,Micihonov, 4.l.Coacuaseli
LY. Vekua Inatitute of ihyeles ard [uchwmology, Makiwusi, USSR,
BSTRACT

Thig paper presents some new results on the limitation of the end
Josses ovtained on the device KF-1il, a linear y~pinch 1 m long, [/]
having three magnetic uirrors at the ends. A longitudinal magnetic
fgield, Hy ... 15 equal o 2,2 ©l, its build-up time, T , 18 4mg,
the decay time is egual Lo 1U0 me alter the crowbar. A quasi-con-
stent msgnetic field, My .., is eyual to 6 Tl. "he mirror ratio in
the first mirror, K, is in the range of 2 = 6, A gasdynsmic regime
()‘ « [ ) has been studied at the concentrations, Ne= in the

ung,e of 2 - 6.10‘1 om -3 and the temperatures " + Ti £ 200 eV in

' the presence of the mirrors and without them.

' 1t ie shown that the introduction of the magnetic mirrors is

advantageous for the following reasons:

1 1. 1t inereases the energy content by a facter of 1.5 = 2 at the

1 initial atage which is proportional to the mirror ratio.

2. 1t inoreases tne energetio lifetime by a factor of 4 - 5,

j« It strongly decreases the rate of the end losses during the
later periods of time whioch may be attributed both to the
mirror ratle inorease end plasma cooling due to tae longitudi-
nal electronic thermel conductivity.

The instability progression im found to result in the plasma
column shift and its rotation. The analysis of the temperature
variations and end-and-side high=gpeed photography suggests that it
is the LD -instability with m = 1.

1s G.G.Zukakighvili, et al Proc, of the X«th Intern. Conf., on
Plasma Fhysies and Contr, Nuel, Fusion, London, seetion II,
P93, 1984,
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HATURE OF AIfOIALOUS BLICPTRCI TRANSPORT ACROSS 1TAGHLTIC
FIELD IN A TRAP WiTH STECP DEMSITY FALL

ji.S.Ioffe, B.I.Kanzev, V.P.Pastukbov, V.V.Piterskij,
E.B.Yushmcnov

I.V.Kurchatov Institute of Atomic Energy, lioscow, USSR

ABSTRACT

The results of studying the mechanism of anomaolous trensverse
electron transport in Atoll device are presenied. The device is
a ring cusp with electrostatically-plugzed gens. Its main cha-

{E1=)

racteristics are as follows: magnetic field is of quedrupole sha-
pe, field intensity in the gaps is up to 30 ks, gap width is 2 mm,
plugging potential is about 5 kV, mean plasma ring radius is 48
cm, plasma density £ 107 2cm—}, Te ~ ; 2100 eV, plasna volume
is about 50 1l.

As was shovm earlier, the electiron field-perzllel losses can
be completely suppressed. Under such conditions the quality of
confinement is determined by an electron cross-field trensport
rate. This transport proved to be governed by microinstabilities
driver by SUCE diwiivy pralicaw ratner than by a classicel dif-
fusion process and eppeared to be three orders of masmituwde mo-
re intense than the classical one.

The knowledge of instabilities acting has been obtained on the
basis of a deteiled investigetion of frequency end wove charac-
teristics of the oscillations observed. The characteristics are
compared with those predicted theoretically for itell. It is found
that for the centrel plasma region, where the magnetic field ununi-
formity is strong enough, the long-wave ion-gound (LWIS) instaebi-
lity plays the principal role. In the external regions the drift
low=hybrid (DLH) instability replacez LVIS. Experimental plasma
density profile is in agreement with the theoretical idea ebout
the exdistence of a "marginal stability profile" Ifor each instabi-
1ity mentioned above.

The mechanism of enomalous electron trancport revealed in Atoll
might also be responsible for collisionless formation of the
sheath separating a field-freec plasma from a vacuam magnetic fi-

eld in sone other treps heving M =1.
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STUDIES ON MAGNETIC HELICITY AND MHD BEHAVIOUR IN
A COMPACT TOROID (+)

5.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

ABSTRACT

A spheromak plasma has been produced by means of the
C-guns located inside the floating octagonal flux conserver
of 40 litres. The C-gun is a novel and alternative version
of a magnetically driven shock tube. The vertical electrode
rairs at the toroidal plane in the 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 2nd 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= qu/B = constant). It has been observed

from the oscillograms taken from the diagnostic devices that
the current chanmel of the toroid (@ = 5x10™em™, 7,= 30-50
eV, By= 800 G, Bv= 0.12 and tlm= 20 ms) 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. In return
at the under damping mode of the C-gun, a spheromak plasma

in MHD behaviour (F,= 10M%cm 2~ 5x10™%en™, 1 _= 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
toroid have been determined in the range of 3.5-5 ms.

INTRODUCTION

The compact toroid (CT) researches /1-2/ are complemen-
tary to tokamak researches and will improve the understanding
of plasma physics in toroidal devices, as the overall optimi-
zation of the toroidal experimental arrangements.

Concepts in this class, which includes spheromak /3-5/
and field reversed configuration /6-7/ offer reactor advan-
tages that result from simplified geometries of the confine-
ment chamber. In the case of the spheromak requirement is the
entrapment of the desired toroidal flux within the separated
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poloidal flux region. The plasma 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
CT particularly in two different behaviour may be formed /8/.

Especially in spheromak, as at the Los Alamos (CTX) and
Osaka (CTCC) 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 con-
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) = ngﬁex’ where Vgis the voltage applied to the

C-gun, @ is the net flux on the area framed by the plasma

ex
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 understocod that as in the other magnet-
ized co-axial plasma guns, in the C-gun too the helicity in-
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-
ritizn, the toroidal field generated by C-gun, is not suffi-
cient.

At a distance of 7 cm from the wall of the flux conserver,
the toroidal and the poloidal magnetic flux densities were
very close being about 600-300 G. The decay times of the
fields have changed between 2.2 - 3.5 ms which has been cal-
culated by the expression of tB= 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

conserver is 5x10 Torr. Four C-guns have been inserted
around the flux conserver with 90° 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 equipments.
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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

enerate an E-layer., This matter has been determined by the
resistivity probe measurements.

According to the magnetic probe signals at the distance
of 7 em from the wall of flux conserver, the ratio of the tor-
oidal and poloidal magnetic field variations in time are con- -
stant. This result verifyes the mimimum energy criterion.

It has been understood from the experimental data that
C-gun can translate the energy on capacitor bank to the plasma
inductance with an efficiency 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-
quently the ohmic heating mechanisms have caused the temper-
ature increasing of the spheromak plasma produced in MHD be-
haviour.

(+) This work was performed under cooperative agreement
between Turkish Atomic Inergy 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 are: 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-180/C and Telk-
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 (CDM) it was only 2=-3 microseconds. The electrical char-
acteristics related with UDM was periodic whereas that of CDM
was aperiodic. The UDM was in MHD property on the other hand
in CDM the drift wave instability accompanying with 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 which is the quarter of a period, C-gun gen-
erates an ion cyclotron wave. Through first half period, ion
cyclotron wave damping and the reconnection have occured. Just
after the reconnection, it has been understood that the torecid
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 negative off-set value and
finally in 3 = 5 ms decayed exponentially back-down to zero
average.

In CDM 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 kHgz.

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

CONCLUSIONS

Without 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 also valid for
the C-gun.

For a toroid in MHD 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 REVERSED FIELD PINCH

p G Carolan,A R Field*,A Lazaros#,M G Rusbridges,H Y W Tsui & M K Bevir
Culham Laboratory, Abingdon, Oxon, 0X14 3DB, UK
(UKAEA/Euratom Fusion Association)

*Royal Holloway and Bedford New College, London
#UMIST, Manchester

ABSTRACT
An ion power balance model, with simple assumptions is presented
which reproduces the main exper'1rnental results - viz T, at 8 = 1,35

and 156 limiter tiles in position, T. D/T > 1 when a moveab?e Timiter is

inserted and T10/Teo < 1 with tile remova]eo
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 Jjoule heating of the electrons, is
assumed to heat the ions. This power is associated with the fluctuations
which drive the dynamo electric field required to sustain the RFP
configuration. The first part of the model is to determine the sharing of
input power between electrons and ions and it is found important to
include edge effects. The second part is to model the ion loss term. It
is assumed that this is dominated by diffusion losses. When the neutral
particle density distribution, n (r), is known the diffusion coefficient,
D(r), can be calculated from particle balance considerations. However,
the absolute neutral profile is available for only a few selected cases
although the relative profile is sufficiently reproducible to allow a
calculation of the relative D(r) profile. The value of D 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 T, and the Toop voltage.

POWER BALANCE MODEL

The total input power density is: W = E-j = nj2 - u x B-j, which in
the presence of fluctuations (eg j = ds * j'_)_becomes, W= 53 nj
<0 x B"lu where <UxB> is the dynamo electric field, n is the Sp1tzer‘
res15t1v1ty (obtamed from T, and ZefF]’ Ey is the mean electric field
and j, is the current density ?obtained from the Modified Bessel Function
Mode]?. The power input to the electrons is simply nj 2 and it is assumed
that the remaining dynamo power, -<UxB>.j,, is dissipated locally into the
ions.

The u(r) profile can be estimated from the measured F and & and
making some assumption about the pu(r) distribution f(eg u(r) = u;
(1-(r/a)®)). When edge effects are ignored the resistivities obtained
from electrical measurements, assuming helicity balance, are about a
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factor of 3-4 higher than those measured from Z,¢¢ and Te. However an
imperfect boundary (eg tiles or field errors) acts as a sink for helicity
[1,2], or presents current blockages [3], and so requires an enhanced
dynamo field to sustain 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 ratner than at the
boundary. If n° is the resistivity obtained from helicity balance, but
ignoring edge effects, it can easily be shown that when these are included
we get n = g (V W] ]}/V , where V 1is the loop voltage and Vwa]] the
voltage asqoma%ed with an edge hel $c1ty sink. The quantity V
difficult to measure directly but is estimated to be at least IKJ vo]ts
(with the tiles in position) for 0 = 1.35 and is apparently insensitive to
plasma current[7]. The resistivity 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 measurements and assuming a relative Te
profile.

An example of the ohmic and

20_ dynamo power input distributions is
i shown in Fig 1 (I =200 kA, n =2 x
Lo l 0 L9p=-3, =30 volts,
- [1- (r/a)'g} Tog=250 eV,

10l %% Assuming the dynamo power
i goes into the ions it can be seen

MWm? g that on axis it is 2-3 times the
F ohmic power going into the electrons
i and in the outer regions, power is

a taken from the jons. (The total
L integrated powers are similar with
| only about 20% extra for the ions.)
I To obtain the ion temperature
L the 1on energy losses must be

T, T T T \ modelled. The power loss, W., is
00 05 r/a 10 assumed to be dominated by diffusion

Fig 1 Distributions of input power where WT-(Y‘) (1/r)ed/dr{rG;(r)},

densities into the electrons (1) and and G; = -D(r) d/dr U;(r), where U

dons (2) is t}le ion energy density.

Ionisation of the neutrals is the only source of ions so that knowing the
neutral density distribution, the diffusion coefficient, D(r), can be
obtained from particle balance considerations. In practice, the absolute
neutral density is difficult to measure and has been obtained in only a
few selected cases in HBTX by fluorescence scattering {4]

However, the relative neutral density profile is sufficiently
reproducible to calculate a relative D(r) distribution. This is confirmed
by many Monte Carlo simulations of the neutral particle transport for the
appropriate range of Te’ Ti and ng. The problem remains to obtain a local
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absolute value of D(r). To obtain D(r) on axis we appeal to the
experimental electron power balance and assume ambipolar diffusion (ie
D;(0) = D,(0) =D(0)). On HBTX, as generally found in RFPs, the T (r) has
a flatter profile than n,(r) so that diffusion losses become of re?ative1y
greater importance, compared with conduction Tlosses as the axis is
approached. Assuming diffusion Tlosses dominate on axis, the D(0) is
obtained from the axial ohmic input power and the n, distribution (n,(r) =
fMao [1-(r/a)2] . The remaining conduction power loss (radiation ?osses
are negligible), obtained from the difference of ohmic input and diffusive
losses, is comparable to the latter. If the conduction losses were much
larger then it would be difficult to justify our calculation of D(0).
However, the absolute values of D(r) obtained (~50 m2s-l on axis rising to
~300 m2s~! at the periphery) is consistent with the spectroscopic
determinations [5].

RESULTS
From power balance on axis we obtain DE(O) = Wop ic[O)/"eoTeu and
Di(O) = -<§x§;-ju/ni Tio' For most of the data obtained from current

scaling in HBTX, TE ~ constant for I, = 150-400 kA and Ze £ is small
(~2-3) so that n remains fairly constant.” This is consistent with V., ~
constant in these conditions. Also p(r) is insensitive to I . %he
consequence is that the ratio wohmirIO)/<g;§;.j ~ constant and then from
ambipolarity, DE(O) = D0, Tk follows that Tip = Tap @5 has been
observed experimentally [6].

The model of 300
ion power balance
can also predict
absolute ion
temperatures and a 200
comparison  between 7,7, tevi
measured (deduced
from an NPA
spectrum) and 100
calculated T;(r)
profiles is shown in
Fig 2. Note that o
the peaked values of LI ey
measured and LR ES .
modelled T1- g agree Fig 2 nNistributions of electron and ion tewperatures
and that ¢the
narrower T;(r) compared with T.(r) is reproduced by the model.

The mobile Timiter experiments [7] provide a further test of the
model. If the V 11 used previously in relating 5 to - is supplemented
with the additional loop voltage required to sustain the plasma with
limiter insertion, the power into the ions can be calculated. A
comparison between measured and calculated values of the ratio T is

y
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shown 1in Fig 3. The conclusion is that the extra voltage is not
associated with edge power dissipation but is available to heat the ions.
Removal of the 156 tiles results in Tio"‘Teo (T1- ~ 200-250 eV, Te ~ 350-
700 eV). However, T;,is still about a factor of 2 higher than that
expected from helicity balance with a perfect edge (and an order of
magnitude higher than from ion-electron collisions). These results
suggest that there are remaining edge effects giving rise to an additional
non-Spitzer plasma resistance together with the corresponding ion
heating. ¢

|
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Fig 3 Measured and modelled T, /T with insertion of a
; : 3 ., 20
mobile limiter (pyrolytic graphitej beuond the limiter tiles.
Also shown are the correspording loop voltages.

CONCLUSIONS

A simple ion power balance model is successful in reproducing the jon
temperature in widely different conditions in HBTX. To obtain agreement
between modelled and measured Ti it is necessary to include 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
HYW Tsui
Culham Laboratory, Abingdon, Oxon, 0X14 30DB, UK
(UKAEA/Euratom Fusion Association)

ABSTRACT

T The behaviour of the Reversed Field Pinch (RFP) is discussed in terms
of the balance and transport of magnetic helicity. The analysis shows
that the departure from the Taylor's fully relaxed state is caused by
energy losses from the fluctuations associated with helicity transport.
Within this framework, there are two energy flow channels supported by the
external power input: the classical resistive dissipation and the power
throughput coupled to the UxB fluctuations. The second channel
corresponds to the anomalous resistivity reported from experiment and may
give rise to ion heating. The anomalous loop voltage can be interpreted
in terms of helicity loss to the wall or Tlimiters where field lines
intersect material objects. A model which shows that such leakage depends
on the flux intercepted and the local electron temperature is presented
and applied to explain the Tloop voltage anomaly observed in HBTX
experiment.

INTRODUCTION

The importance of magnetic helicity [1] in determining the behaviour
of RFP was first discussed in the relaxation theory by Taylor [2]. When
reconnections are allowed, the plasma relaxes to a minimum energy state
subjected to the constraint that the global helicity is invariant. At
this fully relaxed state, the field configuration satisfies vxB = uB with
uniform p. In experiments, u(r) is not uniform but decreasing towards the
plasma edge. It has been suggested [4] that such departure is caused by
the energy throughput coupled to the fluctuations which takes place in a
second energy flow channel in addition to that involving electron heating
through Spitzer resistivity. It is well known in the mean field
magnetohydrodynamic theory that fluctuations can lead to an effective
electric field and that the Ohm's Taw for RFP be modified [5,6] to include
their contributions. Althouah these fluctuations do not dissipate
helicity and therefore do not affect the global balance [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
The magnetic helicity in an RFP [9] is K = [ ABdr - § Aeda § A-dg

where ¢ and g are the poloidal and toroidal divstance onsthe surface §
bounding the volume V. With variables separated into the mean and
fluctuating components such as Alr,a,p,t) = A (r,t) + Klr,a,p,t) where A,
= <A> and <...> denotes the appropriate averagqe over g, g and time, the
helicity balance equation in a steady state RFP is

Vq]@ﬂ(r) - J T‘iﬂ-gu dg + J Xo2g* (d&)(d@) + H ”_]
v s

where &, = fAj.da is the toroical flux, y, is an electrostatic potential

and H is the outward helicity flow across the mean flux surface S due to

fluctuations. By defining {...} as the average over g and g and &' = 7& -

{K}, H can be expressed as

H= <“£‘;7> + [<xB>e (daxdp) + '5[<K'xK'>e (daxdp) (2)
s 5

where § = §{A}-da and ¥ = §{A}.dg. The first term is the helicity flow
issociated with fluctuating flux as in F-Theta pumping current drive [9].
After substituting nj,=E -<UxB> and {EOCEO(!T = V¢=x>0, eq(1l) becomes

[<Ux>-B, de = -[x,By- (duxda) - H (3)
v

When the fluctuating radial field vanishes at the plasma edge, it can be
shown from B' = gxK' that 4=0. And if B .(duxdg)=0, equ(3) reduces to

I<EXE>IB_UCI1 = 0 (4)

v
This means that fluctuations do not dissipate helicity while transporting
it within the plasma bounded by a perfectly conducting wall.

ANOMALOUS LOOP VOLTAGE

When there is an equilibrium shift or objects protrude into the
plasma the helicity loss arises from field Tines which intersect material
objects is described by the surface term in equ(l). This loss or leakage
is caused by the potential difference which 1is generated by the
obstruction to current flow [10], between the boundaries connected by the
field lines. An additional ("anomalous") Tloop voltage is needed to
increase the helicity 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 similar way to the current saturation phenomenon in
cheath or probe theories. This arises when the surfaces do not emit
charged particles, even though they may emit neutrals. The current
density which is generated by the difference in the sheath potential drops
(5y) and electren flux to the two sides is limited by the ion flux. In
one dimensional approximation,

el =6y /2 kT -e(g+6y /2 KT ~ -ey /KT
ven[e T e _ o f e] =7, f

where \7@ is the averaged velocity of the electrons flowing towards the
sur face, o is the mean floating potential. The solution gives

6y = 1.8 kTe/E

Thus the helicity loss and the increase in loop voltage (sV ) depend on
the 1local electron temperature and the amount of %agnetic flux
intercepted. These properties differ from those when helicity dissipation
in the edge volume [11]. According to this model sV due to plasma shift
(A ) and obstruction (eg limiter) with projection area wd are

4 BO

&V, = 6y [—R;]A and I

[ a ® -

6 g - +

oV, = sy(—Zz)wd gor"f -~

[} nd b -

§ A
where @ 1is the pinch & | P
parameter.  When plasma wall g | b=
contact 1is increased due to g LA
the plasma shift, a higher g
loop voltage (Fig 1) is W
ohserved [12] as expected from L
M sl ol S s = |

the theory. The value of &y ’ ! : :

PLASMA EQUILIBRIUM SHIFT {cm)

obtained is 18 wvolts
corresponding to an edge
electron temperature of 10 eV.
A reduction of 8 volts is expected when the limiters are removed, which is
consistent with the ~10 volts abserved in experiment [13].

The energy balance in a steady state RFP is

Fig 1 The variation of toroidal loop voltage
(VQ)) with plasma equilibrium displacement (A)

VI = fﬂjuz dg + jxﬂ‘—]-l)' (dgxdﬁ) = f('g}(’g)-io d-|; (5)
9 4 v S v
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and - fcuxH>-Jﬂ dv = [<ExB>. (daxdg) + [<pu>-(dude3 (6)

f]osses from fluc tuatwns}

represents the transport of energy by fluctuations. This integral which
depends on the p profile is not necessarily zero at the plasma edge [7].
It is zero when the plasma is fully relaxed with uniform yp (from eq(4)).
The departure from the fully relaxed state is related to the energy losses
from the fluctuations in transporting helicity. These losses can arise
from the non-vanishing fluctuating radial velocity at the edge or viscous
damping, for instance 1in heating the ions. When there is helicity
leakage, a higher loop voltage is needed to compensate the energy loss in
supporting the increased helicity transport and leads to the observed loop
vol tage or resistance anomaly.

CONCLUSTION

The balance and transport of magnetic helicity due to fluctuations
in the RFP has been discussed. Energy loss from these fluctuations causes
departure from the fully relaxed state. It is shown that the anomaly in
loop voltage or resistance observed in HBTX experiment can be explained on
this basis. When field lines intersect material objects which obstruct
the current flow, a higher loop voltage is needed to compensate the
helicity leakage at the boundary and the energy loss from the fluctuations
in supporting the increased transport. The 1increase in locop voltage
depends on the flux intercepted and the local electron temperature.
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REVERSED FIELD PINCH OPERATION WITH A THIN SHELL
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EURATOM-ENEA-CNR Association, Padova, Italy

and

R. LaHaye, M. Schaffer, T. Tamano, and P, Taylor
GA Technologies, San Diego, California, USA

Reversed Field Pinches (RFP) have typically been studied in experiments
where a thick conducting shell tightly surrounds the plasma. This feature
has been dictated by the theoretical belief that MHD plasma instabilities
would otherwise grow and destroy plasma confinement. On the other hand, the
presence of the thick conducting shell prevents accurate active plasma po-
sition control, which is important for minimizing plasma-wall interactions.
Furthermore, in a reactor the discharge length will of necessity be longer
than the shell time constant and the possibility of using a thin conducting
shell will make the prospect of the fusion reactor more attractive,

Already in the d951gn of the new generatlon of devices such as
RFX / 1 / ZT-H / 2 /, OHTE II / = / TPE-RX / 4 /, the decision of whether
or not to continue installing thick conducting shells is a very important
and difficult one to make. In particular, it is now believed that accurate
equilibrium control, edge plasma properties. plasma-wall interactions and
impurity contamination can play a dominant role in determining the loop vol-
tage necessary for maintaining the RFP distributions, and therefore the
energy confinement time, since for an ohmically heated system like the RFP,
the simple relationship holds: g = 3/81y RBg I/V.

The present OHTE device has the unique feature of utilizing an elec-
trically thin conducting shell in which discharge lenghts much longer than
the shell time constant for the vertical field have already been achieved
/ 5_ i

Due to the interest in the construction and operation of future larger
experiments, a joint Padova/GA experimental program was therefore carried
out to further examine the scientific and technical features of the OHTE
thin shell operation. In particular, an attempt was made to prolong the
pulse lenghts through finer tuning of the equilibrium control using an ad-
ditional vertical field (Bv) circuit thereby further assessing the plasma
sensitivity to position control as opposed to inherent MHD stability limi-
tations due to the lack of a perfectly conducting shell.

The OHTE device (R=1.24 m, a=.18m) /5 / has been operated in the
RFP mode. The thin shell is made of brass (n=6+ 108 Q=m) and is 0.8 mm
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thick with a minor radius of 0.2 m. The vertical field time constant is
1.5 ms whereas the toroidal field time constant is .$ 0.25 ms. The experi-
ments reported here have been made at currents of 150-200 kA. Typical pla-
sma parameters are n=5 10! , T(D) =150 eV corresponding to
I/N=3-4- 10”7 14 Aem and to the OHTE temperature scaling of approximate-
ly 1 eV/kaA / 75 7. The loop voltage is of V100 volts corresponding to plasma
resistances V/T £0.5 mQ, The total vertical field necessary for centering
the ONTE plasma is approximately 1.6+ 1077+IT (i.e., & 0.03 T at the cur-
rent level we operated). The basic toroidal equilibrium control ls achleved
by mismatching the currents in the primary poloidal field coils / 5 /
addition, an independently powered vertical field coil system was used for
fine BV tuning and plasma positioning. In this vertical field control ex-
periment, variations of a few gauss in Bv were explored and the correspon-
ding plasma pulse lenghts were analysed. In particular, we present here two
sets of measurements: a) a comparison between discharges with and without
the use of vertical field control; b) a comparison between discharges with
opposite orientation of the toroidal field.

This last experiment was done to examine the existence of any direct
coupling with the external helical coils leading to effective stabilization.

RESULTS — An example of a typical current waveform and of the corresponding
Eiggag_displacement is shown in Fig. 1 for a case without (1a) and one with
(1b) the vertical field control where B, was ramped at the rate of 10 G/ms
starting at 3 ms. Systematic prolongation of the current pulse is achieved,
typically from 6-8 ms to 10-11 ms. An example of a discharge where the ver-
tical field was initiated before current start is shown in Fig. 2. This mo-
de of operation resulted in more reproducible discharges and on average ga-
ve even longer pulse lenghts of 12 ms. The addition of a second bank to
maintain the current flat-top has already been usad in the past / 57. In
the recent measurements, after having done some optimization, the second
flat-top bank was applied and resulted in discharge 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. The results for the discharges without vertical
field control are shown in Fig. 4a. In this case, the plasma is always di-
splaced outward and terminated. Fig. 4b shows the results with vertical
field control demonstrating the prolongation of the discharge compared to
the case without B_ control. The large number of discharges with small di-
splacement indicates that termination is caused by insufficient sustaining
voltage while a smaller set of discharges is terminated because of excessi-
ve inward displacement. In the present OHTE set-up, just outside the shell
at r=0.215 m, there are 4 cm thick helical coils. In order to examine
whether or not these coils can provide some plasma stabilization by acting
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as a sort of discrete thick shell, the sign of the B, field was changed

to reverse the relative pitch between magnetic field lines and external
coils. The coil q is 0.2 and it is nowhere resonant in the plasma, which is
characterized by g values <0.1. Indeed, the change in sign did not apparen-
tly change the MHD stability properties of the discharge, and fluctuation
spectra were very similar in both cases. It should also be noted that resi-
stive MHD stability theory indicates that increasing the size of the vacuum
interspace between the plasma and the conducting wall rapidly cancels the
stabilizing effect of even a perfect wall / 6 /. It seems therefore unlike-
ly that with an approximately 20%Z vacuum 1nterspace from the plasma the di-
screte coils could produce a significant effect.

CONCLUSIONS - The pulse lenght in OHTE, operating with a thin conducting
;ﬂgif: has been prolonged by finer control of the plasma position. The pla-
sma sensitivity to equilibrium control further proves the absence of any
intrinsic limitation on the plasma performance due to the lack of a perfec-—
tly conducting shell. The addition of the external vertical field control
has extended the discharge lenghts from ~8 ms to "~ 14 ms, with a simulta-
neous increase in discharge reproducibility. Although MHD linear theory
predicts that RFP plasmas are unstable with a resistive shell boundary, no
change in gross MHD modes is observed experimentally. However, a toroidally
localized kink mode ("slinky" mode) due_to non-linear couplings of several
internal kink modes has been found / 7 7. The experimental indication that
a relatively resistive shell (Tshell%1/10 Tpulse ) can provide an adequate
MHD stability boundary introduces the possibility of major simplifications
and optimizations in the design and construction of the next generation of
RFP experiments. In particular, field error constraints on gaps and port-—
holes become much less important and active accurate plasma positioningbe-
comes possible. The latter may prove to be a crucial issue in RFP research
where the dissipation in the outer plasma regions can largely determine the
loop voltage and therefore the energy confinement time.

This work was supported by the U.S. DOE under Grant No. DE-TGO3-B6ER53228.
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INTRODUCTION

Experimental research on the Los Alamos ZT-40M and ZT-P experiments
is addressing issues vital to the design and operation of the next generation
Reversed Field Pinch (RFP) devices.! These issues include: density and profile
control by pellet injection and gas puffing,? the exploration of  Oscillating Field
Current Drive (OFCD) as a mechanism to provide steady-state RFP operation
by low frequency field modulation,*the investigation of magnetic field program-
ming, dynamic equilibrium control, no shell operation and field error effects in air
core systems, and a study of edge plasma physics and limiter design for effective
impurity control and wall protection. The following paper summarizes 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
the plasma conditions in the discharge edge; specifically the perpendicular scale
length of the scrape-off plasma and the edge plasma density and temperature.
Experiments performed on ZT-40M have addressed this question by examining
the edge plasma poloidally downstream from a single local limiter with several di-
agnostics. Simultaneous measurements were made of the principal global plasma
parameters, with a view to understanding the effects of edge plasma conditions
on RFP confinement.

The limiter is a 11.4 ¢m by 9.1 c¢m graphite tile, that is inserted into the
toroidal RFP plasma from above. The inner limiter surface, which faces the
plasma, is flat, whereas the outer limiter surface conforms to the toroidal vacuum
vessel curvature. A 1.3 cm recess in the vacuum vessel, at the position of the
limiter, allows the limiter to be withdrawn such that its inner surface is flush with
the vacuum vessel wall. 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 surface temperatures of 300°C' have been observed for
insertions of 19 mm inside the geomelrical shadow of the vacuum vessel using
120 kA, 15 ms discharges. For this insertion, the tile typically collects 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 scrape-off plasma are made at the outer hori-
zontal midplane in the same toroidal section as the limiter tile. The pitch angle
of the edge magnetic field lines is kept nearly poloidal by imposing a shallow re-
versal (F=-0.08, where F is defined as the ratio of toroidal magnetic field at the
plasma edge over the mean toroidal magnetic field). In this way, the field lines
that are affected by the limiter are sampled by the downstream diagnostics. The
poloidal distance between the graphite tile and the local probes is about 0.3 m.

A double Langmuir probe is used to measure the density and temperature
of the bulk plasma in the edge. Results in this paper were obtained with 1 mm
diameter, 1 mm long platinum probe tips, oriented such that the imaginary line
joining the tips was perpendicular to the local magnetic field vector. The probe
was driven with both a dc voltage bias and an ac voltage bias modulated at 2
kHz. Results for the two cases were comparable.

-
o

| P o

FIG. 1. Plasma density profile for (o)

limiter withdrawn, D, = 0, and
| (x) limiter inserted, D;, = 19 mm.
Probe insertion is measured from
the end of the diagnostic tubulation,
12.7 mm outside of the vacuum ves-
sel bellows inner surface,

DENSITY (10'2 em™?)

r 1 aagl

PROBE INSERTION (mm)

Figure 1 shows the electron density profile in the edge plasma, inferred from
the probe’s ion saturation current, for two cases. In case one, denoted by (o), the
inner surface of the limiter tile was flush with the vacuum vessel wall (D, = 0).
In case two, denoted by (x), the limiter tile was inserted 19 mm into the plasma
(Dg = 19 mm). The probe insertion 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 for each location
at D = 0, and 2 to 3 data points per location for Dy = 19 mm. It should also be
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noted, that large plasma fluctuations are observed on the ion saturation current
when the probe is within 5 to 10 mm of the magnetic mapping of the 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,,, and would be increased by a
factor of 2 to 3 if the mean value of these fluctuations were included. The largest
densities plotted in Fig. 1 are comparable to the 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 limiter are seen. Most clearly, the
density behind the limiter is much smaller than that with the limiter withdrawn.
That is, a scrape-off plasma is established with a characteristic perpendicular
scale length of 1.3 em. This compares to a characteristic scale length of 0.6 cm
with the limiter withdrawn, where limiter 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 position 0.3 m from the limiter 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 question.

Electron temperatures, which can be inferred reliably only when the probe is
well-shadowed, are shown in Figure 2 for Dy = 19 mm. T, ranges from 10 to 25
eV, increasing with the insertion distance. For an unshadowed probe, the edge
electron temperature is between 10 eV and 40 eV, but data scatter masks the
profile information.

T I T T T
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FIG. 2. Plasma electron temperature : J
profile for limiter insertion of 19 LC -
mm. [y .
= y
= L D =19 E
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0 10 20

PROBE INSERTION (mm)

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 plane perpendicular to the radius. Geometric constraints limit the range
of accurate energy analysis to electrons whose perpendicular energy is less than
100 eV.

The major findings of the edge electron energy analysis may be summarized
as follows: (1) A dilute suprathermal electron tail is detected with a temperature
of 300 €V and a density of 1% of the cold, thermal density. (2) The energetic
electrons primarily stream very nearly parallel to the edge magnetic field, and
in a direction consistent with the model that they are accelerated in the interior
of the discharge by the applied toroidal electric field. (3) The energetic electron
density steadily increases in time from the beginning of the shot until saturation
at 5 ms into the 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 reduces the suprathermal electron density in the
edge.

Global plasma parameters are not affected by tile insertions of up to 19
mm. The global parameters include the electron density, electron temperature by
Thomson scattering on axis, ion temperature by Doppler broadening of impurity
lines, impurity concentrations (carbon and metals), radiated power (bolometry),
bulk plasma resistivity, toroidal loop voltage, and other electrical discharge pa-
rameters. This result is in contrast to that observed in HBTX-1B,* when that
device was operated with a rail limiter structure inserted 5 ¢cm into the plasma
edge. Although our graphite tile is significantly smaller than the HBTX-1B
structure, the documented the production of a scrape-off volume with significant
dimensions relative to the normal ZT-40M edge volume should have caused an
observable effect. We anticipate inserting the tile to greater depths, and using
a larger limiter structure in an effort to further study this hypothesized phe-
nomenon.

This work is supported by the U. S. Dept. of Energy.
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FIELD-REVERSED CONFIGURATION FORMATION AND
CONFINEMENT STUDIES ON THE LSM DEVICE *
R. E. Siemon, G. A. Barnes, R. E. Chrien, W. N. Hugrass,
Y. Itof, D. J. Rej, M. Tuszewski and B. Wright
Los Alamos National Laboratory, University of California,
Los Alamos, New Mexico 87545, USA.

LSM is an upgrade of the FRX-C/T" device in which the diameter of the #-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 diagnostics in Table 2. The FRC formation
sequence in LSM is as follows. The 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 rf discharge followed by a
ringing f-pinch 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-tearing formation modes. For tearing formation, the closed field lines initially
extend well beyond the #-pinch coil. The plasma outside the coil is pushed axially out
while the plasma under the coil is pushed further in. The evacuation of the region near
the coil ends is accelerated by means of passive mirror sections (which are regions of
reduced coil radius) until a change of topology (tearing/reconnection) occurs and an
FRC is formed. Non-tearing formation® in LSM is implemented using two quasi-steady
coils that form a cusp at each end during the bias phase. In this case a closed field
line configuration which does not extend far beyond the coil ends is formed initially.
Provided that the current in the cusp coils is sufficiently high, the plasma is pushed
axially in under the coil and an FRC is formed without tearing.

Early experiments on LSM were carried out using a #-pinch coil which had a passive
mirror section at each end. It was therefore possible to compare tearing and non-
tearing formation. Non-tearing formation was achieved when the cusp field exceeded
a threshold value (= .1 —.2 T) and led to sarlier, stronger and more symmetric axial
contraction and in some cases to enhanced flux trapping. Later, a straight @-pinch
coil was installed and only non-tearing formation was possible.

Experiments at high fill pressure (>~ 10mTorr) were carried out mainly with passive
mirrors. They showed poor reproducibility with regard to confinement, and qualita-
tively appeared to represent 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-
ducibility and confinement compared with high fill pressures (5 — 10 mTorr). These
experiments were carried out mainly using a straight #-pinch coil and cusp fields (non-
tearing formation). For the optimum pre-ionization and bias conditions at 4mTorr fill
pressure, FRCs with the following average parameters were formed : average density,
n ~ 1.2 % 102 m~2, pressure balance temperature, T, + T; = 430 eV, closed magnetic
flux, é, ~ 4.1 mWb, number of local gyro-radii hetween the field null and the sep-
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aratrix, s =~ 2, ralio ol the separalrix to the coil radii, r, = 0.45, flux confinement
time, 75 = 160 ps, energy confinement time, 75 = 80 s and particle confinement tine,
T~ =~ 160 ps. Particle confinement time is consistent with the R?/p;, scaling® observed
in FRX-B and FRX-C, where R is the radius of the field null and p;, is the ion Larmor
radius in the magnetic field outside the separatrix at the mid-plane.

Figure 1 shows the time evolution of the external magnetic field 5., the sepa-
ratrix radius r,, the average density n, and the average temperature 7; + T, for a
typical 4 mTorr shot. Note that the hig]l«frequellcv\r oscillations in the deusity and
temperature fraces at ¢ = 0 — 10 us are due o radial oscillations caused by the radial
implosion. These do not appear in the separatrix radius trace because the response
of the instruments is not fast enough. The-low [requency oscillations which appear in
the density and temperature traces for t > 50 ps do not reflect real variations in these
quantities but are manifestations of the n = 2 rotational instability. No correspond-
ing oscillations are observed in B. and R, because the separatrix apparently deforms
without a significant change in the area of its cross section. The inferred value of the
closed flux at ¢ = 30 pus is ¢, = 4.2mWb and s = 1.7. The confinement times are:
Ty = 260 ps, g = T3 pus and 7y = 130 ps.

It is desirable to form FRCs with the largest possible closed flux, ¢, and hence
largest number of local gyro-radii between the field null and separatrix so that reactor
relevant transport and stability regimes can be studied. So far, the pursuit of this ob-
jective has been difficult. The equilibrium closed flux in FRCs with good confinement
properties could not be increased by simply increasing the reversed bias magnetic field.
It was observed on LSM as well as on FRX-C' that, in agreement with theoretical
predictions®, the axial implosion wave hecame stronger as the effective bias field was
increased. The minimum elongation (defined as the ratio of the separatrix diameter
to the full-width half-maximum length as measured using the interferometer array)
provided a sensitive quantitative measure of the strength of the axial implosion in any
particular device. Good confinement was not abserved on LSM whenever thie mininnum
elongation was less than 1.6-2 and this effectively set the upper limit on the closed
flux that could be achieved.

Upcoming experiments scheduled on LSM this year include a continuation of for-
mation studies in order to better understand the observed fill density limit. Later, we
will begin launching the LSM plasmas into, and trapping them inside of, the 0.4-diam
FRX-C/T translation region. FRC translation will allow one to: (1) better diagnose
any internal disturbances that may appear; (2) increase the s parameter; (3) determine
more unambiguously the influence of plasma parameters on confinement.

The LSM device will be modified in 1988 to permit magnetic compression experi-
ments. Heating by adiabatic magnetic compression allows one to address FRC physics
at higher temperatures in a more collisionless regime and to assess the important
transport issue of anomalous electron thermal conduction believed to be present in
FRCs. In contrast to earlier liner-compression experiments,? these high-power heating
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studies will utilize external flux compression. LSM plasmas will be translated out of
the source and into an adjacent compressor (0.5-m-id, 4-m-long coil); subsequently,
the plasma will be compressed by increasing the compressor guide field five-fold to 2 T
in less than 50 ps. The compressed plasma will be finally translated into a 0.3-m-diam
magnetized confinement region where it will then decay away. Adiabatic theory pre-
dicts significant power input (1 GW) at levels that exceed the plasma losses by almost
an order of magnitude. 0-D modeling has been used to estimate the parameters that
could be achieved by compression. For example, using optimal LSM source conditions
at 4 mTorr and transport based on LHD diffusion we predict: n ~ 7 x 102 m~3,
T~ 1keV, r, = 0.10m, ntg = 10" m~3s~". The engineering design of the magnetic
compression experiment is presently underway. Construction will start this year with
installation and initial operation scheduled for fall 1988.

+ Work supported by the USDOE

1 Permanent Address: Osaka University, Osaka, Japan.
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Table 1. LSM PARAMETERS

A-Pinch Coil Length (overall) 2.01 m

‘oil Central Diameter (1.4 m long) 0.76 m
Passive Mirror Diameter (0.3 m each end) 0.66 m
Straight #-Pinch Coil Diameter 0.70 m
Quartz Tube Inner Diameter 0.60 m
Main Field Swing (vacuum) 0.6 T
Main Field Rise Time (7/4) 6.7 us
Main Field Decay Time (L/R) 500 ps
Bias Field (maximum) 0.13 T
f-Preionization Field Amplitude 0.08 T
Cusp Field (smaxinmum on axis) 040 T

Cusp Field Rise Time (7/4) 4.0 ms
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Table 2. LSM DIAGNOSTICS
Diagnostic Measured Quantity
Magnetic Loop and Probes Magnetic Field
Separatrix Shape
Closed Flux (iuferred)
[nterferometers (side-on) S ndl

Framing Camera (end-on) Svmmetry

T [ i - TS, (R e S |

-20.0 0 20.0 40.0 60.0 80.0 100.0 120.

TIME (‘u_S)

Figure 1. The time evolution of the external magnetic field B., the
separatrix radius r,, the average density n and the average temperature

T, + T, for a typical 4 mTorr shot.
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NONLINEAR MOTION AND BIFURCATED EQUILIBRIA OF THE EXTRAP Z-PINCH

C. Wahlberg

Uppsala University, Department of Technology, Box 534,
S- 75121 Uppsala, Sweden

1. INTRODUCTION. In the Extrap configuration, stable confinement of a
pure z-pinch (B, = 0) over many Alfvén periods has been demonstrated
experimentally /1/ . Linear, ideal MHD theory predicts that equilibria
centered at the symmetry axis of the configuration are unstable both in
position and with respect to long kink modes /2/ , and no satisfactory
explanation of the observed stability of the plasma has been given. In the
present work , previous ideal MHD stability calculations are extended
into the nonlinear 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 points , and the importance of
including inertial effects in future Extrap theory , are discussed.

2. NONLINEAR EQUATION OF MOTION. We consider z-independent ,
incompressible and irrotational motions of a surface current z-pinch in
an external poloidal magnetic field B, = -e xV¥.(r,p). Writing the plasma
surface as rg = Rp + n(e,t) , such motions are described exactly by the
equations  /2/

AD=0 (r<rg) , A¥'=0 (r>rg) (1a,b)

and boundary conditions (BC 1-3)

1. @ =mn + 10 Ir.? 2. ¥, =C,(t) (2a,b)

rs ps' 'S

2 -
3. (¥ /r)°+ @ fr )%+ ¥ 240 2420 =C,) (2¢)

where @ defines the velocity field in the plasma as v=V® and ¥ = ¥, +
¥' s the total flux function in the vacuum region. The quantities above
are normalized accordingtor —=rRy, ,n—=n Ryt = Vo, , ®— ‘I"”AHPZ

is the mass density

and ¥ — W lp/2n where o, = ]P(pofpm)”212nﬂpz B

and I, the total pinch current.
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As a first step towards a description of the nonlinear mean plasma
motion (m = 1) we Fourier decompose the functions n, ® and ¥' as

n=no(l)+zr\m(t) cos mm‘+2ﬁm(t) sin meg' (3a)
m=1 m=2
lIJ:ZrmitDm(t} cos me'+ @ (1) sin mg] (3b)
m=1
¥=-nr +Zr"“|\i‘m(t) cos mg'+ ¥, (1) sin mg’] (3c)
m=1

respectively , where ¢'= ¢ — 8(t) and 8(t), the mean polar displacement of
the plasma, is definied by the absence of the component ﬁ1 in the Fourier
decomposition (3a) of 7.

Next we introduce an ordering scheme into the problem based on the two
(assumed) small quantities n,, the radial plasma displacement, and e
E(RP/RC)", the plasma size parameter of the Extrap configuration /2/. We
assume n1=0(e”2) and choose the time scale as 9=0(e). Then , writing
n,(t)=8n(t) , with n = O(1) , the m-values contributing to the m=1 equation
of motion (BC 3) up to O(37) are given by:

BC 1 BC 23
&1 B owd
§:02 5:024
&1 135
5 :0246
5:135
85 :02
5 -1

The m=4 , O(5%) component in BC 2,3 is due to the external field Yo=¢p réx
cos(4¢) + ... of the Extrap configuration /2/, p being the current ratio 16/1p.
Finally , inserting appropriate Ansatzes for n_, fi_, ¥, ‘i7m and @, Sm
into the boundary conditions (2), solving them order by order and Fourier
component by Fourier component , we end up with the following cos ¢' and
sin ¢’ components of BC 3 , respectively: (81 — n)
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(1 - %nz)[ﬂn -n6? - 8ep cos(48)n’] = 192 e%p°n + 936 £%pn° (4a)

(1 + %nz)[ﬁeu +2n8, + Bep sin4e)n’] = 0 (4b)

The calculations leading o egs. (4ab) have been performed with the help
of REDUCE. It is seen that the square brackets contain the equation of
motion md?r/dt? = ]Pezx{V‘chez) for an infinitely thin 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-pinch /2/ , while the second term gives the
corresponding nonlinear contribution , also seen to be destabilizing.

The relatively simple description of the nonlinear plasma motion obtained

here is due to the slow time scale o = O(e) involved ("quasi-static

approximation” , QSA) , which essentially ignores inertial effects of the
m=2 components.

3. CONSEQUENCES. Particularly illustrative cases of nonlinear motion
occur for 8-independent motions along the symmetry lines 6 =6, =n'n/4 ,
n=0,1, ... With 8=0 , eq. (4a) can for such motions be written n, + V'(n)=0,
with the potential V(n) given by

V(n) =-96 e2p®n?- [2ep cos(46,) + 216 ¢2p?]n* (5)

So , when p cos(48;) > 0 all terms in the potential are destabilizing , and
the weakly nonlinear evolution of the linear instability becomes of

"explosive” type /3/. In the opposite case , p cos(d46,) < 0, the n* term is
stabilizing provided Ry < R,™2* = (108 |p [)""*R;. R;™3* = 0.22 R, for the

experimental value /1/ p = - 4. The nonlinear stabilization above is
associated with the existence of bifurcated equilibrium points /3/ ”aq2=

24 elp |/(1-108 elp |) on the symmetry lines. These equilibria are easily
seen to be radially stable but azimuthally unstable. Writing 1 = Mgq+M'. 0
=0, + 0" and linearizing eqs.(4a,b) around the equilibrium , we get

02=384¢%% + .. , 02=-786¢e%p%+ .. (6a.b)

[:]

With R, = 0.2 R, and p =- 4 one obtains L 070, w, = 0.13, and w, = i0.18.
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Fig.1 (solid curve) shows a bifurcated equilibrium corresponding to 8,=0,
Ry =0.2 R; and p = - 4. The larger plasma (dashed curve) in the same figure
corresponds to the same values of 8, ,p and plasma center but Rp =
0.25R. (no equilibrium, plasma is moving outwards). Similarly , Fig.2
illustrates the plasma shape in the unstable motion out between the
conductors in the case 6, =n/4,p =-4, Ry = 0.2 R and 0.25 R,
respectively. Obviously , the physical mechanism behind the destabilizing
influence of the Extrap multipole 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 out from the regions where the jxB force is directed
inwards ("private flux" regions of the multipole field for p < 0) and into
the regions where the jxB force pulls the plasma outwards ("common flux"
regions) , resulting in a net force on the plasma which is directed
outwards.

Although the QSA is adequate for the description of the weakly nonlinear
development of the linear instability , it is important to be aware of the
limitations imposed by this approximation. Other choices of o, are possible
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 description of
"equilibria” 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 w_?, where mmz = m(m-1) are the eigenfrequencies of the circular
pinch /2/.

/1/. Drake, J.R. Plasma Phys. and Contr. Fusion 26 , 387 (1984)

/2/. Brynolf, J. , Ring, R. and Wahlberg, C. Plasma Phys. and Contr. Fusion
27 , 1255 (1985)
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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
toroidal field is modelled with a 2-D continuity equation. The breakdown mechanism,
which seems plausible for Extrap, is discussed and a parametric study of breakdown
voltage versus filling pressure is obtained using a computer code.

Extrap device is a toroidal pinch with an
externally applied poloidal field (the
octupole field), produced by four
conductor rings as shown in Fig.1. Inits
original type there is no toroidal field,
however a weak toroidal field is necessary
for the startup. The octupole field is very
strong and varies by several orders of
magnitude along the minor radius, and has
a 'magnetic well' structure, as shown in
Fig.2. The simple breakdown analyses of
the 0-D model [1] and 1-D model [2] do
not seem suitable to the Extrap

. A Octupole ring
configuration because the poloidal field is
i ; : Fig.1 Flux contour of the poloidal
essentially two dimensional. field, produced by the four

) octupole rings.

Breakdown Mechanism Apparently

the Townsend mechanism (secondary emmision) is not applicable to the toroidal Extrap
discharge[3]. Also the streamer mechanism is not expected in the early stage of the
discharge, because the filling density is usually fairly low for fusion plasmas so that space
charge effects can be omitted at least in the very beginning of the discharge (Lorentz limit,
for Extrap given by n, « 107Vj,gem3volt!l).  This implies that the problem can be
decoupled from the Poisson equation. Like the tokamak discharge, the Extrap discharge is
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also a diffusion controlled discharge due to
its large gap length and small cross section.
At the very beginning of a discharge there is
i linear stage when the electron density obeys
a linear equation. If loop voltage is higher
than the spark voltage, the electron density
will grow exponentially during the linear
stage: n(t) = ny e*; eventually the discharge

will meet some kinds of ionization
instabilities (ex. caused by distribution
function  deformation or space charge
accumulation) and start a nonlinear stage.

In case that these nonlinear instabilities do not Fig2 Ogimgﬁlige;q:gﬁ?sg&c?ﬁ?-

destroy the discharge[4], it will finally lead to Generally there are three
poloidal magnetic field nulls.

a breakdown, by which we mean that
coloumb collisions start to dominate. Therefore the necessary condition for plasma

breakdown will be: A > 1/t,, where t. is some kind of characterastic time, it depends only

on the beginning growth rate A of the electron density

Fomulation of the Problem In the particle balance equation for electron density n
anfat + V(l'lW) =Vigni 01 (1)

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

W =- D-(Vn/n + eE/KT,) (2)

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

D=4n j Mot folc) de /3 3)
0

2. .2
1 Ve VOO0, VO 0, 0p
1 2.3
M = Vo) 40, 0 v+ =V, +m 0 (4)
V(V2+(02) z  R§ (] ;i 2tpz
VOO0 VOO 0, v+,

where in matrix M-!, given in cylindrical coordinates R, ¢, z, @ is gyrofrequency
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w=eB/m (5)
folc) is 0-th order velocity distribution function, which is taken as Maxwellian in our

calculations, The ionization rate Vi, is given by

As can be seen in (3) and (6), the calculations of the coefficients v;,; and D rely on the
Vieni= 4T N_[ 64(c) folc) ¢ de 6)
[

distribution function, and then the knowledge of electron temperature T, 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 T, is determined by the local electric field.
But Extrap discharge has very strong energy and particle interactions between the inner and
outer regions, which means more convection losses. No doubt this 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 still use the experimental data [5] to estimate
T, as a function of E/N, where N is the filling gas density.

Eigenvalue Problem With the approximations mentioned above, the problem is linear
with respect to the electron density n, so the electron density should have exponential time
dependence

n(R,z,t) = ng(R,z) eM ¥
then (1) can be rewritten as an eigenvalue problem
Ln=X\n (8)

where L is a elliptic operator given by
L = Dypro%/dR? + (Dg,+D,g)0%dRoz + D,,0%/0z?
+F40/0R + F50/0z + Fg (&)

The electron density is natually set to zero at the boundary of the computing domain.
However, the density profile is not so sensitive to the choice of the computing domain. Due
to the 'well' structure of the poloidal magnetic field, the density distribution should be
mostly concentrated inside the well region and this implies that the electron density profile is
determined mainly by the drastically changing diffusion coefficients. But this dosen't 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 eigenvalue and
corresponding eigenfunction are interesting for breakdown study.

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

Ly n! = Ank (k=1,N*M) (10)

where the vector (nK) is an approximation of the 2-D distribution of the electron density
nk=ny =n(R; z) (11)
k=j*M-1) +i (i=1,M;j=1,N) (12)

where M and N are the numbers of grids in R and 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 (Ly). 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). This method demands very large computer storage and quite a lot

CPU  time, especially for

caln_:u]ation of the eigen.fu?ction, Eﬁggg?’\?) -
which then actually limits the
values of M and N. 505
Parametric Study A model 200
problem is studied in order to see
how the breakdown voltage 100:
varies versus filling density, with

0

rod currents T1=2.5kA, I1/I3 = i i 5 5 g &

Filling pressure (mtorr)

Fig. 3 Breakdown voltage versus filling pressure.

1.76, toroidal field B, = 0.1Tesla
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FORMATION OF HIGH-BETA PLASMAS IN VARIOUS MODES OF OPERATION IN TPE-2

A.A.M. Oomens
Association Euratom—FOM, FOM-Instituut voor Plasmafysica, Rijnhuizen,
P.0. Box 1207, 3430 BE Nieuwegein, The Netherlands.

H. Hayase, I. Hirota, H. Kiyama, S. Kiyama, Y. Maejima, Y. Sato,
E. Yahagi, M. Kito
Electrotechnical Laboratory, Sakura-mura, Niihari-gun, Ibaraki, Japan

1. Introduction

The main objective of the ETL-TPE-2 device is to study the confinement
and stability properties of high-beta plasmas. TPE-2 is a toroidal screw—
pinch machine with an elliptic minor cross-section and a small aspect
ratin (A = 3.0). In the usual mode of operation, the screw-pinch configu-
ration is created by exposing a magnetized plasma column to fast—-rising
(T/4 ~ 3 us) toroidal and poloidal magnetic fields, 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 I, together with the operating range.

TABLE I
TPE-2 PARAMETERS

Major radius Rg : 0.4 m

Minor dimensions : 0,26 x 0.42 m

Discharge vessel : alumina with Ti-coating

Toroidal field By : 0.6 = 0.75 T (flat top: - 0.6 ms)
Plasma current ID : U0 - 175 KA (programmable)

Safety factor qr : 1.3 = 4,0

Filling pressure pg: 0.16 - 1.13 P, (D,)

Electron density fig: 1-10x102! m~?

Temperature T : 30-400 eV

The Ffilling gas 1is magnetized by a slowly rising predischarge current
in the presence of a positive bias field (£ 0.15 T). The ecircuits for the
toroidal and poloidal Field components are independent, so various modes
of operation are possible. In the following sections, we will briefly
discuss the relevant diagnosties and data analysis, summarize the results
nhtained in the usual mode of operation and finally present the initial
results of the "matched screw-pinch" mode. In this mode, the bias field
and predischarge current are combined with the power—crowbar circuits in
such a way, that By and I, increase almost simultaneously to their maximum
values In about 0.5 ms at a nearly constant value of qp at the wall. For
both modes, the time evolution of a typical discharge is shown in Fig. 1.
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Fig. 1. A comparison of the time behaviour of a typical discharge with
fast field programming (shot 12568, solid line) and in the "matched
screw-pinch" mode (shot 12569, dashed line):

(a) the current in the compensating coils, resulting in a vertical field,
(b) the plasma current, (c) the primary toroidal current, (d) the toroidal
field, (e) the poloidal field at the wall in the top, (f) the poloidal
field at the wall in the midplane at the outside, (g,h) the one—turn
surface voltage, (i,j) the safety factor at the wall.
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2. Diagnostics and data analysis

To diagnose the plasma in TPE-2, the following parameters are measured
in each discharge: the primary currents, the plasma current I the toroi—
dal one-turn voltage V,, the diamagnetic signal, the poloida f‘ield Bp
the wall at 11 positions for one toroidal angle and at 5 positions for'
five other toroidal angles, the field in the feeding flange, the radial
field at the wall at a single position, the emission in various lines:
Ti-11, CII, CIII, CV and Dg (2x), the electron line density in a vertical
plane by a HeNe— and a CO,-interferometer, the output of an SXR-monitor,
and of a bolometer. The observations for discharges with fast field pro-
gramming are also based on measurements with the Thomson-scattering diag-
nostic, an optical sensor array, a magnetic probe movable along a horizon-—
tal chord and on measurements of T;j(r) by Doppler broadening. An on-line
data—analysis programme calculates, from the poloidal magnetic field data,
the distribution of the flux surfaces and related quantities such as qy,
%4y and the shift. The values of poloidal beta, B pr and average total beta,
By, are obtained from the well-known Sharr‘anov contour integrals, using
the %j-value from the q-profile analysis [2]. These calculations agree
within 20% with the outcome of the diamagnetic loop measurement. Tg 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 fast field programming

The results on confinement and stability of high-beta plasmas produced
by fast field programming are reported in Refs [3] and [4]. The most
relevant conclusions are summarized. The initial value of By is determined
by the preheating conditions and the implosion heating. Under comparable
conditions By is larger for higher p, and independent of Ip. However, at
later times (t > 0.15 ms)By is independent of pg, and increasing when the
ohmiec input exceeds the energy loss. The initial value of Bp can be very
high (~ 2.5), or low (Bp < 1), but in the quasi-stationary phase 8p is
always about 1. In this phase, also the gy-profile is always of the same
shape, it only changes during the transition of qp - 2. The toroidal
current density profile, calculated from the qu-profile, is nearly flat
over the cross-section. This profile is essenltial for the good stable
confinement of high-beta plasmas. If the initial configuration deviates
substantially, the transition is not successful.

4, Results in the "matched screw-pinch" mode

Since in the usual mode the early phase only seems important for the
transition, we tried to operate in the "relaxed" state from the beginning
and to rely solely on joule heating to get a high By. In Fig. 1, the time
behaviour of some plasma parameters is compared. As can be seen, V, is
much higher in the early phase, which is partly due to the formation of
the magnetic configuration, but the variations in B, are less and the
qr-trace is smoother. From the magnetic field data, it is concluded that
after roughly 0.3 ms, the plasmas are similar. The average value of L; is
- 1, due to the broad current profile and the elliptical cross-section,
and By is high (< 0.1, Bp - 1). If gy decreases in the preheating phase
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from = to 1.5-2 and If this matches the value in the power-crowbar phase,
then the lavel of impurities {s low and the average electron density
reaches a plateau level of - 3x10*° m™? {at p, = 0.5 Pa). If the transi-
tion is not smooth, large m=2-oscillations (BD/FAp > 10%) are observed on
the Bp—coils and the 1line radiation from carbon is increased. In both
modes, operation below the limit qp ~ 1.3 is only possible with a very
high energy dissipation and a sharply increasing amount of impurities. Of
course this investigation is still very preliminary and a lot of questions
are unanswered, of which the most important maybe are the shape of density,
temperature and current- density profiles. However, from these initial
attempts we conclude that the matched mode is not better than the fast
formation mode, bubt it might have the major advantage that high-beta
tokamak-like plasmas can be produced and stably confined in metal dis-
charge vessels,
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CURRENT RAMP-UP WITH COLLISIONLESS ELECTRONS IN Z-PINCHES
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*Helsinki University of Technology, Department of Technical
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ABSTRACT: Starting the Z-pinch current with fast collision-
Tess 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 cylindrical plasma column should be compressed from the
initial radius of the order of 100 um [1] to its final value
before MHD-instabilities set on. This requires extremely
fast current rise of 10!%aAs~! during 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
(<1013as~!) to prevent expansion of the pinch due to rapid
ohmic heating in the early phases of the discharge [1, 2].

We 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 induced by the external voltage V.., . Due to
the low collisionality of the high energy electrons a weak
ohmic heating results if the fast electron current dominates
over the ohmic current. As is appearant from the circuit
equations for the total current I and voltage V, I = V/R+If
and V = -LI+V_,., correspondingly (R is the plasma re-
sistance and L the total inductance of the circuit), there
is no ohmic current if the fast electron current Ig has the
time dependence Vgyutt/L, i.e., it rises at the rate of
Vaxt/L. In this case the inductive voltage -Vgyu, due to Ig
exactly cancels the external voltage. The current is exclu-
sively driven by the fast, nearly collisionless electrons.

The purpose of this paper is to study the electrodynamics of
this scheme in more detail. To calculate the radial profiles
and the time dependence of the plasma parameters and the
electromagnetic fields the corresponding magnetohydrodynamic
equations are solved numerically.
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2. NUMERICAL MODEL: We assume the plasma channel tn have
been initiated for example by a laser beam and to be fully
ionised and surrounded by a nonconducting cold gas. Magneto-
hydrodynamic approach is taken and the equations describing
the plasma density n, radial plasma velocity v, electron
temperature T, axial electric field E, atsimuthal magnetic
field B and axial current densities j and jE‘ read in
cylindrical geomstry as

pn = -(n/r) d.(rv) (1)
MnDv = -22,.(nT) - B(j+jg) (2)
3/2DT = -(T/r)d, (rv) + (1/rn)d_(k rd,T) + nj?/n  (3)
3,E = BB (4)
(1/5)3,(rB) = poli+tig) . (5)

where D denotes the convective derivative et Vi, € is the
radial coordinate, M the ion mass, j and jg are the current
densities for the ohmic and fast electron current, re-
spectively. Electron and ion temperatures have been taken to
be equal, and cylindrical symmetry is assumed. k_ =
1.38x10227°/2571n"! and n = 8.4x107%773/2ym/A are 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 particles in the corresponding Debye
sphere. In addition to Egs. (1) - (5) we have Ohms law for
the ohmic current

E + vB = nj. (6)

We solve Egs. (1) - (6) with appropriate initial and boundary
conditions and assume the externally injected fast electron
beam to have a constant radius larger than the plasma radius
and a constant current rise rate. Axial effects are omitted
in the beam propagation. The beam and the external electric
field are set on instantaneously at t = 0. The influence of
various profiles for plasma parameters has been studied.

3. RESULTS: Fig. la presents the temporal evolution of
plasma radius and temperature (its radial maximum) £for the
case where the inductive electric field
—(1/2)ln(rb/rf)r%uoatjf due to the fast electron current
density cancels the external electric field Egyue = 11.6 MV /m
at r = rg (here ry is the radius of the wall where E = 0
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holds). As initial conditions we have assumed radially homo-
geneous plasma parameters (n = 3x1026m=3, T = 2eVv). The
corresponding curves are given also for the case of no fast
electron beam with the same E . There is a strong contrast
in ohmic heating of the plasma between these cases. The
temperature increases up to 80 eV and the radius of the
plasma channel doubles in the absence of the fast beam. When
jf # 0, the temperature even slightly decreases (due to the
expansion, which is now only 30 % in radius). The radial
profile of the electric field during the calculation for the
case of fast electrons shows a good agreement with a simple
analytical estimate

E ~ Egup+lng/23)(r2-r3)a, i (1/2)In(ry/re)ringde i (7)

which is readily obtained from Egs. (4) - (6) in the limit of
large resistivity and vB ~ 0 at the steady-state. In Figs. 1lb
to 1ld the radial profiles of the electric field, magnetic
pressure, plasma pressure and velocity are plotted at the,
onset of implosion in the presence of fast electrons. With
the given parameters E is less than 10 % of Eextaccording to
Egq. (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 always remains a non-zero ohmic current density, the
magnitude of which depends on the relative values of Eoxt and
B¢dge With the given beam radius 150 pm and Bage™ L6 MV /m
the corresponding hot electron current rise rate is 10 kA/ns,
the magnitude 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 ohmic heating and a skin current formation at the low
density edge of the plasma when no fast electrons are ap-
plied. With fast electrons this is eliminated and a low
temperature plasma with small ohmic currents is obtained.

4. SUMMARY By a correctly timed fast electron beam with an
appropriate current rise rate it is possible, according to
the magnetohydrodynamic model, to strongly suppress the ohmic
heating at the early current formation phase of a Z-pinch.
The benefit of the method discussed would be a more efficient
and stable compression.
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THE DISSIPATIVE DRIFT INSTABILITY IN A HOT ELECTRON PLASMA

Huang Chaosong, Ren Zhaoxing, Qiu Lijian
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P. 0. Box 26, Hefei, China

1. INTRODUCTION

In a magnetically confined plasma, the presence of density gradient is
inevitable[1]. The drift wave causes anomalous transport. The core plasma
in a hot electron plasma can drive drift wave. The hot electron ring has
profound effects on the fluctuation and transport of the core plasma[2-4].

The MHD equations are used to derive the dispersion relation of drift
wave. Electron-ion collisions (resistivity) and ion-ion collisions (vis-
cosity) are considered. Exciting region, fluctuation level and radial loss

of the drift wave are measured experimentally.

2. DISPERSION RELATION AND ANALYSIS
We make the rigid ring approximation and use a slab model. Equilibrium
magnetic field is §=Bu(1+ex)gz. The gradients of magnetic field and plasma
density are in the x direction. The curvature of field line is simulated
by a gravitational field E=g;x, and g=-2T/MR.. Only electrostatic pertur-
bations are discussed. The wave form of exp(iky+ik,z-iwt) is taken.
Using the linearized MHD equation, we find the dispersion relation of

the drift wave driven by the density gradient of the core plasma[5]:

2 —
w2+(iklgﬂgi -m*i)w 25_*1_Eﬂilﬂd;_ + 1(w 1—“Mi)k”ﬂeni =0 (1)
k Vei k?a;? kv
where,
=4 kiy 2 1 =Ky 2 15,2 1
ol i MQI(RC+ w0t mwny L — Bl vy b

Vei is the electron-ion collision frequency, R. is the curvature of field
lines, rEl = d(1oNg)/dx, B=R;+By=Py, beta value of the hot elections. For

simplicity, T{=T, is assumed, and the stabilizing viscosity is neglected.
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Set w=u +iw;j, and suppose mi<<kﬁ&eii/kzvei. The solution of Eq. (1) is

W= - g ()
o= [ w2 4 Wi = waidugy  2k7Ves
wp = Ly + 1 Tgnan; (3)
The special growth rate is defined as

_w Bh

T Wil Bh=0) (4)

The By dependence of the growth rate is calculated with rP/RC=D.1 at dif-
ferent kay, as shown in Fig.l. The marginal stability is Bh=0.33 if

ka;<0.1, corresponding to wai=0. The stability requires wqi~-0, that is

525 - In

B> 19 > (E,—RC)_ (5)
1.0 j
'~\ kia;=0.5 I

0

0.1 0.2 0.3 0.k By

Fig.l Growth rate as Fig.2 Transport [lux as
a function of By a function of Bh

The density and potential fluctuations cause the anomalous transport
of plasma in the x direction. The transport flux of the cold electrons is

r o _ekNy/2T.B
& wiy + (kyTi/M v )T

kST
[ - wgi -‘ﬁe\,ei - (Wyg - wgidwg 16> . (6)

We have known in the calculation cn growth rate that the stability require
w4<0, wdi>0. l'e<0 for the stable mode is assured under the same condition.

The transport of ions is caused by ambipolarity diffusion.
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The effect of beta of the hot electrons on the anomalous transport is
shown in Fig. 2. & is the special flux defined as

_ Te( By )
8" Te( By =0 - %))

The hot electron ring reduces the anomalous transport of core plasma.

3. EXPERIMENTAL RESULTS

The experiments were carried out in a simple mirror to investigate the
drift instability. The hot electron plasma is produced by microwave source
with power 15KW at 20.4 GHz. The data were analyzed by computer. There is
a coherent fluctuation at 35KHz in the core plasma. In Figs. 3 and 4,
AL/Ig is the normalized levels of the 35KHz fluctuation measured in r=4cm
where the fluctuation grows most rapidly. Wy is the stored energy of the
hot electrons. Nj is the ion density near the cavity wall. Ngl is the line
density of the cold plasma on the axis of mirror.

The data in Fig.3 were obtained at a neutral pressure of 1.6E-5 torr,
and Bp is the strength of magnetic field at the center of mirror. As the
stored energy of the hot electrons increases, the plasma fluctuation level
is reduced, and density of the core plasma inside the ring is higher. The
fluctuation propagates in the direction of electron diamagnetic drift.

f——— = S T A,

AL/T,

o

Wh(f)

Bn(kﬁ

Fig. 3 By dependences Fig.4 1Influences of the probe
of wh’ “elg AI/IB on Wh) Nis dN/dr, AI/Ip
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In Fig. 4, Rp is radial position of a movable probe. dN/dr is density
gradient of the core plasma at r=4cm. When the probe is inserted into the
plasma to destroy the hot electron ring, the radial loss of plasma increa-
ses, and the local density gradient enlarges. The enhanced fluctuation
results in the decrease of plasma density in the middle and the increase
of the particle flux escaping to the cavity wall.

The experimental results indicate that the plasma fluctuation at 35KHz
has three distinet characteristics. (1) The fluctuation is driven by the
density gradient, and propagates in the direction of electron diamagnetic
drift. (2) The high fluctuation levels are closely related to the enhanced
radial losses. (3) The hot electron ring reduces the density gradient,
fluctuation level, and radial loss of the plasma. According to the theore-

tical analysis, the fluctuation is the drift wave of plasma.

4. CONCLUSTONS

The low frequency dissipative drift wave in the hot electron plasma is
studied theoretically and experimentally. The conclusions are as follows.

The hot electron ring can reduce the growth rate, and suppress the
anomalous transport of plasma. The resistivity and the viscosity have des-
tabilizing and stabilizing effect on the drift wave, respectively.

It is observed in the experiment that the drift wave is excited in the
maximum-density-gradient region, and the hot electron ring reduces the
fluctuation level and radial loss of the plasma. The experimental results

are consistent with the theoretical predictions.
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PARABOLOMAK:A SPHEROMAK TYPE MHD EQUILIBRIUM CONFIGURATION

G. N. Throumoulopoulos and G. Pantis

Department of Physics, University of loannina, Ioannina, Greece

Abstract

Under the boundary conditions of a perfectly conducting wall an
exact class of spheromak type MHD equilibria is obtained for finite
pressure pofiles. Analytic force-free equilibria which satisfy ap-
proximately the plasma-vacuum interfact boundary conditions are also
determined. Simple force-free configurations are identified which
ensure plasma confinement within two intersecting paraboloids(parabolamak).

The spheromak, a compact toroid with poloidal and toroidal component
of the magnetic field has been increasingly considered as a fusion plasma
container in the last few years. The main attractive feature of spheromak
is the fact that internal poloidal plasma currents gererateentirely the
toroidal field component, thus resulting inthe Tack of the toroidal field
coils linking the toroid. The physics of spheromak has been reviewed
by several authors (see f. e., Goldenbaum [_ 17 and Jardin [2 7. Srher-
omak equilibrium and stability in general, depends on plasma shape [ 4 ],
"7 ]. For this reason analytic equilibria have been studied in various
coordinate systems [37]- [C77.

Presently we have obtained an analytic class of finite pressure
spheromak type equilibria in parabolic coordinates. In particular, force-
free equilibria are defined in such a way that the plasma is confined in
the interior of two intersecting paraboloids (parabolomak).

The Grad-Shafranov equation in the cylindrical coordinates (z,r,p)
takes the familiar form

19 "W__r,.2dP (
rd (L) b= [r am+1cap)<ia_lwu’)] <
Equation (1) determines the flux function ¢ and thus the magnetic field
if the kinetic pressure P and the poleidal current I are known functions
of Y. In parabolic coordiantes with appropriate boundary conditions
(I_57] I_67]) the general solution for ¢ in the non negative z half plane
reads

:--agnlEzaLdFon,'i‘éj)Fo(-j.%fzﬂ) n»E 2)

where F_ is the regular Coulomb wave function of zero order,A is the separa-
tion coﬁ%tant,j=&/4¢h and d is an arbitrary constant. The solution in the
non positive z half plane (£ > n) which is symmetric about the r-axis, is
then immediately determined by permuting £ and n in eq. (2). Eq. (2) for
a = 0 determines force-free configurations. They can be easily recognized
because the separatrix is a closed surface of revolution of two intersect-
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ing parabolas € = c and n = ¢, (c 5 constant), where this constant is
equal to the first zero of F_(j, x°VB/Z ) (parabolomak). If the separa-
tion constant is set equal 8 zero eq. (2) takes the simpler form

W:-F i+ Ht’oﬁ‘”(g-?_i'_ Sm(rl%":) 3

where mo is the value of the force-free flux function on the magnetic axis.
The force-free configuration of the last equation is plotted in figure.

Parabolomak. A force-free compact toroid which confines the plasma in
the interior of two 1nterest1ng poraboloids n = € = vZn//b = ¢. The
points A, A", lying on the axis r at a distance P = n/vb from the axis z,

indicate the magnetic axis.

The parabo]omak is apparantly oblate and the plasma elongation is equal to

{z _ ¥l
:h,-c.z_z )
where 2 is the configuration cut on the z (r) axis. This result is

also va11é for any force-free eguilibrium of eg. (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 surface. Although it is not the way 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 torcidal component of the external magnetic
field exists. The vacuum solution of eq. (1) is

y=EnZ,(AEYZ,(An) &
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where Zl(Z ) is a Bessel (Modified Bessel) function. It is seen that the
solution f&]]fils the boundary condition for the flux-function. However,
the additional boundary condition of the pressure balance on the plasma-
vacuum interface can only be fullfiled approximately. As an example we
give below a simple vacuum solution for the parabolomak of eq. (3).

b 2 .2 2 2
- Tob = -
Vot = 5 (E-C)(n*c?) 5
Although ¥ is an unbounded function, it is physically acceptable as the
vacuum magﬂgEic field
__bW { 2. 29
B out = EV'ETn!f(g &) 2>
_ b¥s { B2
Br.oul = S 7 (N°-C7) (7

is finite throughout the vacuum region. By expanding the sinusoidal term

in eq. (3) around the point € = ¢ (n=c) one can see that on the plasma

surface the pressure of the internal magnetic field balances approximately |
the pressure of the external magnetic field given by eq. (6) ((7)). The

approximation is better as one moves on the separatrix from the points

Iand " to the points B and B° . (see figure). Alternatively an inverse

approximation which gives better values around the points I and [ can be

obtained by using in the vacuum region the function

‘{(‘Ilob/q)?(nz—c’“) 0§ E<oo nyc (8
Ut Wby ) ? CE2- ) 0€¢n<o Euc 9)

which is also a solution of the homogereous part of eq. (1).

We finally note that the parabolemak of eq. (3) defines a minimum
magnetic energy state (Taylor State) in which according to Taylor's theory
the plasma relaxes retaining the global magnetic helicity invariant | 8 7.
Therefore, it is stable against all the ideal magnetohydrodynamic pertur-
bations |_9 7], and because of its oblate shape it is also expected to
remain stable under the tilting mode |7 . Although spheromak plasma
relaxation to a Taylor state has been verified experimentally [ 10, re-
sults of other investigators [11] show that relaxation may occure to
states which are significantly different 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.C. CURRENTS IN A MAGNETIZED PLASMA
BY R.F. FIELDS

M. Kihnapfel, R. Tabersky and H. Tuczek

Universitdt Essen - GHS, FB Physik, D-4300 Essen 1
F.R. Germany

In order to produce a compact torus configuration current drive by rotating magne-
tic fields is studied.

The rotating field is generated according to the “Rotamak" concept proposed by
I. R. Jones, or utilizing the "Blevin-Thonemann End Effect" by a linearly polarized
r.f. field. 3
Experiments are performed which allow to investigate both configurations. The r.f.
fields are produced up to a power level of 5 MW for a pulse period up to 1.5 msec
at a frequency of 1 MHz.

In both cases a toroidal current can be driven producing a stable compact torus
configurations during the whole pulse duration. But contrary to the explanation of
the "Blevin-Thonemann End Effect" the toroidal current may also have the direction
opposite to the diamagnetic current, depending on the plasma density.

Je therefore assume that magnetoacoustic eigenmodes are excited in the plasma. To

describe this behaviour a simple theoretical model is presented.

1. Introduction

Compact torus configurations can
be produced by applying an exter-
nal rotating magnetic field to a
magnetized plasma (fig. 1). When
the electrons are tied to the ro-
tating magnetic field lines and
the ions form 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/ Miller /3/ speculated that
only a single linearly polarized
r.f. field is required to produce
a rotating magnetic field within
the plasma ("Blevin-Thonemann end
effect"). This speculation has
been proved experimentally /3 - 5/
and described by a model of
Hugrass /6/. The resulting elec-
tron current was found to be dia-
magnetic.

stole - magnetic
tretd

L]

Fig. 1: Rotamak principle

In contradiction to these experiments there has been some evidence,
that under certain conditions a current in the opposite direction is
produced leading to an enhancement of the external steady field /4/.
Such an observation is not compatible with either the Blevin Thonemann
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mechanism nor the Hugrass theory. Therefore in the present paper, the
production of toroidal d.c. currents by a linearly polarized alterna-
ting and a rotating magnetic field was investigated in some detail. Wa
especially look for conditions, where the transition of one current
direction to the opposite one occurs.

2. Apparatus
The experiments are performed on the Rotamak-E I /7/ and the Rotamak-E
II device.

2 L5 GHz
Preionisation

Fig. 2: Rotamak-E I Fig. 3: Rotamak-E II

Common technical data:

A spherical discharge vessel of glass which has a diameter of 20 cm is
filled with neutral gas (Hz) at a pressure of 10-* to 10-2 mbar. A static
magnetic field is produced by a slow capacitor bank discharge which is
crow-barredfor 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 ns.

At Rotamak-E I (fig. 2) the r.f. power is supplied by a 5 MW two-chan-
nel transmitter at a frequency of 1 MHz for a pulse duration of 1.5
msec. It is provided with a coil system, which allows to apply rotating
high frequency fields as well as linearly polarized fields. At this ex-
periment 0.1 to 1 MW can be coupled into the plasma maintaining a sta-
ble reversed field configuration for about 1.2 msec. An initial plasma
heating is achieved by discharging a capacitor bank of 4.3 kJ at a fre-
quency of 220 kHz through 2 coils surrounding the discharge vessel.

At the Rotamak-E II (fig. 3) a high frequency field is supplied by a
pulsed transmitter, which delivers 1 MHz with a power of 500 kW for
200 ps. The maximum amplitude of the alternating field is 6 mT.
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3. Measurements

previous investigations indicated, that stable compact torus configura-
tions can be established at densities below 10 cm=® by applying a uni-
form rotating 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 ne, determined by microwave interferometry, are
ne = 4.2:101% cm~® and ne = 8.7-10** cm®, 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.f. 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 B: 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 observed
during the main discharge. The temperature of the plasma Ti, evaluated
from Doppler breoadening of impurity ions, indicates 40 eV in the preio-
nisation and 20 eV in the main discharge.

£
187
-
-
L
LTS
00T
i (1 LR L
0 250 500 ' ot 20
Fig. 4: Magn. field and plasma current at Fig. 5: Magn. field and plasma current at
low pressure as a function of time high pressure as a function of time

4. Theoretical model
It was tried te find a description of the rotamak by means of hydro-
magnetic waves. Assuming a cold plasma, infinite conductivity and small
amplitudes of the waves, fields of the type

B = Bo + B (r) :elkz-otimdh) 4 B (r) .a-lkz-0t+md)
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Fig. 6a:Radial and 6b: vertical distribu- Fig. Ta: Radial and 6b: vertical distribu-
tion of the magn. field at low density tion of the magn. field at high density

are investigated. The solution is subjected to the boundary condition
Jjn = 0, where ju is the current flowing through the surface of the
plasma. Its shape was assumed to be cylindrical with finite length. By
linearization of the differential equation an analytic expression for
B can be derived. The resulting magnetic r.f. field configuration has
a component rotating in the same direction as in the Hugrass medel /6/.
It can be concluded, that hydromagnetic waves are capable to produce
toroidal d.c. currents. It is expected that the wave model can be
further developed to reproduce more of the experimental observationms.
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MAGNETIC EDGE FLUCTUATIONS IN THE HBTX1B REVERSED FIELD PINCH
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(UKAEA/EURATOM Fusion Association)
* University College, Cork, Ireland

ABSTRACT

Normal & = 1.4, F = -0.1 discharges display magnetic modes with m<2
and InL = 6, 10, 13, 16 resonant within the reversal surface. Rotation
velocities v, = 5.6 x 10%ms=1, vy = 3.0 x 10%ms~! in the direction of the
conventional ‘currents are measured. In deep reversal, o0>1.6, F<—0.35,
sawtooth-1ike act1v1ty at 5kHz is seen in m=0, sinusoidal oscillations in
m=1, with |n 4 and 6 or 7, and a group velocity v, = 5 x 10% and
v, = 4.7 x 10%ms~l. In about 5% of discharges with graph Hite tile Timiter
rémoved, B, and B, edge coils exhibit strong coherent signals periodic at
1kHz, reflect1nq & non- rotating m=1, |n| 5 disturbance which may be a
resistive wall mode.

INTRODUCTION

Magnetic fluctuations are associated with self-reversal and
sustainment of reverse field pinch (RFP) electric plasmas.

In the RFP, the most dangerous MHD instabilities [1,2] have poloidal
modes m=0, m=1 and a variety of possible mode numbers n. Thus toroidal
mode structure is.of great interest in the RFP.

This investigation is confined to the sustainment phase of the plasma
pulse, when toroidal current I, is approximately constant and the gross
plasma properties appear to be uﬂchanging. Before removing the limiter,
which was composed of about 156 5cm x 10cm graphite tiles covering
approximately 8% of the internal surface of the stainless steel vacuum
vessel, a study was carried out of normal 220kA discharges with pinch
ratio 6 = 1.4 and field reversal ratio F = -0.1, as well as deeply
reversed discharges with I = 170kA, e>1.6, and F<-0.35. The increase in
global resistance V seen in deep reversed discharges is found to
depend more on F tha# un 6, implying the dominant influence of the plasma
edge.

This was borne out when removing the tile limiter led at once to a
reduction in V. at all currents of about 14 volts, accompanied by electron
temperatures r?51ng during sustainment up to above 700eV while Ti remained
constant or fell somewhat. Changes were accordingly expected in the
character of the magnetic fluctuations.

TECHNIQUE

Small search coils are distributed poloidally and toroidally around
the periphery of the HBTX vacuum vessel to detect magnetic field at the
surface of RFP plasmas. The toroidal array lies in the 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 poloidal arrays,
each capable of measuring B » and B, at 16 equally spaced poloidal
angles A are available. Two are Qn the 1nterspace region, and three are
internal to the vacuum vessel, recessed into special sections provided for
them. Two internal poloidal arrays separated by 40° in 4 have been the
chief source of the rotation information.




MAGNETIC EDGE FLUCTUATIONS IN NORMAL DISCHARGES, TILES IN PLACE
Fluctuations are I-2% of the total
edge field amplitude and toroidal component
fluctuations predominate by 3-5 times over
those of the poloidal component:
B/B = 1-2%, B, /B, = 3-5. Fluctuations 3
power is concpnerated mainly below 150kHz.
The poloidal mode distribution is dominatea
by m=0, m=1l. Evidence from the toroidal M - e
array shows most n activity in the range 4 8 27 1% 20
5-17. Higher resolution shows modes
numbered n=6, 10, 13, 16 are favoured in i s —T
the toroidal component B, , as can be seen o
in Fig la. b
In Be (Fig 1b) n=0, corresponding to
a toroidal current fluctuation, is
dominant. This behaviour is substantially
the same as was seen in HBTXIA [3], . _ x
suggesting that it is intrinsic to the RFP ; . i - _}
and not an artifact of field error, which 4 8 12 16 20
was considerably reduced in 1B relative to
1A [4]. ¢ i r distribution
[ wo poloidal arrays separated by 40° zg;mﬁiiﬁzeﬁ) By, (b) By
in toroidal angle, were used to investigate ;. . o ma) discharge viz 8<1.4,
propagation through correlation analysis F=0.1, T,=220 kA
between the spatially-resolved poloidal m b
modes. Toroidal and poloidal rotation speeds found in this way are v, =
: 5.6 x 10%ms=L, v, = 8.0
x  10%m~1, d1rec%ed in
the same sense as the

(a)

AU

conventional ie,
positive, current
components. Plasma

velocity measured
spectroscopically using
the CV 22714 line [4]
gave smaller values, viz
Ve = L8 @ 10Mms~L,

= 0.6 x 10%ms-1, but
12 the same directions

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

Fig 2 Evolution of n-spectrum in a nomal discharge. The temporal
Sale to the left is time in ms, that to the right is behaviour of the

mode mumber. Each trace is an average over 0.03 ms. toroidal modes was
investigated by

evaluating n-spectra over many successive short time intervals. Such
an analysis performed from  HBTXIA produced evidence for cyclical
behaviour in the n-spectrum evolution [3]. Nothing of the same




gind has been found in HBTX1B discharges. Time variation of the
n-spectrum with the dominant mode' changing apparently at random among the
favoured n numbers occurs on a time scale much shorter than the 0.3ms of
the earlier study shown in t_he accompanying diagram in which mode number n
i< horizontal and time vertical (Fig 2). Averaging HBTX1B data over such
a time span resulted in behaviour that looked neither cyclical nor even
progressive.

DEEP REVERSAL DISCHARGES, TILES IN PLACE

— FEdge coil signals in deeply reversed discharges display an
unmistakable periodicity absent in normal discharges. The relative
amplitude of the fluctuations is greater: B/B = 5-10%, and the toroidal
component fluctuations are larger than those of the poloidal components by
two to three times: B, /B, = 2-3.

Analysing sign‘gh into m=0, m=1 modes reveals sawtooth-like
oscillations recurring with about 5kHz frequency in the former, while
sinusoidal oscillations with frequency varying in the range 20-80kHz are
to be seen on the latter. Two principal toroidal modes [n| =4 and 6 or
7, of which the first is the stronger, dominate these fluctuations. This
is confirmed in a dispersion analysis of the toroidal array signals (Fig
3) which gives v, =5 x 10%ms~1 and v, = 4.7 x 10%ms~!. This describes a
helical structurd that bears some resemblance to the lowest energy
asymmetric solution in cylindrical coordinates of the equation yxB = B,
which corresponds to m=1, n=4 in HBTX [5]. There is evidence too for some
activity at the m of the opposite sign.

Fig 3 Dispersion relation for m =l activity in deep reversal (6=1.7, F=0.6)
discharges, constricted from toroidal array measurements. Diagonal lines
represent F(vmﬂvﬂ)n * {mvg/:.’rna).

NORMAL DISCHARGES, TILES REMOVED

Operating with graphite tiles removed, B, and B, coils exhibit a
tendency to periodic oscillation that develops sErongly %t ~lkHz in about
5% of all discharges. As an example Fig 4 shows signals on three B coils
displaced each from the last by ¢ = 18° approximately. These ‘giqnals




occur on dB/dt rather than the integrated
Fidh signals B, and are m=l. It can be seen that
5 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 half way between them
consistent with a toroidal mode number
nl = 5, Coherent fluctuations in the
emission from some impurities lines, viz CII,
Fell, OI and Crl all near the plasma edge,
accompany these magnetic fluctuations. It has
. been conjectured &6] that these observations
might be explained by a hitherto unobservable
resistive wall mode whose growth time
undergoes a massive decrease bringing it into
the observable range because a trifling change
in the equilibrium occasioned by removing the
tiles has brought its marginal radius from
outside the conducting shell (penetration time
= 80ms) into the space between the shell and
the liner (time constant < 0.1lms).

Fig 4 Records of dB/dt an B, coils at three
tomidal-angle positions (upper left hand
comer). The ordimate is in the same
arbitrary units in each case. Abscissa is
dashed lines emphasize time coincidence of
extrema from which mon-rotation is

inferred.
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IMPURITY BEHAVIOUR AND Zppp IN THE HBTX EXPERIMENT
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ABSTRACT
It is shown that impurities cannot explain the Toop voltage, V;

with 150 Timiter tiles in position nor the increase in Vq, . on 1nserg?gn
of a moveble limiter and the decrease when the tiles are removed. The
plasma resistance obtained from T,, Z,¢r and helicity balance is less 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% although the loop voltage decreases from ~30 V to ~20V.

RESULTS

The diagnostics used include a multichord soft X-ray (SBD's) system,
a polychromator (600-45008) and absolutely calibrated bolometers and
normal incidence (500-3500%) spectrometer. The SBD's are filtered to
detect the short wavelength transitions of CV (mainly 40.27z, 34.97& and
40.738). A collisional radiative model [1] is used to calculate the line
1'ntensit1'es over the range of ne and

, relevant to HBTX. For T 150~

580 eV the line intensity of CV 2271
A is only marginally dependent on Te
(£10% variation) and has an
approximate linear dependence on n,.
Only weak burn through of CV 1is
observed in HBTX so on dividing the
CV line intensity by n,, an
approximate measure of the CV density
is obtained.

The distribution of the measured
CV density, with the 156 graphite
tiles in position, is shown in Fig 1
for 1=220 kA and IN =7 x 10-1%A.m
together with 1D simulations (SANCO!
code [2]). In all cases a constant
diffusion coefficient, D, is assumed |
where the particle flux, 1, is given TSR AR R T R )
by r, = -Dvnk. As illustrated in F1g Fig 1 Measured and similated density distri-
1, simulations from D = 100-200 m2s-! butions of CV (220 kA, n, = 2210Y9073, 156
approximate the experimental curve. tiles in position)

]

Relative density

©
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Using a fixed D value (100 m2s™!) the emission profiles of the other
carbon and oxygen ion states are calculated, from which the densities are
obtained using the normal incidence spectrometer. The concentrations
ohtained are 3% oxygen, 1% carbon and 0.1% dron with an overal]
uncertainty of about 70%. (The sum of oxygen and carbon radiative powers
is used to estimate the concentration of metallics, mainly iron, from the
bolometer results.)

From the impurity ion state distributions the spatial profile of the
¢ is calculated and is shown in S

=

Zog o
Fig 2. These values of Z and [
usmq Tl = Tge [ (r/a?ﬁ with  5of
%0 eV, _y1e1d a plasma i
res1stance which is less by a
factor of 3-4 than that obtained i
electrically and including helicity 5
balance but ignoring edge effects
[3]. The Zogg profile is in
contrast to that measured in ngll -

[4] which exhibits Zagp~l in the s s T
plasma bulk and Z ¢¢~4 at the f/a

periphery. With the lower T Fig 2 Z,.. profile obtained fram impurity ion
values found in ngIl such a profile state distributions (220 kA, i, = 2x10'%i3,
may account for the loop voltage 136 tiles in position)

within the experimental uncertainties. However, the high oxygen density
(ngy ~ 5 x 1018m=3) seen in ngIl [5] at the periphery is much higher than
in HBTX (ngy ~ 5x10'ém=3 at r=20 cm), so that impurity effects together

. - with a narrower T, profile

in qapll dindicate
]i’ qualitatively different
plasmas, as regards
resistance, in the two
devices.

The impurity behaviour
is examined when a variety
of mobile Timiters are
inserted [3]. In Fig 3 are
shown the behaviour of CV
(22718), OVI (1038r) and
; ; X g z total radiation as a
J : : ? ki : function of Tlimiter

PPERTICRL DETTREE. I o insertion distance from the

Fig 3 Electron density nomalisd line intensities of b11€s for I .~220 kA. The
cv (2271A) and OVI (1038R) and total radiation, B results were obtained during
versus limiter (graphite) insertion distance bey:mj' the sustainment period (t ~
the tiles position 4 ms) and averaged over 6

discharges. The total

Zett

TYPICAL
SCATTER

INTENSITY/ne (AU) & PRAD/ne 10E-14
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radiation ijs from a bolometer in the vicinity of the mobile limiter while
the spectral line intensities are from a polychromator displaced
toroidally by about 90°. The radiated power increases almost Tinearly
with Tlimiter insertion distance indicating local impurity contamination
whereas remote from the Timiter only the CV density shows any significant
change and then only when the limiter (graphite) is inserted over 5 cm.
(The limiter was orientated to intercept maximum magnetic flux for this
data set which requires the greatest Toop voltage to sustain the current
3]). Since Ta and n, remained largely unaffected by the Timiter
insertion the impurities are not responsible, at least globally, by an
increase in Zeff" for the additional loop voltages seen with Timiter
jnsertion.

A useful check on the
generally small influence of "
Zofg ON loop voltage 1‘5I -
provided by the experiments -
using a pyrolytic graphite v
limiter. An example is shown _
in Fig 4 where the pyrolytic . «
limiter is inserted 3 cm e
beyond the tiles with an
initial increase of 12 V in
loop voltage. The bolometer
in th‘is case is ZOD o a0 " 107- l.ll I-I!- 50 &0

toroidally displaced from the . Hme) .
limiter. There is a sudden Fig4 a)nparmon bet:heen rad.ur:ad.pa«ers (nomnmalised
increase in the total to ne) with (full lines) and without a pyrolytic

radiation, P..4, at t~2 ms Limiter inserted 4 cim

T T T T T T T

preceding that from CV and
TIKERAAN presumably due to burn
through of the lower carhon
states. At t ~ 4 ms the
discharge 1is essentially a
carbon plasma with ZeFf”‘ 4
and T, ~ 220 eV compared with
Zo5¢ ~2 and Te ~270 eV at
t=1.5 ms. The consequent
further increase in loop
voltage at t ~ 4 ms is about
20 V which is close to that
observed [3]. (The 20 V
: includes the larger dynamo
TIME MSECS. electric field necessary to

=== TILES OUT

INTENSITY /ne [AU) & PRAD/ne 10E-13

Fhf.g 5 Radiated powers (nomalised to n,) with (full sustain the RFP with the
lines) and without the 156 graphite tiles in increase (factor of ~2.2) in

i1 ~ o i 9 - 5 Bk
position (T, ~ 220 k&, 7, = 2x0'%m) resistivity). These results
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confirm that the much lower impurity injection with the mobile graphite
limiter, or in the early phase using a pyrolytic limiter, has only a
marginal influence on the loop voltage.

Comparisons of the radiation with and without tiles are shown in Fig
5. The total radiation per electron has increased by hetween 50% and 100%
which corresponds to an increase of Zefffrom about 2 to between 2.5 and 3
for the same relative distributions of impurity ionisation states. There
is about a factor of 2 increase in the CV and OVI concentrations and about
a fourfold increase in Crl influx. The Tatter suggests a similar increase
in the metallic concentration.  Scaling from previous results, where
absolutely calibrated spectrometers were available, the impurity
concentrations are ~6% Ox, 2% C and 0.5% Fe with a resultant Zeff= 3. The
corresponding plasma loop voltage, including helicity balance, is ~8 V 1in
contrast to the measured value of ~24 V at these conditions.

CONCLUSIONS

The plasma resistance obtained from Te and ZeFf using helicity
balance is less than that measured electrically by about a factor of 3-4
with the 156 tiles in position, and 2-3 without tiles. Measurements from
mobile limiter experiments corroborate that edge effects, rather than
zeff' dominate the plasma resistance except when there is a very large
increase in impurity concentration (eq increase by a factor of ~10 in CV
density).
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FLUCTUATION STUDIES ON THE ETA-BETA I1 EXPERIMENT

Antoni V., De Simone P., Innocente P., Martin P., Martini S.,
Ortolani S., Paccagnella R., Puiatti M.E,,
Scarin P., Valisa M., Villoresi P.

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

INTRODUCTION
"7 The RFP configuration is intrinsically turbulent since many MHD insta-
bilities are simultaneoulsy allowed / 1 / It has been suggested that these
instabilities underlle the profile sustainment process and also limit the
plasma confinement / 2 f The non-linear interaction of these instabilities
results in an enhanced fluctuation level 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 II and their properties
discussed / 13 /

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

EXPERIMENTAL RESULTS

With the current in the range 150-180 kA, the plasma density has been
varied from a few 1019 -3, for a normal discharge, up to 1.5+ 10 _3
(almost constant in time) for the discharges sustained by pellet injection
/ 4 / The plasma density was measured by a two colour CO2 interferometer
and the radiation emission by a single chord SBD and a multichord Ebert
spectrometer. An example of the waveforms of plasma current, electron
density and of D_ line emission for the central and the innermost chord is
shown in Fig. | for a discharge without (a) and with pellet injection (b).
For the discharges with pellet, larger fluctuations are observed on the
density and on the D, signals.

In Fig. 2 the comparison between the average power spectrum of density
fluctuations for discharges with and without pellet is shown. As found for
the magnetic fluctuations j 3 I the power spectrum is peaked at low fre-
quency (10 KHz) where most of the pover density is concentrated. Fig. 3
shows the typical amplitude of normalized density fluctuations, 8 asa
function of plasma density. The rms of the density signal (averaged over a
millisecond during the flat-top phase of the discharge and over many shots)
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is about 5% and does not show any clear dependence on density. For the
same discharges in Fig., 4 and 5 are plotted the amplitude of the ncrmalized
fluctuations of the toroidal magnetic field at the wall, b¢/ by, and of
the SXR signal from the SBD detector. In particular the amplitude of the
SXR fluctuations increases for discharges with pellet, whereas 1J¢/ By
cdoes not show a clear change.

The cross-correlation analysis of the density fluctuations with magne-
tic, SXR and D, fluctuations shows in any condition a poor correlation
(typically < 20%) for frequencies higher than 5 KHz. The fluctuation ampli-
tude measured by the multichord spectrometer shows for the D, emission an
increase by a factor of 2 between the normal and the density sustained
discharges but no substantial change in the profile. On the other hand,
considering the correlation between the central and the other chords, itis
found, as shown in Fig. 6, that, with pellet, there is a large radial cor-
relation length (of the order of the minor radius a), whereas, without
pellet, the correlation length is still large but reduces to a/2. This va-
lue is comparable with the radial correlation length (va/2) found by
insertable probes for the magnetic fluctuations at low frequency.

DISCUSSION

_____ From the ETA-BETA II results the density fluctuations are characteri-
zed by an amplitude of 57, which is substantially higher than that of ma-
gnetic fluctuations (typically 1-27% when normalized to the total magnetic
field). Moreover the density fluctuations have a poor correlation with
those of the other quantities (typically less than 20%) . At high densities
obtained by pellet injection, the correlation is still poor and the ampli-
tude does not change. This behaviour is different from that of magnetic,
SBD and Dy fluctuations and suggests that, in the parameter range of
ETA-BETA 1I, the density fluctuations are weakly coupled with the other
fluctuations in particular with that of the magnetic field.
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STUDIES Qi Ivi EZlL.ISSION FRCL PLASILIA FOCUS FACILITIES
i. Sadowski, J. Zebrewski, E. Rydygier, and J. {ucinski
Institute for Huclear Studies, 05-400 Swierk, Poland

Adbstract

Ion emission from PF machines has been investigated in many
laboratories, but no exact scaling has been established except
for empiric power laws describing the energy spectra /1/. The
main aim of this work was to extend previous studies of ion pul-
ses /2/ end to perform detailed measurements of fast />50 keV/
ions emitted by PF devices of different energy capacity. For
tnis purpose use has been made of a small 3,6-kJ PGI device
and a large PF-360 facility /3/ operated at about 200 kJ. For
comparetive studies the results obtained previously with the
25-kJ PF-20 device /2/ have also been taken into account.

Angular- and energy-distributions of ions have been measured
and compared for the mechines investigated. Also compared were
space-resolved ilon pinhole pictures. Special efforts have been
done to compare mass- and energy-spectra of deuterons and impu-
rity ions, which were obtained by means of Thomson analyzers.
The mean deuteron energy and the total numbers of deuterons
/above the threshold 330 keV/ have also been found by means of
e nuclear ectivation technique using 12C/d,n/13ll and 27Al/d,p/
28A1 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 similafity features, but evident differences
depend strongly on parameters and the operation mode of the ma-
chine. Interesting new results have concerned the fine structure
of ion pulses, anc the ion emisgsion frorm the PGN device operated
at a higher repetition rate.

/1/ tl. Stygar, G. Gerdin, F. Venneri, J. iandrelias; llucl. Fusion
22 /19827 1181-1172.

/2/ . Sadowski, J. Zebrowski, E. Rydygier, H. Herold, U. JHger,
H. Schmidt: Phys. Letters 1134 /1985/ 25-31.

/3/ il. Sadowski, L. Jakubowski, m. Rydyzier, J. Lebrowski; Proc.
12th European Conf. CF PZ /Budapest 1935/ Part I, pp. 538-541.
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NEY RESULTS OF PLASMA-FOCUS NEUTRON EMISSION OFTIMIZATION

A.Jerzykiewicz,M.Bielik,S5z.Brandt,K.Kocigcka,L.Kocinski,
J.Kucinski, W.Nawrot 4
Institute for Nuclear Studies, 05-400 Swierk,Poland,

Abstracit

The raper presents the results of neutron emission investi-
gations performed with PF-36C and PGN devices,

As it was reported previously /1/ there was an upper energy
limit observed at which the neutron yield from PF-350 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 has been installed in parallel to the
main capacitor bank. This circult includes 24 ,uF, 25kV, 7.5 kJ
condensers which can be switched on tefore thé main discharge.
The crest value cf 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 electrodes
and insulators, chanking 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 conditions.

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 1s shorter for the courses reali-
zed with the predischarge;

- the neutron yield decrease when the predischarge current of op-
posite polarity is applied.

The 8~kJ PGN plasma-focus device has also been used to
neutron emission investigations at the repetition rate elevated
up to B8 p.pe.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 operation, The dis-
pertion of neutron yield does not exceed 30%, and the shapes of
subsequent neutrongpulses are more similar, The average neutron
flux amounts to 107 n/s.

/1/ A.Jerzykiewicz et,al, Nuclear Fusion Suppl.1965,V.2,p.551
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\ NEW ASPECTS OF THE STABILITY OF EXTRAP DEVICE.
M.TENDLER,DEPARTMENT OF PLASMA PHYSICS & FUSION RESEARCH,ROYAL
INSTITUTE OF TECHNOLOGY ,S-10044,STOCKHOLM 70,SWEDEN

| 1.GENERAL DISCUSSION.

' EXTRAP is a classical Z-pinch with a divertor[1].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 nulls) 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.Field lines beyond the separatrix nulls are diverted.

Obviously the kinetic approach is imperative to assess the issue of a strongly
inhomogeneous Larmor 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 has to incorporate a separate analysis of the following |

regions[3]:

1).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 analysis of a magnetized
plasma,based upon integration of the Vlasov equation along characteristics[4]:
Solutions,restricted by the first order quasi-neutrality constraints in each of these
regions,have to be obtained and matched to each other.

The stringent 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 terms in each one of these regions.Phenomena of this kind are widely
known in other branches of physics.As examples;the tunneling effect in quantum
mechanics[5] or the effect of inelastic collisions with molecules on the electron distribution
function[6],might be mentioned.The idea that to match solutions is more essential for the
assessment of the problem than to consider some subtle details of solutions in each one of
them,was overlooked in the majority of studies on this subject[2].

Two important implications of the fact,related to the above-mentioned existence of areas
with unmagnetized plasmas are considered.The first is the line tying effect,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.In its simplest interpretation the
line tying effect[7] imposes a concave form 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.In EXTRAP either the solid
copper rods or current spikes,flowing 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.In order to gain a significant stabilization effect the magnetic field pressure
outside the current rods should significantly exceed the pressure of a confined plasma.The
form of the plasma surface in the both equilibria is governed by the stability constraints and
has a concave shape between these rods,as shown in Fig.1a &b.

Although it is often declared that EXTRAP is meant to be a high [ configuration,the
influence of a high B value in the inner core has never been properly accounted




for.Operating the device with a high filling pressure leads to the expulsion of a magnetic
field from the dense area and thus to the expansion of a field free unmagnetized plasma
around the O-point.A very similar effect arises,when a low B plasma,with a magnetic field
frozen into it,is lost from the core,owing to a mass flow or,in other words,due to the finite
particle confinement time there[3].

The second utterly important point,following from the existence of unmagnetized plasmas
in EXTRAP is the issue of a Larmor radius and its impact on the stability of the latter
configuration.Since early days of fusion research there is little doubts that perturbations
with high mode numbers in a classical Z-pinch are efficiently stabilized by the FLR
effects[4].1t is also well known that these effects do not affect rigid perturbations 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 Alfven time scale.On the other
hand,discharges in EXTRAP seem to last longer.

2.THE INFLUENCE OF UNMAGNETIZED PLASMAS.

In the present study we aim to show,that unmagnetized plasmas, surrounding nulls at the
periphery are responsible for the latter effect.

Following our previous study[3],we distinguish the above mentioned three different
areas.Assuming a low B value of a plasma in the vicinity of the separatrix,we consider only
electrostatic perturbations.We solve 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.Matching 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 continuity 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 the core of the plasma,where both electrons and ions are magnetized,we adopt the
existing solution,keeping in mind a non-local form of ion responce due to the integration of
the potential structure along an ion Larmor radius. This yields:

£15(0)=-efo0 )/ T+(ef/ T+edfp/Axg)m;Qyy;) <0> )

where fy(g,x,) is a Maxwellian function of integrals of motion and<p>=dt dIx(L),y(t),t]

taken along the unperturbed characterisics.Thus,the ion response,given by Eq.(1) is
non-local everywhere,owing to to the integration of the potential along an ion Larmor
radius.

The latter here,might be a large LLR[2] or a small FLR[4]depending on the region under
consideration. On the other hand,using the idea,suggested by us before[6],the contribution
of the potential perturbation appears in the dispersion relation under the double integral
sign.Therefore,the form of the solution for magnetized plasma (region 3) is only slightly
sensitive(i.e.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,the 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 potential 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 (1)(both electrons and ions are
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unmagnetized),we assume for electrons the purely Boltzmann response to the induced
potential perturbation.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 difficult part of the problem is in the second area,where electrons are
magnetized,but not the ions.However,the form 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 generalized method of Galerkin moments.

Matching these three solutions,obtained by different means,we arrive to the following
worthy of being remembered conclusion.

Contrary to the earlier beliefs,the finite pressure gradient has to be maintained 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 nulls 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 perpendicular confinement times and the energy
influx[8].Therefore to control this pressure gradient does seem to be much of a problem in
EXTRAP.

3.The passive feedback stabilization by currents flowing through X-point
nulls.

It is suggested long wave kinks in EXTRAP are stabilized by image currents flowing
through X-points due to the unstable behaviour of ordinary Z-pinch plasmas.These
currents represent singular spikes in the current profile,antiparallel to the current in the
pinch.The electrical conductivity of the plasma at these X-points is larger than in the

rest,owing to the well-known Spitzer relation ¢ =2 ¢, .Image current spikes in the area
around X-points are induced due to the expanding or weakly unstable pinch current. These
currents are governed by the relation ¢ = ojy where & is the rate of the magnetic flux

change,o is the plasma conductivity at the X-point and j is the respective current density.It

is obvious that if the plasma temperature is high and thence o goes to infinity then a current
singularity arises at X points,
On the other hand, positions of the X-points are very weak function of both the pinch
and rod currents,given by:
ag=ay(I/1) 1/4 (2)
where ag and a,, are radial distances to X-points and mds,Ip and I are currents in the pinch

and rods.

In the steady state the rate of change of the magnetic flux in the X-point layer is equal to
the rate of change of the magnetic flux of the plasma core (primarily the flux,generated by
the pinch current). Therefore the image currents are linear functions of a perturbation and its
derivatives:

lim=-c& @)
where c is a constant,varying from 0 to 1.The latter depends on the efficiency of coupling
between the pinch current and the unmagnetized plasma,surrounding nulls.

Using Eq.(3) as the boundary condition,we get for the modified growth rate of the kink
instability in a Z-pinch:




T=[k2H, 2(InkR/2+Y)/(4Tp)+(ck)/(Rp)] ()
Here,notations are the usual. Eq.(4) yields that the stabilization might be attained,if:
Lim = Ip1§/4R (3)

Finally,this effect should be easy to observe experimentally by putting Rogowski coils
around X-points and correlating the signal with the level of magnetic fluctuations of the
Z-pinch.
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Figure Captions.
Fig.1.Two types of equilibria a & b of EXTRAP
Fig.2.The normalized 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
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* Research School of Physical Sciences, Australian National University, Canberra

3 B Introduction

In this paper we report 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 evidence that this is essentially a Kelvin-Helmholtz instability
driven by a velocity shear. However, there are other important features, including
evidence of a mode which we have been unable to identify, and which is not
described by the very thorough theoretical survey of Hastie and Taylor (1971).

r The Quadrupole System

Fig 1. shows the quadrupole magnetic field configuration. The flux surface
which passes through the neutral field axis is the separatrix, and it defines the
shared flux (field lines encompassing both conductors) and the two private flux
(field lines encompassing only one conductor) regions, A full description of the
device together with details of the main plasma parameters and features is given
by Phillips et al (1978).

Each field line can be identified by the coordinates (Y, z) where z is the
distance along the axis and ¥ the flux per unit axial length contained between
the field line and the separatrix. Dividing by the quadrupole current I gives the
dimensionless parameter ¥/I (c.g.s. units) which is defined to be zero at the
separatrix, and thus negative for field lines in the private flux and positive in
the shared flux. The hydrogen plasma is injected on the axis from a duoplasmatron
source at one end of the device. It rapidly fills the layer —0.05 < ¥/I < 0.01 (hot
plasma layer) and thence traverses the length of the device under the influence
of the E x B and V8 drifts. In this region n & 10?9 cm—3 and T, = 10 - 13 ev.
The ends of the device, and all internal surfaces of the plasma chamber, are
separately earthed.

The outer regions of the device are filled by secondary processes described
by Daly and Elliott (1982). The general flow pattern is illustrated in Fig.2.

Potential measurements reveal the existence of several velocity shear layers
in the device, but this paper is concerned with that which appears close to the
conductors, at a position denoted by W/I = -0.17.

The instability observed on this shear layer is flute-like in form, for which
the field curvature should be highly stabilising. It appears that the velocity shear
is strong enough to overcome this effect and result in a net growth of the mode
amplitude.

All the measurements presented in this paper were made with biased or
floating single langmuir probes, usually in pairs. Two channels of fluctuating
signals were sampled simultaneously by a transient recorder (variable sample
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rate), digitized and transfered to a mini-computer for storage on disc and subsequent
processing.

Spectral densities and correlation measurements used the procedures of
Smith, Powers and Caldwell (1974). Full descriptions of the processing techniques,
are given in separate papers by Conway and Elliott (1985 and 1987, a,h).

3 Experimental evidence

3.1 Potential Profiles.

A typical potential ()¢ profile (fig. 3.) displays a minimum at W/ =-0.03,
close to the boundary between the fast ( 2 x 10%m/s) hot electrons streaming
downtank (direct injected plasma) and the fast cold electrons and ions streaming
uptank (reflected plasma) (Daly and Elliott 1982). In addition the profile shows
a level region or plateau in (Pf close to the conductor surfaces ( ¥/I<— 0.20); this
saturation region is marked by a sharp transition or knee implying a second shear
layer.

3.2 Survey of density fluctuations

A complete survey of density fluctuation distribution and power spectra
for the private flux region is given in Conway and Elliott (1987a). The mode here
discussed exhibited a single spatial peak in the range -0.23 <@/l <-0.17, at a
frequency of about 12kHz. At the maximum, T/n was of the order 20-25%.
Correlation measurements have shown that the fluctuations maintain uniform
phase around a closed field line, and propagate across the field, longitudinally
down the machine in the direction of the ion diamagnetic drift with a velocity
in the laboratory frame of 2.620.4 km s—'. Coherence length is comparable to
the mean wavelength. All these observations are consistent with the fluctuation
being f’ﬁemp_la%nfllgtﬁ_gwevlgfgc1 }géyhave been estimated from the transverse scans
of floating potential. We have no reliable method for correcting for the effect
of plasma temperature, in order to obtain a more accurate estimate of the true
plasma potential. However, we observe that in the vicinity of the shear,
temperature is varying only slowly, so floating potential gradients are likely to
yield a reasonable estimate of the true electric field, with the possibility of over-
estimation. On this basis we estimate the velocities on either side of the shear
to be 21* 2.5 km s=! at WI=-0.15 on the fast side, and essentially zero in the
region close to the conductor surface. A classic K-H wave should propagate at
the mean velocity i.e. ~10 km sL, or greater than the observed mode velocity
by a factor of 4. This discrepancy has not been resolved, and must await a detailed
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 and contrasted by Conway and Elliott (1987b). One of these
methods gave more detailed information than the others, the method of Beall
et al (1982), The method computes the spectral density as a function of w and
k simultaneously, and is sensitive to low power fluctuations in the region of k—values
of interest. The result is shown in fig.4 as a contour map in the w-k plane, with
the mode peak normalised to 1000. There are clearly two distinct 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 sharp maximum. Other methods of
dispersion analysis yielded only the dispersion curves for the low k (< 24 krad/m)
region, and did not directly 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 intersection
occurring at that point.

The lower 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 8 to 32 kHz exhibits
a broadly reciprocal form, but 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 Hastie and Taylor (1971)
for multipoles. (Two illustrative curves are fitted to fig.5: k = 1/w and k & 1/w?2.)

4, Stability

We can estimate the relative strengths of the destablising shear and
stabilising curvature effects in the following way. For a simple oscillator described
by an equation of the form ¥ + w’y = 0, the system oscillates stably if w? is + ve,
but exhibits unstable growth for w® —ve. There will be an «w? value for the shear-
driven (K-H) oscillations, and also for the curvature driven (flute) oscillations,
and by considering these effects to be independent the w® values add in a linear
fashion: w¥ot = wp? + wigy + wo.. For a K-H mode (Gerwin 1968) wijy = —(%ku)?
where u is the velocity difference across the shear. We estimate
wigp =-1.4 x 1011 s, Hastie and Taylor (1971) give a dispersion relation for
low frequency, low k flute oscillations in a quadrupole field which yields
w2 =1.9x1012 572 for our conditions. This value needs to be adjusted to take
account of finite k. For both cases, finite radial boundaries should also be taken
into account. Nevertheless, this order of magnitude analysis shows that the system
is close to marginal stability, justifying the conclusion that we are probably
observing a K-H instability.

5. Discussion

Although the upper meode as yet remains unidentified, we can make general
observations concerning certain features of the dispersion diagram. The fact
that the instability is spatially located at the shear layer indicates that this is
the energy source. The K-H mode showing a linear dispersion 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 amplitude. We suggest that the upper mode is itself intrinsically
stable: it is very weak away from the peak. Non-linear interactions can allow
the oscillation at the peak frequency w, to split into two secondary frequencies
w] and &y, provided 24/, = 4/ + ) and Zkg = k] + kp. For a negatively sloping
curve as observed (w,k) values are available that will allow this, We therefore
suggest that the weak oscillations of the upper mode are non-linear 'spreading'
of the peak along the dispersion curve.

We believe this to be an unusually clear example of this type of reactive instability,
essentially driven by a non-linear interaction of two separate modes.
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OPTIMIZATION OF INITIAL GAS DISTRIBUTION IN PLASMA FOCUS
DISCHARGES.

R.G.Salukvadze, E.Yu.Khautiev, N.G.Reshetnyak, V.I.Krauz,
A.A.Batenyuk, A.Ch.Chkhaeidze.

I.N.Vekua Institute of Physics and Technology, Sukhumi,USSR.

Energy build-up in power sources (W) for plasma focus (PF)
discharge systems is accompanied by thermal flux increase on
the electrodes and insulator and may lead to discharge cur-
rent leakage from the plasme layer compressed beyond the in-
ner electrode end. As a result of this, the current in the PF
does not grow as W'2, and the neutron output (N) increasingly
falls behind the value which corresponds to the well-known
gcaling N~W“, In the systems with 1-d (Mather type), matching
18 preferably eccomplished by increasing the operating gas
pressure. On using bigger-size electrodes, either the inter-
electrode gap "magnetic insulation" is reduced, or the cur-
rent undergoes 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-3 (40kV,250kJ,1l=24cm,d=11cm) and KPF-IM (22kV,
36kJ, 1=24cm,d=8cm) devices, initial phases and PP discharge
parameters have been studied versus the operating gas compo-
gition and pressure for stationary filling and as a function
of neutral gas density distributions along the electrodes for
pulsed filling of the interelectrode gap.

Two types of breskdowns and plasma sheath formations are
found. In monoatomic gases (He,Ar), breakdowns take place
along the insulator and an azimuthally homogeneous plasma lay-
er is formed (Fig.1la).For molecular gases (N.,CO., air), at
relatively high initial pressures (>5Torr), from the very
beginning 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
hizhest 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 typical of pure monoatomic gases. The
current fraction flowing throuzh the filaments builds up with
increase in impurity levels untill the current along the in-
sulator becomes totally depressed (Fig.lc).

For pure deuterium, the initial discharge evolution phase
has certain specifics. For low pressure (~2Torr), an uniform
small-scale structure develops/1/which afterwards immediate~
ly levels out (Fig.2a). With the pressure being further in-
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creased, within the small-scale structure background, a large-
scale gtructure begzins to evolve and there arise filaments
similar to those observed in heavier molecular jjas discharges
but with less defined boundaries. Tor P-~4Torr, these filaments
immediately split into smaller ones and further on, the layer
behaves almost in the same manner as for low initial pressures
but & certain azimuthal nonuniformity remains, For FP-BTorr

the larger-scale structure becomes prevalent (Fig.2b). It
should be noted that for P=8-10Torr at W~100kJ under the pre-
gent conditions there exists the upper 1limit for optimum
deuterium pressures with rather high neutron outputs still
recorded for them.

The results obtained indicate that in molecular pzas dis-
charges, the breakdown types and plasma sheath shapes depend
upon the W/P ratio. On increasing this ratio, e.g. by dimi-
nisghing 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
congiderably low pressures an uniform plasma layer is formed,
which drags the gas efficiently from 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-radiation 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 to the formation of a cumulative
jet dense and prolonged enough, which serves as a plasma tar-
get/2/. As distinet from above situation, higher pressures
result in degrading the conditions for ion beam generdion
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 contradiction is to
create profiled initial gas distributions with lowered 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 intermal electrode.
In the second case, the coaxial outlet was plugged by means
of a cylindrical copper cap, its bottom being T7cm away from
the inner electrode end. Gas amount and its distribution
along the electrodes have been adjusted within the certain
limits by varying the delay (T) between the opening time for
the electrodynamic valve and the discharge onset.

For radial fillings at small T, the discharge behaviour is
similar to the low-pressure mode described above. During t=
= 0,6-0,8p45, 2 whole number of discharge current drops and
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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
gplits up into a number of filaments; current transfer in
each of the filaments is accomplished by electron beams/2/.
On increasing{, the instable phase duration is reduced. The
neutron output over the whole operating range of delays re-
mains at the low level (~10Y n/ discharge at w=36kJ¥.

Fig.3 shows the deuterium pressure variation within the
insulator region (dashed line) and near the electrode ends
versus T, for the second type of filling with two values for
pressure within the undervalve region: 1 atm. and 3 atm.
Fig.4 shows N versus T for the same time-scale as in Fig.3.
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 smeller than those for stationary fillings (ho-
rizontal line).

Thus, on using the axial feedinz method for the operating
gas, one can obtain the best optimal conditions for initial
discharge phase evolution and for increasing the neutron
generation efficiency.
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BHERGENCE OF CHARGED PARTICLE ANISOTROFY IN THE
MAGNETIZED PLASHA DUE TO IOK-ION COLLISIONS

Vikhrev V.V., Dobryekov A.V., Rozanove G.A.,
Yushmanov FP.N.
I.V.Kurchatov Institute of Atomic Energy,lioscow,USSR

ABSTRACT

In a plasma confined by a magnetic field the ion-ion collisions can
result in the emergence of anisotropy in their distribution func-
tion. This effect emerges, when the collisions provide the partic-
e distribution different from the inditiel one. In particular, the
‘gniéotropy should be observed at the relexetion of the isotropic,
but not equilibrium, disiribution to fthe Ilaxwellian one. The ani-
gotropy can also emerge from the INaxwellian distribution of parti-
cles, when inelastic scetterings, resulting in the transformation
of these particles into another ones, occur. Theemergence of ani-
sotropy in the charged fusion products el their isotropic birth
in a plasma cen serve as an example.

The anisotropy emergence effect is manifested most vigorously in
the systems with hign/B , When the Larmor radius of particles is
cumparsvle wibn vne eifective dimensions ot the system. The calcu-
lations of the charpged particle distribution anisotropy in the Z-
pinch plasme are given in the paper. Both the relexation to the
Nexnrellien distribution and the birth of charged particles in the

plasma as a result of nuclear collisions are considered. It is shovn

thet in the non-skinned Z-pinch, at the currents ~ 1A, more than
90% of all trit ons and HeB-nuclei,as a result of & -A-reaction
in the %-pinch, move towards & cathode. The deuteron digtribution
function in the Z-pinch is found to become anisotropic duec to ela-
stic scattering among themselves at the relaxation in this case,
the particles with an energy higher than the averaze thermal

one move mainly to the cathode; with the lower one, dvift %o an
anode._High energy particles, responsible for ncutron radiation,
drift to the cathode with & velocity exceeding the thermel veloci-
1y of thesec particles in the plasma. 4s a result, the fusion neu-
tron radiation from the Z-pinches can he anisotropic.




532

CONFINEMENT STUDIES OF RFP'S IN HIGH DENSITY REGIMES IN ETA-BETA IT

Antoni V., Buffa A., Carraro L., Costa S.,
Flor G., Flora F., Gabellieri L., Giudicotti L., Innocente P.,
Martini S., Ortolani S., Paccagnella R.,
Puiatti M.E., Scarin P., Valisa M,

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

The sustainment of the plasma density is one of the crucial issues in
RFP plasma confinement. In fact at low densities, though high temperatures
are easily achleved E values are smaller and confinement times are usual-
ly degraded / 1 /, correspondlng to plasma electrical resistivities largely
exceeding the classical value / 2 /

Pellet 1n3ect10n has already proven to be an efficient plasma fuelling
technique / 2, 3/. In this paper recent results obtained withthe injection
of large pellets / 4 / into ETA-BETA II discharges are discussed in terms
of electron temperature, B , electrical resistivity and energy confinement
time. Depending on the time of pellet injection, on the background filling
density and on gas wall loadlng conditions, various density versus time
behaviours can be obtained / 4 7. Therefore two sets of high density dis-—
charges with slightly different time behaviours obtained with pellet
injection / 4 / have been analysed and compared with two sets with no den-
sity control.

The electron density has been measured by means of 2 two colour CO,
interferometer and the electron temperature by both a soft x-rays Si(Li)
detector and a 7-point Thomson scattering system. All the data are averaged
over several similar discharges and also over time intervals of about 200 ps
in order to get sufficient photon statistics for the PHA.

Figures 1 and 2 show the electron densities and the corresponding
temperatures versus time. The sets with pellet injection are identified by
symbols in full. The differences in temperature though significant appear
to be less pronounced than those in density: this systematically results in
higher B values at higher densities. This is illustrated in Fig. 3, where
Bse- <nT, >/ (22(a) /2 H, ) takes into account the experimental T profiles
shown in Flg 4 and 5 for the cases with and without pellet respectlvely

The time variation of the resistivity anumaly factor Zeff f1,24 ds
shown in Fig. 6. In fact a value of 4 for 75 of f ¢an be easily justified by
computing the resistivity from an helicity balance model / / When the
density is sustained and maintained about constant the r9513t1v1ty remains
practically classical. When the density is not controlled higher values are
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observed at late times, which, as observed in the past f 1 / could be due
to both and increase of the ion effective charge and a change in the profi-
les of prf, Te and current density. The differences in £ and r&slstlvxty
combine into the energy confinement time Tpe = <nl,> [Vl = Blj/ /chf
so that improved confinement is also associated to the higher den51t1es

The dependence of Bﬁe' Z:Ef and Tpe OO I/N observed in the past / 1 7
is confirmed also by these results. It must be emrhasized that in the “den-
sity sustained discharges the I/N parameter can now be kept constant in
time at ~3.5°* 10714 Am. This is favourable to the prospects of new experi-
ments / 5 / and indicates the plasma current termination #s probably due to
lack of eauilibrium. It would be therefore very important to confirm also
in ETA-BETA IT the possibility of extending the pulse length by improving
the equilibrium control / 6 /.

ETA-BETA II equilibriui relies on a conducting shell with b=0.145 m,
p=5 ¥ 1078 Om. Therefore one might expect / 7 / a plasma displacement of
~ 8 mm immediately after the setting up phase and subsequently increasing
with a velocity of 0.5 mm/ms. The time behaviour of the plasma shift
during a standard discharge, as derived from poloidal flux measurements is
shown in Fig. 7(a) (solid line). The initial value is close to the theore-
tical prediction, whereas the subsequent rate of increase is greater by a
factor "4, which is probably due to the presence of 12 poloidal gaps in
the conducting shell. The discharge generally terminates when the shift is
~ 10%Z of the minor radius.

Some preliminary equilibrium control has been obtained by varying the
ratio of the currents in the intermal and external poloidal field inductors.
This system has no flexibility and, due to the increasing flux needed to
power crow=bar the discharge, produces a By, ramplgg from 2 to "3 times
the one theoretically required without a shell B, /7 P Nevertheless,
since the diffusion of this field through the shell is relatlvely slow
(<20% penetrates after | ms), during the first part of the discharge its
effect is beneficial to the plasma behaviour. Indeed, as shown in Fig. 7(a),
for a discharge with vertical field (dashed line) the plasma shift is
<1 em for "1 ms. As a consequence, the plasma resistance is lower by
v 10-15% (see Fig. 7(b) ) . A clear improvement in terms of allowed range
of field and density programming is also observed, which allows e.g. to
obtain discharges without the initial density "pump-out" (see Fig. 8). On
the other hand the discharge is always prematurely terminated after
" 1.4 ms, when the penetrated vertical field (" 20-307 of Bg) causes
a large inward shift.

In conclusion, sustaining the density by pellet injection in ETA-BETA
II results in higher B and improved plasma confinement. Preliminary experi-
ments with a vertical field indicate that this performance couldbe further-
ly improved by a better equilibrium control.




534

/71 7 Alper, B., et al. Nucl.Fus. 26

(1986) 1256. fie (10"m3)

/ 2_, Antoni,V., et al. Proc. 11th IAEA e ==

__ Conf. (1986) to be published. L

/3 / Shoenberg, K.F. et al. ibidem. 15 [ ]

- = L [ ]

[ 4 / Antoni, V. et al, "D, pellet inje- r G.‘ L A
ction in ETA-BETA II plasma" This L = e,
Conference. o %,

/ 5 /Antonl V. et al. 13th EPS Conf, 5 - = &

Vol.10C, Part I, 385. ¥ Ba
/_6 / Ortolani,S. et al "RFP operation M, 'nlsl L .1| i 'llf
__ witha thin shell", This Conf. " tms) ’
/7 / Mukhovatov,.S., Shafranov,V.D., FiG.1

Nucl.Fus.11 (1971), 605.

r ﬁBe

leteVE (%) F
E @ o s L
= g e -
200 F o B B g
E s [ au® & &
150 F. o r o
F L] g s « b o0y ., o
“E e - ®o 8§ g
n F “F
e ST R [ I S | uIIJS_J
t(ms) -5 %5 tims) .
FiG.2 Fic.3
Te (V)
150
s
<166
TeleV) £ _135 (pellet on
150 P 3 plasma axis)
100 /
— ; ol FiG.u
5 S 7
i - /. S AN - -—/40 (current start; pellet
it A e l al the nlasma boundary )

25 -9 -6 -3 0 3 6 9 125

ricm)




535

Te (eV)
300
250
TeleV)
3004
250
200
150
100+ L
3 A o p /r’,
501 i A AT A
¥ 40 )
0 D '_/|_ |/ '/ . /, A -17‘ (current slart
25 -8-6-3 0 3 6 § 125
ricm)
Zen
15
= ¥ Alem). . gay
N ® » r
- ul
: : 17 //J
L IRy . :] 0 o =
', 1 \. '
C X T T >
L (T R [ |
93 t(ms) ' -3 0 5 1 1.5 t(m.s)
F16.6 R(m) o
' b
20 -3
ne x10"m
1
5
A T T L
0 1 15
t(ms) Fie.8




536

D2 PELLET INJECTION IN ETA-BETA II PLASMA
Antoni V., Baseggio E., Carraro L., Flora F., Gabellieri L.,
Giudicotti L., Innocente P., Martini §., Puiatti M.E., Sass B.*,
Scarin P., Sdrensen H.*, Valisa M., Villoresi P., Weisberg Kf, Zago S.

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

* Risd National Laboratory, Denmark

A single-shot gas gun pellet injector developed by Risd _Laboratory has
been satisfactorily running on ETA-BETA II since July 1986 / 1 /. Recently
the system has been used to inject larger Dy pellets (dlameter < 1.4 mm
and 2.5 mm length), with number of particles and speed varying in the range
0.2-1.2+ 1029 atoms and 60-170 m/sec, respectively. The pellet isinjected
in the plasma radially through a 4 m long nylon guide tube and 1.2 m of
free flight in a differential pumping chamber and manifold vacuum connec-
tion. The speed and the mass of the pellet 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 current of " 150 kA. The average electron
density has been measured with a two-colour CO, interferometer. In Fig. 1
are shown three typical time behaviours of the average electron density
obtained by injecting the pellet 200 psec after the start of the current
with a speed of 120 m/sec (the arrow indicates the time of the pellet
entrance into the vacuum chamber). Curves (2) and (b) in the figure corre-
spond to pellets of the same nominal mass (m =1.2-* 1020 atoms) and to
discharges with the same filling pressure; curve (c) refers to a case with
filling pressure lower by 307 and m =8- 10! atoms. When the pellet
enters the discharge chamber at the Etart of the plasma current, the
electron density remaingconstant during the discharge, with a value in the
range 0.7-1.5+ 10 m . For example, Fig. 2 shows the time evolution of
the electron density (curves (a) and (b)) and of the I/N parameter (curves
(c) and (d) ) corresponding to two discharges in which the pellets have the
same mass (m_=1.1+ 10" atoms), velocity (v_= 110 m/sec), and with the
same filling pressure. The electron density curves show a high fluctuation
level; however, thedn/n is similar to that measured without pellet / 2 /

The density sustained discharges produce a gas wall-loading effect
that gives a significant gas influx from the wall, leading to higher
densities also in the edge region, This is indirectly seen from thevisible
line emission of low icnization stages of C, Cl and Fe that are not
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observed in non-sustained standard discharges.

The time behaviour of the D, line measured through a dump in front of
the entrance pipe of the pellet is quite different in discharges with and
without pellet. In particular, with pellet, the emission persists during the
discharge (Fig. 3). With small pellets the effect consists only in the
addition of a spike in the emission, suggesting that the pellet is poloi-
dally deflected and moved out of the line of sight 1-3 7; with larger
pellets, however, the emission persists, possibly iadiEatiug a smaller
deflection. In the latter case it is possible to infer that the ablation
time is comparable to pulse lenght (7 1 msec).

The effect of the pellet is also seen in the time behaviour of line
emission in the XUV spectral range. For example, Fig. 4 shows a comparison
of OVI emission with and without pellet. In general a higher emission from
impurities and deuterium is observed. The radial emission profile of OIIL
and OIV, obtained by inverting the signals measured by a multichord Ebert
spectrometer, are not too different from those measured without pellet
(Fig. 5). In fact, the emission after the ionization peak, comes from
the external region of the plasma, both for discharges with and without
pellet, consistently with the outward shifted 3qu111br1um of the ETA-BETA
II plasma, which has no vertical magnetic field control / 4 / However with
the pellet, the D_line emission comes from a region wider than without
pellet (Fig. 5), indicating that neutral atoms are present in a wider edge
region. The average neutral density, however, is, within a factor of two,
similar to that without pellet (v 10'8 o3y,

The electron temperature profiles remain fairly flat throughout the
discharge and, compared with dlscharges without pellet, the central tempe-
rature increases little / 4 /. However the resistivity remains almost |
classical and higher 89 values are achieved.
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SOFT X-RAY ARRAY RESULTS ON REPUTE-1 REVERSED FIELD PINCH

N.Asakura, Y.Nagayama, S.Shinohara, H.Toyama
K.Miyamoto, N.Inoue™

Department of Physics, Faculty of Science,
University of Tokyo, Hongo 7-3-1, Bunkyo-ku, Tokyo 113, Japan

%Department of Nuclear Engineering, 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 time than the magnetic diffusion time and that total
toroidal magnetic flux is generated in the sustainment phase of the RFP
discharge /1,2/. Experimental and numerical results indicate that these
phenomena are due to a relaxation process leading to the lower energy
state and that this process is closely related to MHD instabilities or
fluctuations /3,4,5/. The primary interest in RFP physics has concerned
or. the causal mechanism of this relaxation process.

Soft X-ray measurements have been made with Surface Barrier Diode
( SBD ) arrays in REPUTE-1 RFP device ( R/a = 82/22 ¢m ) /6,7/. Applying
the tomography technique to the soft X-ray data, we can reconstruct the 2-
dimensional 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 SBDs and 11 SBDs are arranged to view a minor
cross section of the plasma from the vertical and horizontal diagnostic
ports at the same toroidal position, respectively. The soft X-rays
emitted from the plasma are imaged on each diode array, passing through a
circular pinhole of 5 mm diameter. In front of each detector, 4um
poclypropylene foil filter is placed in order to cut off visible and VUV
photons due to the line radiation of light impurities. The line-averaged
soft X-ray data are reconstructed to the cross-sectional emissivity
profile by the tomography technique /8/.

In addition to these arrays, 2 sets of simple arrays consisting of 2
SBDs with 4um polypropylene filter and viewing £7 cm off-axis in the
poloidal direction, are located at different toroidal positions.
Toroidal propagation of the soft X-ray fluctuation 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,
simultanecusly.
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3. EXPERIMENTAL RESUNTS

Figure 2 shows typical time evolution of the plasma parameters and
line-of-sight soft X-ray emission. In the sustainment phase of the RFP
plasma discharge, the field reversal ratio F and pinch parameter® remain
-0.4 and 2.2, respectively. The intensity of the soft X-ray emission
depends mainly on the plasma current lp and filling pressure Pf. In the
case of relatively low filling pressure ( Pf < 1.6 mtorr ) and high plasma
current ( Ip > 200 kA ) discharge, the soft X-ray emissivity increases
enough to be observed. When the value of I/N exceeds 5x10~ 4 Am, the
characteristic fluctuations appear in the soft X-ray signals as shown in
Fig.z2.

Figure 3 shows the profiles of the soft X-ray emissivity in the
period of t = 1.21 - 1.28 ms for 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 is small and the contour of the
emissivity profile is almost axisymmetrical. After a few precausal
oscillations, an abrupt large crash of the emissivity profile starts from
t = 1.27 ms. Figure 4 shows the time evolution of the emissivity profile
during the large crash. The displacement of the hot core becomes large
( Ar/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 ane.
This result indicates the reconnection of the magnetic flux surfaces.
After the crash, the profile of the soft X-ray emissivity increases in the
outer region of the plasma ( r/a > 0.7 ).

The toroidal propagation of the soft X-ray fluctuation can be
measured by the additional SBD detectors. The result suggests that the
toroidal mode of the large crash has very low n number.

The magnetic fluctuation measured at the plasma boundary has dominant
m = 1 mode with the frequency of ~100 kHz. The amplitude of the m =1
magnetic fluctuation and the differential signal of the toroidal magnetic
flux are increasing as the soft X-ray emissivity profile peaks in the
central hot region. Corresponding to the succeeding crash process of the
emissivity profile, the amplitude of the m = 1 magnetic fluctuation
decreases rapidly and m = 0 magnetic fluctuation appears for several us.

4. SUMMARY

In the sustainment phase of the RFP discharge, the characteristic
fluctuation of the soft X-ray emissivity repeats several times. There
happen the peaking and subsequent large crash of the emissivity profile
after a few precausal oscillations. One period of the soft X-ray
fluctuation ranges from 60 to 100 us. The amplitude of the soft X-ray
fluctuation increases and the period becomes shorter as the plasma current
increases in the same discharge. Whereas the duration of the large crash
always remains about 30 us ( corresponding to ~100xtp in REPUTE-1
experiments ) and toroidal mode of this fluctuation has very low n number,
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In this crash process, the specific distortion of the emissivity profile
can be observed. This result indicates the reconnection of the magnetic
flux surfaces which is predicted by MHD non-linear reconnection model
/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 in our experiments reflect the relaxation mechanism of the RFP
plasma. These phenomena are considered to be driven by the global MHD
activities.
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Fig. 1. Schematic view of SBD arrays; the arrays of 7 SBDs and
11 SBDs 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 pinhole of 5 mm
diameter.
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RECENT EXPERIMENTS OF THE RFP DEVICE, REPUTE-1
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Abstract

The various operational conditions, the vertical field control,
carbonization and toroidal field ripple reduction, have been tested to get
better plasma discharges. The scaling of ion temperature as to plasma
current and density has been obtained using 8 channel polychrometer, and
the edge plasma properties have been studied by Langmuir probes.

Introduction

The reversed field pinch device REPUTE-1/1,2,3/ has a 22cm minor
radius and an 82cm major radius. Ordinarily the discharges are done
without Timiters, and the main plasma parameters are as follows: the
plasma current Ip is about 200kA at that flat top, the chord-averaged
e]ectrﬂ£ de§s1ty T, measured with COp laser interferometer is 0.2-
0.6x10'%/c at current flat top, and %e discharge duration is about
2.2ms. In this paper the results of ion temperature and Langmuir probe
measurements will be reported after several experiments to achieve better
plasma parameters. In an another paper the results about soft X-ray
measurements are presented. /4/

Improved discharges

The optimum discharge obtained so far is showp E1g1. The flat top
of Ip is 250kA, and A, is maintained up to 0.5x10 /cm The duration of
3.2ms is about 3 times of shell's skin time for the vertical field
penetration. For the purpose of reducing the mismatch between the plasma
current and the vertical field coil current waveforms, ohmic heating coil
is connected in series with vertical field coil. The current of vertical
field coil is controlled by a shunt coil with parallel connection. As the
result, the discharges with improved reproductivity and increase of the
duration by about 20% are obtained in the case that step down transformer
ratio is 4:1. Carbonization is performed at room temperature by means of
glow discharge with the H% CHy (ratio s 7:3) mixed gas. After

carbonization, it is observ 'pump-out' phenomenon disappears and
ﬁé is maintained up to 1. 5x10 /cm for about 2.0ms.
Ripple reduction experiments

To reduce toroidal field ripple, trimming coils have been wound at the
outer side of the torus between each toroidal coil. As a rough estimate
these trimming coils are expected to reduce toroidal field ripple from
1.5% to 0.3% at the plasma edge. The trimming field is applied 1ms after
the plasma initiation, when the plasma is in the RFP-configuration phase.




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
mainly m=1 mode and has good coherence in space and time,

Measurements of ion temperature

The ion temperature Ti has been measured from Doppler bloadening of OV
1ine(2781A), and the dependence of icn 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 temperature of plasma
Te is calculated from Spitzer's formula, In typical discharges Ti is more
than 100eV, which is higher than Te around 60eV to 80eV. It is found that
Ti increases with the decrease of m_,, with the dqjcrease of Ip. As the
result, it is shown that Ti is propo#iional to Ip“*?/me(fig.3); the range
of the Barageters is following; Ip from 100kA to 250kA, Mo from 0.1 to
2.5x10] /cm? at the current flat top. As for the dependence of Ti on the
drift parameter, which is defined as the ratio of electron drift velocity
to its thermal velocity, it is shown that Ti in%reases linearly with
increase of the drift parameter from 0.0 to 1.0x107%,

Edge plasma

Langmuir probes, which consist of four cylindrical molybdenum tips,
are used as double probes or single probes to measure radial profiles of
ion saturation current’ I_..;, floating potential Vi and their
fluctuations. At the revers§1 surface region, (1) Lo has a steep
gradient; (2) V¢ has minimum value in radial direction; f3) fluctuation
level of toroidal and poloidal magnetic fields, Isat and Vg, are higher
than those in the other regions. Moreover, a frequency spectrum and a
wavenumber—frequency spectrum is measured for both potential and density
fluctuations near the reversal surface (Figs.4 and 5). Potential and
density fluctuations show quite different properties at the same spatial
point, which suggests electromagnetic characterstics. For Ip = 110kA case,
the fluctuation level at the central region is also measured. It is shown
that fluctuations have almost the same level at the edae region as the
central region, which is typically 2-6% for magnetic fields, and around
207 for density.

Conclusion

The discharges of REPUTE-1 have been improved by means of the vertical
field control, carbonization and quoida] field ripple reduction. The ion
temperature is proportional to Ip™“/n,, and the results of fluctuation's
spectrum by Langmuir probe measurements are presented.
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Enhanced Confinement of Accelerated lons
in Focused Discharges

V. Nardi, L. Bilbao, J. Brzosko, M, Esper, C. Powell, D. Zeng
Stevens Institute of Technology, Hoboken, New Jersey 07030

A. Bortolotti, F. Mezzetti
Universita di Ferrara, Ferrara 48100 Italy

Characteristic features of the energy spectrum of accelerated D+
jons with enerqy 0.3 MeV ~ E % 7 MeV have been experimentally determined
for the confined ions in a plasma focus pinch via the D-D neutron
spectrum and for the ejected fons via a variety of ion spectrometers,
with or without nanosec time resolution. A strong correlation exists
between (1) neutron yield L in a single shot and (i1) escaping ion-
beam fluence d2¢/dm dE which increases with Y, as long as ¥e X2 9n’ where
9n is the mean value of ¥y, over hundreds of shots under identical condi-
tions of pressure, capacitor-bank voltage, electrode geometry. -In shots
with ¥ > 3 yn the ion emission falls below the Timit of detectability.
This is verified by observations of the ion emission in all directions.
The insertion of field distortion elements between the electrodes increases
}n by a factor > 3 without affecting the correlation between ion fluence
and y, (7, > 10° for a 6 kJ, 6 Torr D, shot). The distribution of the
current in the interelectrode plasma region and the induced variations
via field distortion elements are monitored by magnetic probes. The magni-
tude of the observed current-intensity peaks controls jon-accelerating
fields and 1on confining fields. The characteristics of the confined
population of accelerated ions and those of the ejected ions are consistent

with an acceleration mechanism which is extremely localized in space (< 100um).
In parallel with spectrometer data nuclear activation of gaseous targets

and of solid targets is used as further method for discriminating among
different processes of jon acceleration,
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NUMERICAL OPTIMIZATION Of DENSE PLASMA FOCUS
M.ZAKAULLAH, T.J.BAIC and G.MURTAZA
Deptt. of Physics, Quaid-i-Rzam Univ. Islamabad, Pakistan.

A generalized snowplow momentum equation describing the dynamic be-
haviour of high density Z-pinch based on ideal MHD model is used

for numerical optimization of a Matler-type Plasma Focus as a func-
tion of the physical parameters like aspect ratio, radius ratio,
charging voltage, capacitance of thz: bank, external inductance of
the circuit, filling pressure, breikdown interval, length of the
insulator sleeve, and specific heats ratio ¥. The results are found
to be in agreement with the empirical values of the existing devices.
They alsc suggest that the figure ¢f merit nT may be enhanced mani-
fold by choosing suitably the experimental parameters.

Dense plasma focus is a simple functional device, However, its theore-
tical understanding is not very satisfactory. Potter (1971) and Maxon et al.
(19711) developed a two dimensional MHD code and determined the dynamics and
structure of the current sheath. Although their study was very helpful in
understanding the physics of the machine, yet it could not be employed for
designing a device. Using ideal MHD equations, we have developed a model for
the dynamical behaviour of a Mather-type plasma focus with a view to achieve
numerical optimization of the device vis a vis variation of different experi-
mental parameters. The dynamics of the plasma focus exhibit three distinct
phases - breakdown and formation of the current sheath, axial rundown to the
tip of the central electrode and finally "he radial collapse to the z-axis.

The current sheath structure during the axial rundown phase is governed
by the equations

a?z  (a?i?/R%)sin 0 - (dz/aT)?

S - Z (1a)
a®’R _(03i?/K*)cos B - (dR/AT)? (1b)
d_Tz_ R - Rp

alongwith the current equation

ai _ 1= [iar - n(zem

dT 1 +nz

(2)

1
where i=I/Iq , T=t/to , 1|]=VQ(C0/LQ)‘§, g = (LuCn))E, Vy is the charging
voltage, Cg the capacitance of the capac.tor bank and Lg the external induc-
tance of the circuit. 2 and R represent tne position of the current sheath
normalized with the accelerator length ;. and outer radius b respectively,

1
w = (uovi €l sampeb®zi V5, oo = o{ze/b) and N =(Ngzo/2TLg) In(b/a) appear

as dimensionless scaling parameters, a is the radius of the inner electrode
and pp the ambicnt gas density in the accelerator. Rg=(a/b) and B is the
angle which the canted current sheath makes with the z-axis.

For the study of radial collapse phase, generalized snowplow momentum
equation as derived from the ideal MHD model [Zakaullah et al. (1967)] is
used. Besides the terms of the original snowplow momentum ecuation, some
new terms accounting for the tension due to azimuthal magnetic field lines,
Linetic pressure and compressible nature of the plasma column, arise. For
the radial collapse phase of the plasma foeous, the equation takes the form
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Table 1: Lxperinental Parameters of different devices.
3

2.2 q%
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D E 3 u 0k a =l E it n_*o% -
® e L4m rob!zf fo a2 =TH‘ﬁLaln{b/a) po b/a  REFERENCE
T Los Alamos Scientific Lab. a5 33 ~ 0.65-0.85 ~0.017 ~10:89 5.2 1.92 Mather (1965)
Univ. of California
- Los Alamos Scivntific Lab. 90 16 ~ 0.69 -~ 0.017 = 1.7 4.0 2.0 mather et al,
Univ. of California (1968)
3. National Aeronautics and Space 125 18 0.9 ~ 0.025 -2.3 6.0 2.0 Jalufka et al.
Administration, Langley {1972)
Research Centre, Virginia.
4. Applied Physics, Technische 6.7 24 -0.3 - 0.02 ~0.94 4.0 3.125 Michel et al.
Hochschule Darmstadt F.R.G. (1974)
ﬁ S, Lab. de Fisica del Plasma, 6 51,43,33 -:0.35 =~ 0.025 ~0.31-0.61 4.1 2.65 Gratton et al.
0 Univ. de Buenos Aires (1977)
Argentina.
6. UM DPF Univ. Malaya, 60 90 ~0.65 ~0.25 ~ 0.46 4.0 3.4 Lee et al.
Malaysia. (1984)
7. UNU/ICTP DPF Univ. Malaya, 30 110 ., -~ 0.64 - 0.245 ~0.39 4.9 3.4 Lee et al.
Malaysia. (1986)
8.  SPEED 2, Physikalisches InstitutI 4 10 - 0.79 - 0.00008 -2.6 2.0 3-0 Kies (1986)

Universitat Dusseldorf F.R.G.
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tial radius when pinching just started, both normalized by the radius of the
inner electrode, and Yy is the specific heats ratio. The assoclated equation
for the current in the circuit may be writteén as

1-fi @7 + npi(d2_/dT)In{ReR_) /U + M 12 (dR_/AT) /(UR )
p P F__ P P

& - - )
1 +n—mzpln (RuRp)/U %
. HoZg

where U= (zg/a), a;=(ugvs ci/an? pqa")%, B {2py LoCos/poa’) and my=
27Lg

are dimensionless scaling parameters, pg is the ambient pressure in the
accelerator and zp the length of the pinche:d plasma filament.

We shall solve the equations (1-4) numerically using one hundred
point mesh in Lagrangian coordinate system. If we choose the parameters
= 0.64, B=0.2, n=10.5,2z9/b=6.0, Ryp=0.3,=0.05, %;=0.15 andy=5/3,
the numerical solution describes the formation of a current sheath and its
evolution during the axial phase as well as the radial collapse phase.This
is depicted in figures 1 and 2. The choice ' the scaling parameters is for
the purpose of illustration and is based or the empirical data summarized
in table 1. D represents the time interval for breakdown and formation of
current sheath normalized by tg and 2, is the ratio of the length of the
insulator sleeve and the accelerator. The numerical model is also employed
to study the individual effect of the scaiing parameters on the behaviour
of the pinch ratio and the confinement time of the focus plasma. We have
speci fically estimated the nT value as a function of the parameters Rg,%Z),
n, ‘tand zg/b. The effect of remaining paremeters is rather weak. The resu-
1ts are summarized in figure 3 and can be useful as a guide in designing a
Junse plasma focus of appropriate characteristics.
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Hydrogen plasma iz produced by a pulsed electron beam.The de-
nsity of plasma is measured Ly means of an eleciron current co-
llected at the anode. Typical densities are about 4.7.10115n-3p
Tke ion temperature is estimated from the characteristics of
the grid energy analyzer aad is typically about 80aV. Plasma
potential is about ~300V.The results of recent experiments can -
b» summarized as follows :

1) Confinement +time is 3ms to 5ms and theoretical result is
4.6ms at same condition.The sag of the potential in the anode
region is about -200V.

2) The relation that the injection electron velocity is pro-
portional to peak axial magnetic field is obtained in our expe-
riment (See Fig.l,here I is magnet current).The optimum injec—
tion position obtained exzperimentally is 27.5% C.5cm from the
centre of the machine.
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3) Experiments have demonstrated that the life time of plasma
increased by the order of 107 can result in significant reduc-
tions in plasma end losses.The electrostatic field provides this
Plugging.

4) The scalling law between the density and the magnetic fielg
(nuLBe)has been proved.Same law has been achieved in similar
kind of devieces in other countries.Fig.2 shows theoretical limi-
ted density(1) and experimental results at the diffirent injec~
tion energy of 92W(2) and 31W(3).Another properties of plasma
confinement have been also determined,for example, the density
versus the injection energy,the life time versus the magnetic
field and the injection energy and so0 on.

5) The potential sag profile in the ancde region has been mea-
sured(See Fig.3,here an arrowhead indicates the stopping injec~
tion time).The result shows that there is a potential shielding
in this kind of device.It will influence the effect of the plug-
ging.How to reduce space electron charge in the anode region is
very important topic for this kind of devics.

The energy spectra of ions and electrons have been measured
and two kinds of ion temperature have heen observed in the expe-
riment.The results are diffirent frcm another Jdevices.is shown
in Fig.4,they are 8CeV and 4CeV during a period from ims to 4
ms,where t=0 corresponds to the electron gun turned on,t=dms co-
rresponds to turning off,but only sigle temperature appears at
Cu3ms after turning on and at 0.3ms after turning off.We thinik
an ¢izctron bearm-plasma interaction is a possitle reason.de arec
going to study these problsms in detail this year.

Next sten,ws plan to davslop the Jdovice into an eleetrostaiicl
Plugging =n? flug 7it: 2 nzgative polential in on axisymwmetric
tandenm nirror.
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ICRF HEATING AND CONFINEMENT EXPERIMENTS ON TANDEM
MIRROR GAMMA 10

M.Ichimura, S.Adachi, T.Cho, M.Inutake, K.Ishii, A.Itakura, M.Fujita,
J.Jeong, T.Kariya, I.Katanuma, Y.Kiwamoto, T.Kondoh, A.Mase,
5.Miyoshi, Y.Nakashima, T.Saito, K.Sawada, F.Tsuboi, N.Yamaguchi and
K.Yatsu

Plasma Research Center, University of Tsukuba, Ibaraki 305, Japan

ABSTRACT

ICRF heating experiments using antennas installed in the central
cell in GAMMA 10 are reported. The plasma is sustained when the
resonance of w/wyj=1 exists near the midplane of the anchor cell.
The plasma of which density is 10'° em™ 1is produced by arranging the
phases between antennas. The particle confinement time increased
remarkably up to 0.45sec with the combinations of ECH and NBI in the

parameters of n=3.5x102em™3 and T; =1.2keV.

INTRODUCTION

The concept of tandem mirror with thermal barrier has been
demonstrated by TM¥-Upgrade/1/ and GAMMA 10/2/. The efficient
formation of a plug potential has been realized in association with a
thermal barrier and the decay of the thermal barrier has been mainly
due to the classical processes in GAMMA 10 experiments/3/. The
higher central cell ion temperature and the lower barrier density
plasma is required in the startup phase of the tandem mirror. The
plasma startup by using ICRF is reported by several devices/4,5,6/.
In this paper, we describe the plasma startup by using ICRF which is
suitable for the GAMMA 10 type tandem mirror characterized with
inboard minimum-B anchor and axisymmetrized plug/barrier cells.

EXPERIMENTAL RESULTS

The schematic drawing of the magnetic field configuration of
GAMMA 10 and locations of ICRF antenna is shown in Fig.l. So-called
Nagoya Type-IIl antennas without Faraday shield and ceramics cover are
installed in both ends of the central cell. The conventional double
half turn antenna, DHT, is set near the west Type-III antenna. The
cyclotron resonance layers of w/w.i=1, where w is the applied

CENTRAL ANCHOR PLUG/BARRIER

CELL CELL CELL
B (kG)

i
30 :
20 '
10

0 1 1 1 1 L 1 1 1 1 1
0 5 10 7 (m)
Fig.1 The schematic drawing of the magnetic field of GAMMA 10




frequency and wei the ion cyclotron frequency, exist both in the
central cell and in the anchor cell at a same time as shown in Fig.1.
Gas-puffers only in the central cell are used. The plasma can be
sustained by the central cell ICRF in the case that the m/mui=1
resonance exists in the anchor cell, the ions streaming from the central
cell are heated and trapped in the anchor cell. Then the plasma to the
plug/barrier region is reduced. The strong ion heating has been
observed in the anchor cell from the charge exchange neutral measurement.,
To clarify the mechanism of the plasma sustainment, we have done
the experiments under the conditions of the fixed frequency and changing
the magnetic field strength. By changing the magnetic field strength of
the central cell and anchor cell independently, we confirméd the
essential condition of the plasma sustainment is the existence of the
w/wei=1 resonsnce near the anchor midplane. The line density of the
central cell obtained by changing the whole fields, changing the anchor
field and changing the central field with fixed others are summarized
in Fig.2, as a function of B/B,.q, where B is the magnetic field
strength at the anchor midplane or that under the Type-Ill antenna and
Brog the resonance magnetic field strength. Both the wave-excitation
and the resonance in central 14 -3
cell have no contributions to 10”10cm

the plasma sustainment.
These experiments have been 1 . {a)
done by using only Type-III 88‘0 ogp
antennas. As shown in Fig.2(c) 05} =
the line density #n the
central cell increases as the
value of B/Bres decreases.
0 | _n O_cn n 1
05 10 8/ i5
e res
10x cm
]ﬂ (b)
ooﬁ—ilﬂ.§
; 05}k o &
Fig.2 o
Central cell line density
obtained by (a) changing the
whole fields, where B is the ol ) s
wagnetic field strength at the 05 10 B/B 15
anchor midplane, (b) changing % o res
the anchor field with fixed 10x10 cm
central field and (c) changing o
the central field with fixed b, o (c)
anchor one, where B is the % \“ﬁ“;“n
magnetic field strength under 05k 2 dlh—“;—-__o__o
Type-I111 antennas ’ o o
ol i L
05 10 B/B 15

res
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In the condition of B/B_ <1, the 15
slow wave can not be excited. :
Then the fast wave is considered
to be effective for the higher
density plasma production.
Because the Type-III antenna is
more effective for the slow wave
excitation, we have added a DHT -
antenna for the fast wave
excitation. In Fig.3, the = P
maximum density obtained in the ’
central cell are shown as a 05
function of w/wei under the DHT.
The density up to 103w 3 is
obtained by the comblnatlon of
Type-II1 and DHT antennas.

Because the rf currents on 0 1 2 3
two elements of the DHT flow in GJ/U)d
the opposite phase, the right
hand polarized fast mode, m=+1,
is excited mainly in present
experimental conditions. The
Type-111 antennas also excite
m=+| modes. Then the two types
of antennas couples strongly
with each other. The effect of
the coupling appears on the loading resistances of each antenna.

Figure 4 shows the temporal variations of the central cell line density
and the loading resistances of the DHT antenna. It is notcd that the
peaks of the loading resistance correspond to humps of the line density.
The loading resistances of the east and west Type-I1Il antennas have
out-of-phase dependences aginst the line density. The peaks on the
loading resistance of DHT antenna appear between those of both Type-III
antennas. The phasing between the DHT and Type-II1 antennas is
sensitive for the density increase. The fast modes are possibly excited
strongly, when the DHT antenna enhance the mode which is oscillated

by east and west Type-11I antennas.

The plugging experiments in ICRF heated plasma have been done and
the parallel confinement time of 0.45sec has been achieved on the
parameters of n=3.5x1012Zcm™3 and T; =1.2keV. We are now proceeding the
higher density plugging exper1ments up to 1013cm3.

(103 ¢m3)

C

Fig.3 Central cell density as a
function of w/w.; under the
DHT antenna

SUMMARY

The plasma startup with the central cell ICRF antenna is realized
under the condition that the resonance exists in the anchor cell.
The ions which pass through the anchor cell are heated and trapped.
The target plasma for the NBI is formed without any gas-puffing in the
anchor cell. The fast wave is effective to the higher density plasma
formation in the central cell of the tandem mirror.
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Fig.4 Temporal variations of (a) central cell line density
and (b) the loading resistance of the DHT antenna
under the condition of w/wgi=2.5
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Function of the Conducting Wall on Stabilities of the Hot Electron Ring

Ren Zhaoxing Ding Liancheng Fang Yude Huang Chaosong Qiu Lijian
Institute of Plasma Physics, Academia Sinica,P.0.Box 26, Hefei, China

Abstract

In this paper, functions of the conducting wall on stabilities of the
hot electron ring in the simple mirror are described in both experiment and
theory. The fluctuations of cold plasma and hot electron depend closely on
the radius of hot electron ring and have the minimum amplitude and coheren-
ce when Ry/Ry is about 0.8. Here, Ry and Ry, are the radii of hot electron
ring and conducting wall, respectively.

I Introduction

The experimental and theoretical investigations on the stabilities of
hot electron plasma have been performed. But because it is more complex, the
satisfactory result can not be obtained untill now[1].

According to the theories[2,3] on hot electron stabilities in a hot e-
lectron plasma, the fluctuation of its interchange mode is stabilized by the
cold plasma. This condition is always satisfied to operate at T-model. How-
ever the hot electron gy operated in lTower magnetic field strength at the
mirror centre is lower than that in optimum strength. 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 electron.
Which factor cause the energy loss of it, then?

I1 Experiments
The experiments were performed in a axisymmetric mirror machine named

HER with some parameters: central field strength Bo being from 4 KG to 5 KG,
mirror ratio being 2.2 and the radius of stainless steel chamber being 12cm.
The plasma is produced by the microwave from a gyrotron launcher (P,=15 KW,
f,=20.4 GC, HOimode). The parameter 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 probe which is able to destroy the hot e-
lectron ring at the midplane of mirror. The parameters of the hot electeon
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can be measured by diamagnetic Toops, a hard X-ray spectrometer and two ECE
receivers.
(1) The functions of B, on the parameters of the hot electron ring

When B, increases, the radius R, and 3cm ECE power Pgcp of the ring al-
so increase. But when Ry, is closely conducting wall Ry, Pgcg reduce(Fig.1).
The dependence of Ry on B, can be explained by the function of B, on the
position of second harmonic resonance layer. And the dependence of Ppcp on
By will be investigated in the following.
(2) Function of By on the fluctuations of the cold plasma

The normalized fluctuation amplitude AI/T of the cold plasma near the
hot electron ring can be stabilized by it. The ring with higher gy can also
reduce the AI/I of whole plasma. Since B depend on B,, then Al/T still de-
pend on By.
(3) Hot electron fluctuations caused by cold plasma

The fluctuation frequeﬁcy of hot electron interchange 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 AI/I near the conducting wall and Pgcp is redu-
ced contineusely when the hot electron ring is closely it.

Pece
4.04.2 4.4 4.6 4.8 5.0 B,(KG) B 8 7 .8 .9 1.0 Re/R.
Fig.1l ECE power Pgcgp of hot elec- Fig.2 The variation of vacuum energy

tron ring varying with B, varying with Ry/R, for different m
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111 Theoretical analysis

It has been known that, in the past theories on stabilized 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 is mainly dominated by the variation of vacuum
energy in the MHD energy principle. In the vacuum region inside the ring,
the scalar potential of the perturbed field may be written as

1 (F)=ALp(kr)exp[i(kz+mo)] (1)

Here, I, is a modified Bassel function, and m and k are the azimuthal and
axial mode numbers, respectively. A is a constant determined by the bounda-
ry condition.

In the vacuum region between wall and ring, it is

¢2(F)=CLIn(kr)-(Ih(kRy)/KmtkRy) ) Kn(kr) Jexp[i(kz+me)] (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 assume the thin-ring approximation. Therefore, the fluctuation of
it can be considered as a surface current and its fluctuation 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(kRy<<1, kRw<<l), we may finally obtain

Sy =531 (8o 2 (Rp/Ry) TL1- (Ry/R,) 2] (3)

Here, L is the length of it and {Sapg)® is the current fluctuation averaged
over parameter z.

According to relation (3), we may draw following conclusions:
(1) 64, is always positive and, therefore, the conducting wall always plays
stabilizing rote for the hot electron fluctuations;
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(2) For a certain azimuthal mode number, there is the optimum rate of Rn/Ry
for stabilizing ring fluctuations by conducting wall. The Rp/Ry approaches
to 1, as the azimuthal mode increases (Fig.2).

IV Discussion

Our researches provide the new evidence in both experiment and theory
for the problem related in section I. The analysis in the section III well
corresponds with the experiment.
(1) The energy loss of the ring can be caused not only by hot electron in-
terchage mode, but also by fluctuations of cold plasma;
(2) The fluctuations of the ring can be stabilized by the conducting wall
near it. During Rp/R,=0.8, the fluctuations of whole plasma were reduced
apparently;
(3) The optimum position of the ring also was derived from the interaction
between it and wall;
(4) Up to now, this stabilizing mechanism isn't clear and should be further
investigated.
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FLECTRON HEATING IN A RAREFIED PLASMA OF A THETATRON DISCHARGE

M.A. Bourham, H.A. E1 Gamal, R.N. El Sherif and A.M. Shagar

Plasma Physics Department, Nuclear Research Centre,
Atomic Energy Authority, Atomic Energy 13759, Cairo, Egypt

Abstract

In & Thetatron discharge with a plasma of anisotropic electron energy
distribution, due to electron acceleration by the induced eléctric field,
instability is developed and gives rise to the excitation of electromagnetic
waves . The epithermal transverse emitted electromagnetic waves are due
to the transformation of the longitudinal electrostatic oscillations, and
propagate at a right angle to the direction of the magnetic field. The
electrons are heated significantly due to the electric field fluctuations,
as the plasma in hand becomes turbulent, and collisionless mechanisms
become to be effective.

Introduction

The generation of electromagnetic waves from an anisotropic plasma is
studied theoretically and experimentally in a number of previous vorks(l_s),
Kinetic instabilities were observed in a number of experiments where the

electric field is perpendicular to the magnetic field, associated with the

(1,8)

generation of electromagnetic radiation The non-linear effects might

arrise due to the existance of electron oscillations and electric field with

large amplitudes, and the generated waves would be in the meighbourhood of

the upper hybrid resonance frequency(g’m)

(11,12)

, and plasma becomes turbulent as

instabilities are excited

(12)

resulting in the heating of the plasma

particles

Experimental Set-up

Measurements are carried on a plasme produced in a Thetatron discharge
of 4KJ stored energy. The discharge current of up to 150KA is allowed to
pass through a single turn coil of 14 splitted sectioms, total length of B0
cm and 8.5 cm diameter surrounding the discharge tube. The working gas (I{z)
is allowed to entre the discharge tube via a contrelling valve, and a ring
glow discharge serves for preheating. Magnetic probes, double electrical
probes and microwave detection antennae could be freely move axially and
radially for diagnostics purposes. Full details of the system is described

in a previous worlk(18) "
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Experimental Results and Discussion

Measurements of the emitted eleciromagnetic radiation for the wave length
8 and 4 mm showed that they originate from the plasma itself, and their relat-
ive intensities increase with the increase of the bank stored emergy. Fig.(1)
shows the variation of the relative intensity against the stored emergy. The
emitted waves have also a dependence on the initial gas pressure as shown in
Fig.(2), showing that the radiation takes place between 0.1 and 0,001 mmHg .
At higher pressures,the most excitable harmonics correspond to )= Bmm while at
lower pressures the harmonics which correspond t,o).- 4mm are excited.

The radisl distribution of the emitted wave relative intensity, Fig.(3),
shows that the plasma is a source of intensive eleciromagnetic radiation with
L for A= &m, and for A= 4mm
W ~d,T x 1011 Sen—l, and the excitation takes place at the layer where the

rad
plasma is inhomogeneous and the electron density falls rapidly as shown in

a characteristic frequency cond.\.z.‘; b < 1011 Sec”

Fig.(4). The plasma electron temperature has its maximum at the axis of the
discharge, and decays rapidly near the tube walls. The harmonic structure of
the generated waves showed that the most excitable is the Bth for) = Bmm , and
the 10th for)\ = 4mm, as shown in Fig.(5) and Fig.(6) . The harmonic structure
revealed that the radiation takes place at the neighbourhood of the upper hybrid
resonance frequency, which fulfill the form u)“ =W, . = nu’ces(wse +wfe)1/2

d hl
for A= 8mm, and wrnd = 260!11 for) = 4mm, The calculation of the upper hybrid
frequency for )\ = 8mm shows that whl =2.38 x 10

11
wavelength is 2.36 x 10“ Sen_l , and i'ur)a 4mm the hybrid frequency is 2.4 x

1011 1 11 -1

while the radiation frequency is 4.71 x 10~ Sec . This reveales
that the radiation takes place near the upper hybrid resonance frequency with a

Sec™) and e . for the same
rad
Sec

radiation frequency of the order ”wma"wm or a)ml

well with the theory, and indicating the possibility of the longitudinal oscil-

~2 ughl which conforms

lations to be transformed into electromagnetic radiation where one of the comp=
onents of the complex permitivity tensor approaches zero (2) . llence, a more
generalized form will be Q)rad =n ce\«‘%a , and c,()‘_“d is in the range of

D, or 24, .

The detected high frequency oscillatiens are in the [requency range of
the ion cyclotron frequency, which is typical for low B plasma, and thus the
energy transfere which leads to the heating of the plasma electrons might be
owing to the ion-cyclotron and the ion-sound instabilities.

The generated waves proved to propagate at a right angle to the direction
of the axial magnetic field, as shown in Fig.(7), which predicts the excitation
of the lengitudinal oscillations of harmenic structure, and leading Lo Lhe

generation of electromagnetic radiation .




radiation
1/105 relative intensity
1 { arbitrary /}=Bmm
units 'y

564

* X
v B 0.5 y/ *
[H ‘/‘/. r \__-_,./7‘—4“
V/ // 5
0 3 ' 1 1 ha‘lnh E[}Hl’g}' 0 1 1 1 o
0 2 o .6 .8 1.0 kJ 1”--1 w=" IU'I 1 mmiig
Fig.(1) Fig.(2)
| 1/10 number of
14 / 30 4 cases
f 20+
=8mm
0.5] )=4n#“*
10
" A < L\S T 0 l—ll . r-l_'_l Hz(u.u.)
o 1 2z 3 4 (= 20 08 Farmonic ne.
Fig.(3) Fig(s)
-3
Te (ev) ne(CIl ) number of
i cases
40} 4102 30
ne
7l 1011 20 4
204
2 N 1ol(li - N =4mm
e S H_ (a.u.)
» z
0 —’-r 0 IJ_L 2L
0 1 2 3 4 Cm _
10 harmonic no.
Fig.(4) Fig.(6)
H,
) =Bmm o=
E

Fig.(7)




565

Conclusion

In & low B inhomogeneous plasma of a Thetatron discharge, the longitudina]
oscillations are transformed into transverse electromagnetic radiation with a
characteristic frequency in the neighbourhood of the upper hybrid resonance,
where one of the components of the complex permitivity tensor approaches zero,

Ion-cyclotron and ion-sound instabilities are responsible for the process
of energy transfere, and resulting in the heating of plasma electrons.

The emitted radiation propagates at a right angle to the direction of the

axial magnetic field.
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MHD STABILITY OF PLASHA IN AN AXISYMMETRIC OPEN-ENDED
SYSTEN WITH NONPARAXIAL CELL3
V.V. Arsenin

I.V.Kurchatov Institute of Atomic Energy,Moscow, USSR

The flute instability in a low-pressure plasma within
the chain of traps, including the cells with a transversal size
compareble with & characteristic magnetic length, is studied.
The stability-average minimum B Principle-is shovmn to be rea-

ched, in particular, in the combination of a fat simple mirror

e kel e 2 AT alm dd o mer e e man T bt a Al e +Fhn mAand mAamanta A
=waa GO0 QOLGSOWal SUZE TIgilThe -8 W20 TLD5y wais J-gess-iee-- -T

the field Gecay rate on the eauatorial plane in the simple mirror
are less stringent than those in the known case, vwhen the only
fat simple mirror provides stabilization of the m =1 mode of
oscillations. The stability conditions (requirements to the pres-
sure profiles across the field) for the system with a ring-like
mirror produced ai the radial periphery of & throet with the flux

expanding from the equatorial plane are derived.
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DIAGNOSTICS OF HYDRODYNAMIC IMPLOSION
EFFICIENCY OF LASER-IRRADIATED SHELL
TARGETS

A.5.8hikanov, 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 mass abl
tion rate and implosion velocity is analyzed. On the base of expe-
rimentel data (ion mass-spectrometry and critical density dynamic
chronography) odtained at "Delfin-1" laser facility it is demonstr:
ted that high-aspect ratio shell targets could be imploded with
hydrodynemic efficiency of 10%.
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SHOCK WAVE MOTION IN AN IDEALIZED MEDIUM

Carlos Algjaldre
Asociacion Euratorm/CIEMAT
CIEMAT, 28040 Madrid , Spain

Eli A. Mishkin
Polytechnic Institute of New York
New York 11201, U.S.A.

A spherical , or cylindrical , strong shock wave may move away
from the center, or axis of symmeiry , 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 cf the
disturbance—an explosion. A sudden release of an evenly distribputed
energy far away from the center of the disturbance causes a strong
implosion. Spherically imploding shocks acquired great importance
with the emerging possibility of achieving matter densities well above
those characteristic of the solid siate . The mean free path of the
very energefic a particles produced in a thermonuclear reaction is
shortened then by several orders of magnitude, enabling thereby a
self—sustained reaction. Implosion is viewed, therefore, as necessary
in achieving controlled thermonuclear fusion by inertial methods?.

The mass, momenfum, and energy conservation eguations of a
spherical, v=2, or cylindrical, v=1, shock wave moving through an ideal
gas with constant specific heats, 1=cp/c,, read?,

0o+ o@.u+vy) = 0,

dyu + %arp =0 . (1

n
o

’

dl(pP_ﬁ}
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p.p and u, the pressure , denslly and velocily of the gas, respeciively,
are functions of rand t .

With the molecular structure of the gas neglected, there is no
characteristic length, therefore egs. (1) admit a self-similar
solution 3,

p(r,1) = g REP(D), p(r,1) = g RA(E) , ulr,) = RU(®) 2

where P(E), £(E) and U(E) are the non-dimensional pressure, density
and velocity , respectively, dependent only on the -self-similar
variable g=r/Rs. This solution reduces the partial differenfial equations

(1) to the set of ordinary differential equations4,

~(U-D)d IR = X +vY
Rsﬁs
. Ef " : A= (3)
§EOINP = X(Y-Dery £z

-(U—E)dglnP = §X+0gY + 2x

where Y=U/E , X=dEU and the self-similar coefficient A depends only
on 71.C2E)is the reduced speed of sound.

The representative curve of the state of the compressed gas®
,obtained from the fundamental equations (3),

X(Y=12+ AY(Y=1) - (X + v¥ + 2X/Y)C/E =0 (4)

is shown in fig. 1, together with the straight line that passes through
the mapping of the front of the shock and of its tail, In this case, the
approximate reduced pressure P, density £, and velocity U reduce
to simple closed expressions.

A physical solution must be single valued. An implosion
experiment performed anywhere, at any time, must follow the same
self-similar coefficient A. The imploded ideal gas with the adiabatic
constant Y, is characterized by a single—valued MYy)and a uniguely
defined representative curve (4). Integrating equation (4), the
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reduced functions P(E) , # () and U(E) 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,

i
u

Fig. 1
The representative curve obtained from a numerical solution (N.S.)
and a linear approximation (L.A.)

Through a study of the singularities of the characteristic curve,
an analytic solution for the self-similar coefficient a=1/(1-3 can be
obtained. The difference betlween the values obtained analytically
and those computed numericaly®, does not exceed 0.0015(0.0012,
when v=1), at y=5/3 and 0.014(0.008, v=1) at ¥=7/5, with ihe Gncﬂy‘lu:ol
values being the smaller ones.
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Fig. 2
The reduced pressure P(E) for. 1=9/3 and ¥=7/5
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EFFECTS OF ELECTRON DEGENERACY
ON ALPHA PARTICLE TRANSPORT IN ICF-PELLETS

G. Kamelander

Austrian Research Center Seibersdorf,
Institute of Reactor Safety

INTRODUCTION

In most of ICF-simulation computer codes it is assumed that
the reaction products emerging from fusion processes deposit
their energy to the background plasma at the place they have
been produced / 1,2_7/. In / 3 / a formalism has been provided
to include particle transport effects into the simulation
code. This formalism basing on the FOKKER-PLANCK-equation
allows also consideration of wide angle scattering due to
COULOMB collision. Extensions of this theory to nuclear ela-
stic scattering have been published by / 4 7. It has been de-
monstrated in a further paper L—S_7 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 pellet at low
temperatures the electron component is degenerate. Therefore
the assumption of Maxwellian electron distributicons for the
evaluation of the FOKKER-PLANCK-coefficients in / 1 to 5 7 is
not justified. 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-equation is given by

§t %

where 3;3 is the test particle flux and I} equal to

58T Rty nsan) o
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éL(1— F})%l. The summation is extended over all plasma con-
stituents. Sab and T, are the FOKKER-PLANCK coefficients
which are degeneracy-corrected for the electron component. A
detailed analysis to calculate the corrected FOKKER~-PLANCK
coefficients is given by / 6 /. The evaluation bases on the
FERMI-DIRAC distribution function which is approximated by
well-known formulas for weak and strong degeneracy. For par-
tial degeneracy the fugacity is approximated by taSles stored
in the computer code. The degeneracy-corrected FOKKER-PLANCK
coefficients cannot be evaluated in a closed form but by
numerical integration. Special care is taken to calculate the
DEBYE-radius being an argument of the COULOMB-logarithm
appearing as a factor of Sa . For strong degeneracy
it is calculated by / 7_/

4 _ 4mnge’
Ab,  KT+Te)

O being the electron density, Te the electron temperature

and TF the FERMI-temperature.

The computational method to solve the FOKKER-PLANCK is simi-

and T
a

b b

(2)

lar to 1-3_7. A degeneracy-corrected transport option has
been included as an option into the simulation code MEDUSA-
EUMOD.

RESULTS AND DISCUSSION

From / 6_/ 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 ICF-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 initial temperature profile ranging

8 %k to 4,6.107 %k is given. Fig. 1 shows the corre-

from 1o
sponding degeneracy parameter i.e. the fraction of FERMI-tem-
perature and electron temperatur. Fig. 2 shows the stopping
power of the plasma near to the boundary at the beginning of
the burning phase. The fusion energy as a function of the
time calculated by the corrected and the uncorrected models
is presented in Fig. 3. It is demonstrated that the differen-
ces became very significant. Finally the corrected and the
unccrrected stopping power at the plasma boundary is shown
fof the beginning and for an advanced state of the burning
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

Department of Thermo and Fluid Mechanical Engineering,
University of Sevilla, 41012 Sevilla, Spain

ABSTRACT The self-similar expansion generated by an intense light ion bean
pulse of energy per nucleon E=E,(t/1)P and current intensity Ip=I,(t/ )21
(O<t<t) impinging on a planar target is considered. Quantities of interest
in inertial 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 n, becomes self-
similar when the beam parameters (energy per nucleon Ep and current intensi-
ty per unit area Ip) depend on time as Eb:Eo(t/T)2/3 and Ib:IO(t/1)1/3( t<t)
They showed that the plasma motion depends on a dimensionless nwtﬁramn0110/5
vhich contain the basic beam and plasma parameters. For o>>1, results show
that there exits a well defined ablation surface separating an isentropic
compression region from a much wider expansion flow where the beam energy
absortion occurs.

In this paper we have considered the effect of the time law on the hy-
drodynamics of the ion beam plasma interaction.To this end,we consider a
planar target impinged by an ion beam whose parameters depend on time as

2p-1

_F P 3
E 7E0(t/7) , —Io(t/t) s

b Ib
and assume that the values of Eg, I, and 1 satisfy the condition a>>1 (abla-
tion regime). The expansion flows produced in this case , neglecting heat
conduction and radiation, becomes self-similar since the restriction imposed
by solid density is relaxed (density becomes infinity at the ablation sur-—
face as we shall see later).

We have assumed planar geometry, and a quasi-neutral collision-dominated
plasma. The beam, which is considered both cold and neutralized, transfersto
the free electrons a momentum R per unit volume and time given by

v,

nn
R = are’zi1nn ba[#ﬂ?] ,
mévg (2kT/mg)
1 ry
o(y) = 2ﬂ_4[ exp(—tz)dt - yexp(—yz)] .
[e]

(MIYAMOTO 1980, JACKSON 1975); e,m, and 1lnh 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 (MNARDI et al.1977, MELHORN 1981, OLSEN 1985).
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The beam pulse, starting at t=0, is incident from x=-= on the solid
half-space x>0; assuming that the beam parameters depend on time as

. _ 2p-1
Ly Ib(t) = ezbnb(- t)vb(— VE) = Io(t/t) i
Ey(t) =mv Z(_mt)/2 = E (t/0F ,  (0%=1)
bbb o
we may introduce self-similar variables
% 1-3p/2
v (&) = (ez, /T )(2E /m )"n (x,t)(t/)
u (8) = vy G, ) /[ (28 /m ) E16/1)P/2) ,
W(§) = [nlx, &) (£/0) P72 m_ :
W) = vix, 6/ (2w im ) ¥(e/0)P/2) ;
8(£) = TOx,t)/[T (£/0)°] '

/2—11

% p
€ = x/[(Z,kT /m )%t (t/7)

and then, the equations describing the expansion flow of a fully ionized
plasma produced by impinging a solid target with an ion beampulse,are

VU, =1 7 (1)
1,
My v O(Bub/e’s) v (2)
[ 3
Up
d
(3 By (B +1)s;— {‘E’“} 0 ;  [8)
Z.+1
du, _ i d(ve)
v[E Su ~( +1)£ +ud£] S v (4)
2 2. +1 2 Z.+1 Z.+1 vy
u 3 u 8 i iy 1 d(wvuo) b
R el & o= LE . o
where %
= (m E /m kT )?
eo b 'r
and to simplify the equations, we chose a convenien® reference temperature
and density 3 3 5
2ne”Z, (1lnA)tI_m mm,.E :
b ob eio %
¥~ R e 5= i ¥ o
e o 2n7e (lnA) b mbz I,

and neglected terms of order of [m Z. KT /(2m E )] which are assumed small
(the case of interest in ion beam uSion) .

For n_<<n_ (n_being the solid density) there exits a well defined abla
tion surface separating 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<<n0 corresponds to condition a>>1.
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The implosion velocity of the ablation surface is slow when compareq
with velocities in the expansion flow, so that to analyze the expansion ip
the ablation regime, the ablation surface may be set at £=0, where to mateh
with the cold high density compression region the density goes to infinity.
both temperature and velocity vanish, and the pressure takes a finite value;
then for values of the beam and plasma parameter such as nr<<n we may write
as boundary conditions u=6=0 and vé=y at £=0, where y is an unBnown cong—
tant defined in terms of the ablation pressure as:

2P (t/1)1-5p/2
L@
(Z.+1)n_kT
1 r r

Y=

In addition, at the plasma vacuum interface x,(t) (which must satisfied the
condition dxy/dt=v(xy,t)) we have zero density and undisturbed values of
the beam parameter:

v=0 |, =1 at g+2u/(p+2) ;

“b ™"
notice that system (1)-(5) must be solved subject to six boundary condi-
tions since y is unknown.

It is easy to verify that the solutions of system (1)-(5) behave in
the neighbourhood of E=0 as

1/3 1/3

8=A(=t) o bRy MR | e glogtlR

. Bl

where 1/4

C = [i—Tm(EC/Az)J B:zicz/[sﬂziu)]

and A is an arbitrry constant.
Once the expansion is determined one may calculate the ablation pres-—

sure P, and the ablated mass rate per unit area m as a function of the pa-
rameters of the problem:

P_=[(z+1in X1 /2, Jv(p) (/1) %P/ 212 B y(p) (£/0) /271
s % y8(p) 2p-1 ;TBlpJ 2p-1
m:(mikTr/Zi]ZnFAKTBJ(t/T) _mMKTET(t/T) ,

in terms of the beam and plasma parameters Fa and m becomes

= gyt AECL, o
P =5.9 10 [——7° pa 3
a % moalha
A
2
EZA,
TAHE dil et L e oL ]
B5 9%
b7

where E ,IT and 1 are in Mev, Acm_2 and nanoseconds respectively, Figuresl
and 2 sBow” the ablation pressure and the ablated mass rate as a function
of time for several values of p. The obtained results may be now applied to
determine the acceleration efficiency of thin foils impinged by an intense
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% ion beam.
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Figure 1.- Ablation pressure versus time for several values of p.

Figure 2.- Ablated mass rate versus time for several values of p.
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2-D NUMERICAL STUDIES OF NON-UNIFORMILY IRRADIATED THIN SHELL TARGETS
AND OF THE IGNITION OF ICF PLASMAS

S. Atzeni

Associazione EURATOM-ENEA sulla Fusione, Centro Ricerche Energia Frascati,
C.P. 65, 00044 Frascati, Rome, Italy

1. INTRODUCTION

The interest in thin shells as laser fusion targets is motivated by
the fact that the driving ablation pressure P needed to attain a certain
implosion velocity v is a decreasing function of the aspect-ratio, or ra-
dius-to-thickness ratio, A = R /AR of the shell (approximately P « v2/A).
On the other hand, thinner shells %ose more stringent requirements to the
uniformity of irradiation, and are also likely to be more sensitive to the
ablation-front Rayleigh-Taylor instability. Roughly speaking, long scale-
length perturbations, e.g., due to laser non-uniformities corresponding to
spherical harmonics £ = 2316, could result in macroscopically asymmetric
implosions, that in a reactor size target could even hinder the attainment
of central ignition. Shorter scale-length laser non-uniformities and target
imperfections (with wave number k comparable to ARBI), could instead seed
the most dangerous modes of the Rayleigh-Taylor instability of the ablation
front.

In this paper we report, in preliminary form, the first numerical re-
sults on the effect of long-wavelength (£ = 2:8) laser non-uniformities on
high aspect ratio (A = 100:300) D-T gas filled glass shells, and also on
the ignition of asymmetric, compressed target configurations.

For both studies we have used the 2-D Lagrangian fluid code DUED,
which has been documented extensively elsewhere [1]. Here it suffices to
recall that DUED makes use of a three-temperature model, with flux-limited
conductivities. It also takes into account nuclear reactions and time de-
pendent diffusion of the alpha-particles released by the D-T reactions.
Matter properties are included by means of an appropriate real-matter Equa-
tion-of-State. Laser-matter interaction is described by means of a 2-D ray-
tracing algorithm, taking plasma refraction and inverse-Bremsstrahlung ab-
sorption into account.

2. IMPLOSION OF NON-UNIFORMILY IRRADIATED SHELLS

Recently, it has been shown that two limiting implosion regimes exist
for ablatively accelerated shells, depending on the laser pulse and target
characteristics, namely, i) a more "soft", purely ablative regime, and ii)
a shock-multiplexing regime [2]. Implosions in the former regime result in
higher densities, while higher temperatures (and also, in current experi-
ments, higher neutron yields) are obtained in the latter regime. In order
to perform a rather general investigation, we have then made two series of
numerical experiments, with the 2-T version of DUED, for a target imploded
in regime i) (case a), and a for target imploded in a regime close to re-
gime ii) (case b), respectively. Target a) has Ro = 250 pm, A = 100, and is
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jrradiated with a laser pulse with wavelength A = 0.53 pm, energy E = 200 J
and triangular time shape, with At(FWHM) = 3 ns and rise-time of 1 ns. Ac-
cording to 1-D simulations the shell maximum compression is attained at t =
5.0 ns, but the first shock already reaches the center at t = 4.2 ns. Most
of the target implosion can be described as a free-fall. In case b) we have
considered the target and laser parameters of a Rochester experiment [3],
namely R = 350 pm, A = 250, A = 0.351 pm, absorbed E = 1.6 kJ, At(FWHM) =
700 ps (3n a Gaussian pulse with peak power at t = 1.2 ns and pulse dura-
tion of 1.4 ns). We have assumed centrally focused irradiation, with a per-
turbation (constant in time) described by Legendre polynomials with £ =
2,4,8 and peak-to-valley relative amplitudes AI/I_in the range 0.01-0.30.
Since peak intensities for cases a) and b) are about 5x1012 and 8x1013 W
cm-=, respectively, absorption is efficient and classical; also, thermal
conductivity, smoothing of the irradiation non-uniformities should be poor.
Since P « IB, with f = 0.6+0.8, we then expect pressure perturbations AP/P

« B(AL/I).

We measure the shell deformation at time t as the ratio £(t) = (R -
R . )/R(t), where R and R . are the maximum and the minimum valle of
the"fuel-shell intertate radidf) respectively, and R = (R - R . )/2. The

results of the simulations are found in agreement with?% siﬁBfE model,
giving € = B(AI/I)C, where C = R _/R(t) is the convergence ratio of the
shell. As a typical result, in Fig. 1 we show the mesh somewhat after shock
reflection at the centre, but prior to the reflected shock-shell collision,
for three targets of class a), for mode number £ = 4, and AI/I_= 0.02,
0.06, and 0.10, respectively. 9

As far as the inner gas is concerned, a rather general feature is
found, which is a also apparent in Fig. 1, namely, the convergence of the
deformed shell induces jet-like perturbations of the gas, opposite in phase
with the applied laser perturbation. It is worthy to observe that analogous
structures have been observed in the numerical study of cylinders imploded
by a non-uniform pressure [4].

The effect of this phenomenon has not in general be evaluated quanti-
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Fig. 1: Class a) targets (see main text) irradiated with a non-uniformity
described by an £ = 4 Legendre mode and peak-to-valley amplitudes of a) 2%;
b) 6%; and c) 10%. The figures show the mesh of the imploded shells at t =
4.5 ns. The marked curve is the fuel-shell interface.
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tatively because in the presence of

strongly sheared flows the mesh of DUEp
1075 ns distorts substantially, thus ‘leading to
premature termination of the simulations,
However, while for case a) implosiong
this occurs well before stagnation of the
imploded shell even for very small values
of AI/I , for case b) implosions this
only ocfurs for relatively large values
of AI/I_ (AI/I_ about 0.20) and in any
case nof much %before shell stagnation.
For instance in Fig. 2 we show the implo-
sion of a class b) shell irradiated with
a perturbation consisting of a certain
composition of the modes £ = 2,4 and 8,
with global AI/I = 0.17.

An important effect which remains to
be addressed is the Rayleigh-Taylor in-
stability of the fuel-shell interface,
=160 ns and its interaction with the reflected

shock.

1-1.40 ns

3. IGNITION OF AN ASYMMETRIC, INITIALLY
ISOBARIC TARGET

The fuel configuration of greatest
interest for ignition studies [5,6] is
that in which the fuel is isobaric, a
central hot-spot with radius R, , tempera-
ture T, , and density p, , being surrounded
{ =140 05 by cold fuel with density p_>> p,. As a
first approach to the 2-D éiudy of this
problem we have simulated with the com-
plete, 3-T version of DUED, two simple
configurations, in which either an ellip-
soidal hot-spot (with axes b_ and b ) is
contained in a spherical cold D-T system
(with radius R_) or a spherical hot-spot
is contained “in an ellipsoidal system.
Fig. 2: Implosion of a class b) For the moment we have only considered
target (see main text) irradiat cases in which 1-D ignition is non-margi-

ed with non-uniformity describ- nal (e.g., by taking T, = 6 keV, <thh> =

ed by a sum of 9=2,4,8 Legendre 0.3 g cm-z, <pR>= 3 g em-2, and ph/p
modes, resulting in a peak-to- > 10). We have found that in these cases
valley amplitude of 17%. Solid even a 2:1 deformation of either the hot-
lines:mesh; dashed lines:rays; spot or the full target has little effect
the arrows indicate the fuel- on ignition and burn. An example of such
shell interface. a study is reported in Fig. 3. Here ini-
tially the hot-spot has b_ = 62.5 pm, b
=125 pm, T, = 6 keV and p, = 30 g cm-2, and is immersedin a sphere o

D-T, with radius R_ = 154 um, T_ = 350 eV and p_ = 500 g cm-2. Figures 3a
and 3h show the evolution of thé burn-wave, whilfe Fig. 3c that of the in-
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ward moving disassembling wave. In this
case the fractional burn-up of the fuel is
about 90% of that the equivalent 1-D case.
Further studies are necessary to extend
these preliminary results to a more general
set of initial conditions and to shorther
scale-length asymmetries (e.g., by taking
£ = 4316 modes of perturbations of the hot-
cold fuel interface).

4. CONCLUSIONS

The results of Sect. 3, if validated
by further studied, would indicate that, in
the absence of fluid instabilities and of
quasi-turbulent fluid motion, a value of &
up to unity could perhaps be tolerated in a
reactor size target. This, in turn, would
limit the irradiation non-uniformity to
AI/T <(CP)-1. Caution in using this result
is however needed in view of the findings
on the behaviour of the converging and re-
flected shock waves in the D-T gas. Indeed
the latter phenomenology, which seems to be
consistent with recent experimental [2,3]
and numerical results [7], requires more
accurate and specific studies.
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INSTABILITIES AND SYMMETRY EFFECTS IN LASER PLASMA
INTERACTION

P.M. Velarde, .M. Aragonés, L. Diaz, J.J. Honrubia

Instituto de Fusion Nuclear (DENIM). P2 Catellana 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-in-
Cell (PIC) code (ARWEN). This effect can be more important than the Rayleigh-
Taylor instability in some high-gain targets. Strong numerical control is needed in
order to limit the numerical diffusion for reliable results. A summary of these
properties is presented.

Actually Raman Scattering (SRS) remains as a problem in laser fusion. We have
continued with the simulations with WAVE code in 2D. By now, results are agree
qualitatively with the reported ones, but some points have to be further clarified.

We have implemented the ANTHEM code(2) (implicit PIC and MHD) for conduction
problems with the produccion and amplification of B-fields (as Nernst advection).
We are continuing the previous simulations about the Nernst advection with
inertia, higher frecuency lasers and differents atomic numbers.
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TRANSMUTATION PRODUCTS AT FUSION REACTOR FIRST-WALLS
Perlado, J.M., Sanz, )., de la Fuente, R.

Instituto de Fusidon Nuclear (DENIM) Univ. Politécnica Madrid

1.-INTRODUCTION

The effect of radiation-induced transmutation products in the mechanical
responses and bulk material properties of the structural materials in fusion
environments 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 [4].
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 of 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 the atomic behaviour of the metal
structures where the helium is implated, and the nucleation and growth of
helium bubles [1]. Experimental results under equivalent conditions to fusion
reactors show the existing 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
materials 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.-CALCULATIONALPROCEDURE

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 [7]. It makes use of an activation code
ACAB [6] which has a central algorithm from ACFA [8]. The UKCTRIIIA [9] data
library has been used in our calculations. The selected response functions (gas,
solid impurities generation) are analyzed with a fast and general module, PAC
[6], which is here appropriatte to this transmutation problem, PACTR.

3.-RESULTS

The three different spectra that we analyze in this work can be
represented by their typical mean energy: vessel 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/cm2 <E> = 1.59 MeV.

The two stainless steels that we have been studied correspond to the
denomination: DIN 1.4914 and 316 L SS, and the two both are considered in the
design of the NET project.

Let us first start with the considerations on the relations of the total
transmuted elements with the helium production. In fig. 1, and 2, the increase
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and decrease of the element concentrations in the lograrithmic of the
percentage of the weight variation versus the total exposure (MW x Y/m2) is
represented. In both cases, a fractional helium production less than that for
other elements (Mn, Cr, V, Co, Ti) is observed.

In order to give a representation of the spectrum influence in the helium
generation, the fig. 3 represents the helium concentration in appm versus the
exposure for the three different spectra. A large difference is observed among
the fision and fusion which in any case is larger for magnetic spectrum. These
conclusions shown for DIN 1.4914 can be extended to 316 L SS.

The main contributors for helium production for the two steels are
represented in fig. 4 and 5 which give the helium concentration versus exposure
in the case of the total amount and the corresponding for each one of the
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Fig.5.- He-production (APPM) from Fig. 6.- He-production (APPM) from

different initial element vs. differentinitial element vs.
exposure (DIN 1.4914, exposure (DIN1.4914, inertial
magnetic spectrum). spectrum)

significative component element. In both cases, theiron isthe most important
initial element, which in the case of the DIN1.914 represents almost the totality
of the helium existance. The same effect is also noted in Fig. 6 where the ICF
spectrum is considered. Nickel contribution in this last case becomes more
importantthan in magnetic environment, and under MCF spectrum and 316 LSS
should be the second important element.

The unit concentration curves for iron and nickel initial components are
shown in fig. 7 and 8. They represent, the helium production motivated by these
two initial components versus exposure, with different spectra. The influence of
the spectrum is remarkable when observing the contrary effect for iron and
nickel in the helium generation.
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X-RAY AND OPTICAL SHADOWGRAPHY OF LASER HEATED CAVITIES
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The transformation of pulsed laser radiation into thermal soft x-rays
becomes possible with the application of the closed geometry of small
cavity targets. The hollow gold spheres are excellent tools for laboratory
studies of radiation hydrodynamics, anc they also have a possible future
application for inertial confinement fusion. Radiation confinement and
temperature is generally investigated by soft X-ray spectroscopy |1]. A
complementary method, i.e. the investigation of the outward motion of the
cavity wall is presented here in order to obtain information on the mass
ablation and pressure at the inner wall of the cavity.

The third harmonic, A=0.44 pm radiation of the Asterix III. iodine
laser system was focussed into the center of the entrance hole of the gold
cavities (Fig. 1). Cavities of 250-300 pm diameter were preferentially
used, the wall thickness was varied between 2 and 8 pm. The laser pulse
duration was 300 ps and the maximum absorbed energy 15 J.

OPTICAL shadowgraphy

laser generated
X-ray point source

CAVITY

Fig. 1
The scheme of the
experiment

LASER
N=044 pm

X -ray
shadowgraphy

3ps dye laser
pulse %

The optical shadowgraphy used 3 ps dye laser pulses of 0.58 um wave-
length |2|. Images of the cavities were obtained in each of the six frames
(relative delay: 3 ns) from a direction approximately perpendicular to
the main laser beam. The observation angle was 135° in the case of X-ray
shadowgraphy.
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The point projection method |3| was used for X-ray shadowgraphy. A
4-5 J pulse was split off the main laser beam and tightly focussed onto the
Cu backlighter after an optical delay of 3 or 6.5 ns. A spatial resolution
of 30 pm was obtained. The detector was a Kodak 101-01 film with Al filter,
The optical density on the film was caused partly by the 1.5 keV, partly by
the 8 keV radiation of the backlighter. Whereas the cavities were expected
to remain opaque for the 1.5 keV radiation, it was observed that the ones
with the thinnest, 2 um wall thickness became partially transparent for the
backlighter radiation. This observed transparency is explained by the
stronger penetration capability of the strong K-band emission of the back-—
lighter at 8 keV.

There are some general features in the optical and X-ray shadowgrams,
The rear wall which is directly hit by the A=0.44 pm radiation is pre-
ferentially accelerated. The local intensity here can be much higher
(~5:10"" Wem2) than the average absorbed laser intensity (SL§2.6-1013chr2),
thus the’ local ablation and acceleration is high. The other part of the
wall shows a remarkably uniform but slower outward motion. The uniform
motion is attributed to the ablation caused by the X-rays received from
the primary spot. These characterics are visible on Fig. 2a.

An interesting observation can be done in the case of X-ray shadow-
grams for cavities of 2 pm wall thickness, 6.5 ns after the heating laser
pulse. 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, less transparent, not spherical structure can be distinguished.
This is explained to be caused by the stalk which disturbs the spherical
symmetry and causes a more complicated hydrodynamical behaviour of the
ablated material inside the cavity.

Fig. 2

X-ray shadowgram 3ns
after the heating pulse.
Direction of laser

beam: from left to
right.

Wall thickness: 2 um
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a) Isointensity curves b) Density profile

A lot of information can be derived using this transparency of the
thin wall cavities. It is possible to obtain the density profile of the
moving wall the first time from the X-ray shadowgrams. We used 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 density profile was deter—
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mined in the upper hemisphere along the dotted line with an Abel inversion
(Fig. 2b).

An average velocity of (2.3-2.5):10% cm/s of the density maximum is
obtained. Besides the density maximum a large amount of material can be
observed inside the cavity. This refers to high ablation which can be caused
by the X-ray drive only. Even the maximum density appears to be approxima-—
tely 2 orders of magnitude less than solid density.

Fig. 3 shows the increase of the radius_with time for cavities with
2 um wall thickness, heated by 2.1:10'® Wem™ average laser flux. The dis-
placement of the outer contours of the cavity determined from the X-ray
shadowgrams (x) is in good agreement with that obtained from the optical
shadowgrams (o). The position of the density maximum from the X-ray pic-
tures (A) corresponds to a smaller velocity.
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Lol 4 Fig. 3
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densily maximum
200f J Y e
{
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The results are interpreted in terms of the ablative heat wave (AHW)
model |4|. This is based on the ablative heat wave driven by the soft
“-rays into the cavity wall, and assumes thermalization of laser radiation
to black-body radiation field which is in equilibrium with the wall. The
results of the AHW model which are in agreement with that of a multigroup
radiation hydrocode are plotted in Fig. 3. The agreement between the AHW
model and the motion of the density maximum is satisfactory, with the
model slightly underestimating the experimental results.

The experimenfgl fca]ing with absorbed laser flux is also well des-
cribed by the v-§; 13 scaling law of the calculations [4]. The maximum
acceleritlng fblation pressure was ~1Tpa and the mass ablation rate
~1.2°107"g em™“. The deviation hetween experiment and theory is more con-
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siderable in the case of cavities with thicker walls, where only the outer
contours can be seen (they are not transparent). The difference can be
explained by the kinetic pressure of the plasma filling up the finite sizeq
cavities and causing a post-acceleration of the wall which was not taken
into account in the calculations. The AHW velocity drops with the initial
wall thickness, d, and the kinetic pressure effects scale with d,” z,
therefore the relative importance of the latter increases for thicker walls,

The wide density profile and the low measured densities can be under-
stood neither within the frames of the model, nor by the simulations which
predict high densities and low temperatures even when they take into
account radiation transport. A density decay is expected if the wall be-
comes heated during expansion. Radiation preheat is a possible mechanism,
but not too probable for the rather thick gold walls [5|. Our simulations
show that the accelerated material is left in the condensed state,

We suggest fragmentation of the expanding cavity wall as a possible
explanation. Obviously such fragmentation must occur if the material re-
mains in the condensed state because the surface area of the cavity cannot
increase so much, consequently the wall simply breaks. The fragmented wall
may then expose a larger surface to the radiation and to the outstreaming
plasma, thus an enhanced flow of energy steams into the fragments. It
could happen that in this way the wall material becomes vaporized during
expansion. The effect can be called enhanced preheat due to fragmentation.
Additional evidence for fragmentation is served by the detection of long
X-ray pulses (3-7 ns) from the cavity, which refer to a rather high,

10-20 eV radiation temperature. This might be caused by the leakage of
radiation through the wall fragments or radiated by the wall if it is
heated after fragmentation.

It can be concluded that in the future attention should be paid also
to fragmentation, i.e. the exact equation of state of the material. This
effect may be namely present in other types of laser targets as a consequ—
ence of deformation by beam nonuniformity or Rayleigh-Taylor instability.
The observed symmetry and velocity of the cavity expansion supports the
spectroscopical results and confirms the predicticns based on an ablative
heat wave driven by the thermal soft X-rays in the cavity.

This work was supported in part by the Commission of the European
Communities in the framework of the Association Euratom/IPP.

References

R. Sigel; this conference (invited)

A.G.M. Maaswinkel et al.; Rev. Sci. Imst. 55, 48 (1984)

M. Miyanaga et al.; Appl. Phys. Lett. 42, 166 (1983)

R. Pakula, R. Sigel; Phys. Fluids 28, 232 (1985) and 29, 1340 (1986)
J.L. Bocher et al.; Phys. Rev. Lett. 52, 823 (1984) -

newnN -



593

ABSORPTION OF LASER RADIATION IN THE COLLISIONLESS
REGION OF THE PLASMA AT TLASER FUSION EXPERIMENTS

F. F. Kormendi

Institute H .T. M., Belgrade,Yugoslavia

It is well known that the appearance of suprathermal
electrons /1/ in laser fusion experiments, whose origin is
also a subject of theoretical investigations, reduces the
effectiveness of implosion /2/ and thus represents a con -
siderable problem. In order to give an appropriate explana-
tion of the generation of energetic electrons in laser pro-
duced plasmas, we shall analyze the nonlinear interaction
of laser radiation with truly free electrons which form the
collisionless part of the created plasma at high temperatu-
res on the basis of our results ir nonlinear quantum elec =
trodynamics obtained earlier /3,4/.

Let us assume that at the interaction of laser radia-
tion with a free charged particle of initial and final four
momenta Pys Py respectively, n monochromatic photons of four
momenta k, are elastically scattered to k with a simultane-
ous absorption or emission of N photons. T he conservation
law

p, + nk, = p + nk + Nk Al s =T Y o 4
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determines the necessary number of scattered photons n 5

. _ N L8Rkl
TR {me k) ;f sz&(&v:k)} ()

The transition probability per unit time P? at optical
frequencies may be factorized in the form /4,5/

PY = PnP ’

=
=

with B K" y K-> 1. This condition determines the thres-

hold incident beam intensity Ic

= W ™
IC = hwo/rocaﬂ 3

Wy being the angular freguency of the photons, B & the
classical radius of the particle,above which the absorption

becomes probable. At incident laser beam intensities

T = 101° w/en® - 1017 w/en®
and W= 1015 rad/s the effective cross section for the ab-
sorption of one photon by a free electron is

(G- 10_19cmr2 - 1u_l7cmd,

respectively. «ith the help of these results one may eva-
luate the energy exchange rate between the ohoton lield

and the electron
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'BE fﬁ\- 4 -
f=cfm<ka>§'Mfm>ﬁwodcdﬂ, (31

where n/ﬁZ/ is the electron distribution, n/ko/- the photon

density. At incident laser beam intensity

I = 10%? w/en® - 10%° w/en®
W= 1015 rad/s, a single pulse of At = 10"'8 s duration
may accelerate an electron to

AE = 10° eV = 10° eV

respectively, if the initial kinetic energy of the iree

electron does not exceed Ek = lO4 eV.
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PRELIMINARY MEASUREMENTS OF PLASMA TEMPERATURE AND COMFINEMENT TIME (3 ‘Tdg
REXIMPLO SPHERICAL PLHCH

E. Panarella* and V. Guly
National Research Council of Canada
Ottawa, Canada XIA 045

ABSTRACT - In a pilot experimental program of modest initial coondenser
bank energy (~ LKJ), the spherical pinch mechanism of plasma containment
and compression leads to: 1) a plasma temp=rature of 730 eV, and 2) a
containment time of 5.4 psec. Moreover, the plasma is stable during the
containment time. In discharges in deaterium, neuntrons are emitted close
ta 107 per shot. From the experimental parameters of the plasma, one can
derive a particle density for the shocked gas equal to 3.21 % 1019 ¢n™3
and a product nt = 1.73 = 10 cn™ 3esec.

1. Experiment

The spherical pinch configuration is characterized by a hot, dense
plasma in the center of a sphere, plasma which is contained and compressed
by spherical shock waves created by strong discharges at the periphery of
the metal vessel. Figure 1 reports in schematic form the discharge
vessel. Both the central plasma and the peripheral shock waves are
created by electrical discharges through electrodes. In the pilot
experimental program that we have carried so far, in ovder to visualize
the plasma motion, we have adopted a cylindrical configuration, rather
than spherical. 1In other words the vessel is at present a cylinder of
1.15 cm height and 2 cm radius, closed on one side with a metal plate and
open on the other side from where the plasma can be observed. 36
electrodes are radially accommodated along the peripheral circle of the
cylinder, so as to have 36 sparks. All discharges, including the central
one, are individually fed by 0.5 WF condensers charged to 10.5 KV. By
carefully adjusting the gap of the central spark, self-breakdown of this
gap occurs first, the UV radiation from the plasma so created triggering
all peripheral discharges.

Figure 2 shows three streak records of the central plasma when it is
cgﬁressed by the imploding shocks. The first record at left is a record
of the plasma luminosity time history, as observed with an image converter
camera. The original pressure of the hydrogen gas in the chamber was 6000
Torr, corresponding to a density of 2.14 x 1020 ¢p~3. This record shows
that the central plasma is being compressed by the imploding shocks.

Since the plasma luminosity can only provide a general indication of
the events occurring in a plasma, w2 reduced the plasma luminosity
recorded by the camera and obtained the streak record shown in the center
of Fig. 2. We observe now that the central plasma seems to disappear at
t =6 psec from the initiation of the discharge. In other words, the
plasma becomes black at the time of maximum compression. Clearly, this
effect is a manifestation that the plasma bhlockbody radiation, because of
the compression and subsequent temperature rise, shifts towards the XUV
range.

*Also with Advanced Laser and Fusion Technology, Research Division.
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In order to have a conflrmation of this we placed in front of the cam-
era a narrow hand interference filter centred at A = 3900 A, handwidth 60
A, We virtnally rejected in this way all visible light except that ac A =
3900 A, The streak record at the right of Fig. 2 shows the Final plasma.
Clearly, this is the hottest plasma formed during the compression phasa.
This remarkably stansle plasma lasts ~ 5.4 psec.

The same experiment was then repeated by fully enclosing the cylindri-
cal discharge chamber with a metal plate and working with deuterium. Four
calibrated silver activatinn neatron detectors were radially and symmetri-
cally placed on a 60° solid cone angle having apex at the central plasma.
Neutrons were derzcted ia this experiment. Within the above solid angle,
and within the experimental errors, the neutrons were symmetrically emit-
ted. Their average number was 7.11 x 106 per shot. ’

2. Analysis
The imploding shock wave, as shown In Fig. 2 (left and central photo-

graphs), reach the central plasma after ~ 0.8 psec. At this time compres-—
sion begins. Knowing that the radius of the cylindrical vessel is 2 cm,
the shock wave velocity is therefore V, = 2.50 x 108 ecmesec™ 1. The shack

wave velocity Vs is related to the energy density deposited at the periph-
ery of the vessel through the following rvelation [l] V_ = 42.16
(Eg/M )2, We Find E_/M, = 3.52 x 105 J/g. The volume of the hot plasma

is assumed to be a small sphere whose radius r = 7.94 x 1072 cm is ob-
tained from the size of the plasma in Fig. 2 (right photograph). Hence,
the volume V is: V = 2,09 x 10~3 em3, Finally, the contaioment time is
assumed to be the time duration of the plasma shown in Fig. 2. It is

T = 5.4 psec. We are now in a position to derive both plasma temperature
T and average particle density n_, as follows. The final plasma pressure

PP is: Pp = (HPIZ) kT. This pressure must he equated to the imploding

shock wave pressure Pi: Pi = (4/3) pO(Es/MS). Hence, we find:
EP = (8/3) po(Ests)(kT)"l, where p, = 1073 gr. em™3 is the initial gas

density at 6000 Torr. On the other hand, the Maxwell average <o v> is
given by: <o v> = ZYnlﬁg TV, where Y 1is the total number of neutrons

emitted by the plasma. Replacing the values of the parameters found be-
fore one gets: <o v> = 3.67 x 10723 (kT)2, where kT is now expressed in
KeV. On the other hand the dependence of <ov> on kT is given by:

<o v> = 1.50 x 107 1% (kT)™2/3axp[-18.6(kT)~ 1/3]. Equating this expression
for <o v> with the previous one, we find: kT = 0.73 KeV. This is there-
fore the plasma temperature. If we now insert in the formula for n_ the

value of the parameters found before and the value of kT just found, we
get: EP = 8,03 x 1018 ¢n~3, This is the average particle density.

Clearly, the transmitted shock within the plasma compresses the gas by
a factor of 4. Hence, the particle density of the shocked gas is

b, = 3.21 x 10!? em™ 3, With this value of ny and for T = 5.4 psec one

gets in = 1.73 x 101 em~ 3 sec.
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NON-LINEAR PHENOMUNY TN ANTSOTROFTC PLASMA

It.N. i1 Sherif, sh.Al. khalil and M.A. Dourham

Plasma Physics Department, Nuclear Wesearch Centre,
Atomic Lnergy Authority, Atomilc onergy 13759, Cairo, Lgypt

Abstract

The work is devoted to the study ol the non-linear phenomenn in plasmag
where surface waves are coupled to the intense incident electromagnetic
waves with maximum absorption at resonance. The plasma layer is subjected
to a constant external magnetic field in the Z-direction. A proposed
function for the density distribution is applied in the region of plasma
inhomogenuity. Computer simulation of the equations which describe the
genercted wave has been made at laser frequency range for a dense plasma ,
and electron plasma density profiles are deduced. The dependence of the
plasma electron frequency on the plasma electron density is also deduced
and the critical density is calculnted nt € ~

L)
P
Introduction

Plasma, by its very nature, is a highly non-linear electric medium, and
the investigation of the non-linear phenomena in plasma would clarify the
importance of the kinds of plasma instabilities, plasma heating, plasma
confinement, plasma radiation, plasma diffusion and wave generation 1)

The effects of non-linear wave interaction in plasmas allow for the
possibility of extending the fundamental physical concepts to more complex
situations, primarily to inhomogeneous plasma in a strong magnetic field, as
well as to bounded plasma. The interaction of electromagnetic waves with
plasma and the corresponding wave generations are fruitful examples. This
is very important for praoctical problems of laser controlled fusion and it
presents much fundamental interest, a&s such interaction is characterized by
a number of non-linear phenomenae.

The purpose of this work is to study the non-linear interaction of the
S-polarized radintion and surface waves in a plasma. The plasma electron
density distribution is proposed to be sinusoidal. Due to non-linear
interaction in a plasma, there may be a change in the plasma parameters and

(2,3)

critical {n/nc<K 1), the plasma does not greatly affect the wave propagation

absorption of the waves occures At electron densities much less than

(C;:!l). As the density of the plasma aproaches the critical density ( at

which (.Op-—- wrad) the influence of the plasma is much increased as b —0 .
The critical density has an important role in determining the region

where the influence of the plasma is great.
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theoretical Ireatment nnd Vumerical Calculations

Tire solution ol the non-linear interaction ol incident electromarni-tic
ridiation on surfuce h'-‘.VL‘S(-l) in anisotrepic plasma 1s computed, with e
proposed plasma elvctron density ol the J‘Dr‘m('—)

n(x) = n, sin(mx/a)

Numerical caleulations for various values of wi(")/w{:ud in the ruange
of a plaswa layer 0Z xgu is performed. The absorption coellicient has |
been numerically culculated at resonance (A= 1). Stromy absorption and |
plasma heating are expected at resonance (&~0).

Starting from the equations which describe the interactiug waves: |
.

X 2 X jx' 2
1-_'1=afm LU‘[xYU[ dx' of dxxl x] -Lm[1+u[ dx' aclde

x x! X > i
g 8 2 % 2
5 &k P i 1] ~ o
L2 _L02(1 rs)[x OI dx OI %2 dx:l + 1xu_2L02(1+r5)[ x OJ dx 0‘[%2 xdx I
Vhere,

4

01

oo

i) = @2 /AP -6,(0) 5 6,
surface waves.

22 = @3 /) 0E -6,(0) 5 §,(0

incident wave.

x'

"
L

C(?l ( nf i/ fe g i =x, eled;
u?z ( Y = “:)l/a/c ] “2 Rg C/wg

i
n

1= (&Jf)(x) /w0?) ror

L- Wi(x) /edy) for

u’_)s(x) = 4T & n(x)/m » n(x) =n_ sin(frx/a)
¥y is the reflection coefficient, and A =1 - X = ts , and A is the
absorption coefficient, and ts is the transmission coefficient.
t =4 /(1 + )2 and is the refractive index(s) and is given
s Fr Fr ; Fr £

by:

o= 1 (@ER/0%) M ma r ()

wl and 1»02 are the interacting wave frequencies and: l

2 |
c

W24 = W 2w, -w

rad

Numerical calculations have been carried out by computer to compute

the refractive index and absorption coefficient for a plasma characterized

by : é= 1_((‘05(:) /ujfud ) within the layer 0(:6&.
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0.0n n
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Figure (1) shows the proposed electron density profile u(x):nc Sin(T x/a),
which exhibits a maximum electron density at the mid of the plasma layer.

Figure (2) shows the dependence of the refractive index t_ and the
absorption coefficient A against the retio q_jﬁ(x)/ "‘J‘End . It is

clear that the maximum absorption occures at L&p(x)—u a?_ , while  the

transmission coefficient approaches zero. This indicut:s that the maximum
absorption of the generated power takes place at é = 0, and the energy of
the electromagnetic wave is transformed to the plasma,

Figure (3) shows the dependence of the absorptien coefficient A on the
spatinl coordinate (x/a), showing a maximum abserption at x/a = 0.5 , where

the influence of the plasma is much increased.

Conclusion

The plasma electron density profile has been proposed to take the form
n(x) = n sin( JC x/a), and calculated numerically. By using the result
T < 1, as given in reference number (6), it is concluded that the trans-—
mission coefficient is high at [‘IQ_ x , and start to decrease appronching
zero at x,*"n = 0.5 , while the absorption coelflicient is very small at
0.{\ x and starts to increase up to its maximum value during the space
0& x £0.58 as shown in [ig.(d). Consequently, strong absorption and

plasma heating are expected nt é ~ U .
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PROGRESS IN INERTIAL CONFINEMENT FUSION RESEARCH AT DENIM

Velarde, G., Aragonés, .M., Honrubia, J.J., Martinez-Val, J.M. Minguez, E_,
QOcana, J.L., Perlado, J.M.

Instituto de Fusidn Nuclear (DENIM). Univ. Politéenica Madrid

1.-INTRODUCTION

The research activities in Inertial Confinement Fusion (ICF) at DENIM are
focused mainly in target physics, simulation and understanding of experiments.
To this end, we have recently developed several models and numerical tools for
the characterization of laser and ion beam-plasma interactions the target
physics analysis, and material activ ation and damage.

Energy deposition by laser or ion beams to the plasma, radiation transport,
atomic physics, charged particles, suprathermal and thermal electron transport
have been the main improved topics, and a description of some of them will be
presented.

Some results on the target analysis considering laser or ion beam with
different pulse tailoring will be presented. In addition, numerical simulations
were done to study the influence of different aspect ratios in the efficiency of
the implosion and burnup of ICF targets.

2. SIMULATION MODELS

The ICF physics and computational developments at DENIM are
incorporated or closely related to the NORCLA code for one-dimensional
simulation of plane and spherical ICF targets. Figures 1 and 2 show the improved
simulation models included in the NORCLA code [1].

The NORMA segment can compute the linear stopping of external ion
beams using analytical stopping powers along radial tracks, with space
dependent densities and temperatures at selected timesteps.

The laser interaction is considered at two simulation levels: ray tracing
coupled to hydrodynamics and particle in cell (PIC). The ray tracing algorithm
has been proved to be flexible, cheap in computer time and easy to implement.
It includes current corrections for non Maxwellian electron distributions,
approximate factors for stimulated Brillouin scattering and stimulated Raman
scattering and radiation pressure projection in the radial direction. The PIC
WAVE code [2] was used for more detailed simulations of laser interaction. In
particular, the growth and saturation of SRS was simulated [1] showing its
importance as mechanism in the hot electron production. Also, the WAVE code
was used for simulating a neutralized beam impinging on a uniform plasma slab

[,
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Braginskii fluid equations Tor thermal electrons have been included in the
NORCLA code to be coupled to the charga particle transport through a s=I-
consistent electric field. The diffusion approximation of the electron fiuid
equations is solved by the method of Chang and Cooper. This mode| provides a
tool for the one dimensional simulation of hot electrons in laser produced
plasmas.

Besides, we have implemented the ANTHEM code [3] (implicit PIC and
MHD) for conduction problems with the production and amplification of B
fields (Nerst advection), taking into account inertia effects, higher frecuency
lasers and different materials.

The NORMA hydro solver has been extended to a fully implicit solution of
the energy equations in 3 temperatures (electrons, ions and radiation).
Radiation diffusion can be treated in a grey approximation, with Rosseland
mean opacities. The multigroup radiation diffusion 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 [1].
For mixing of two materials, Rayleigh-Taylor instability and symmetry studic o
have developed a 2D-hydro Particle-in-cell code (ARWEN).

Atomic data (EOS, ionization, conductivities and opacities) are available
from the DENIM Atomic Tables which have been generated using a new family
of atomic codes [1,4]. 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 tabulated EQS and ionizations tor
elements in any T-p grid. This model provides also the mean ionization and the
average ionization potential for partial ionized atoms in plasmas with any
degeneracy, which are used to calculate ion stopping powers of the bound and
free electrons of partially ionized plasmas. The model has been extended for
calculations of the linear dielectric function in plasmas with any degree of
ionization and degeneracy.

The time-dependent Fokker-Planck transport equation for charged
particles is solved by a finite-element method [5]. Numerical benchmarks have
shown that the method is very efficient.

The transport of knock-on deuterons and tritons by neutron scattering has
been recently implemented in a coupled way to the neutron transport
calculation [1,2]. The neutron distribution function provide the energy-angle
dependent source of the recoil nuclei, which are transported by the same
procedure as the alpha particles. The CLARA code has been extended for
simultaneous transport of neutrons, alphas and knock-ons, calculating not only
the energy deposition and momentum transfer but also the transport of mass
(thermal ions) and the isotopic evolution by neutron reactions.
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3.-ANALYSIS OF DIRECTLY DRIVEN TARGETS

Computer simulations have been carried out en heavy and light ion, and
laser directly driven targets. The main purpose of these paraaistriczl studies was
to obtain a better understanding of the pulse shape, masses and aspect ratios
influence in the high gain performance. The published works [1,6] related with
this subject present more details about the characteristics of the energy
deposition, implosion and burnup phases and show the range of variation of
the driver energy for efficient power production. A synthesis of the results for
ligiit and heavy 1ons will be presented .

Some other related works have been performed in order to characterize
the target with some well defined burnup parameter which allows a simple
coupling of the neutronic respanses of the ICF fusion blanket with the neutron
spectra leaking from the target [7]. New simulation models and related works
hav2 been developed in order to take into account the activation of fusion
me erials, and a tentative scheme of material damage have been recently

preoosed
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DISTRIBUTION OF IONIZATION STATES IN PLASMAS
Minguez E., Serrano J.F., and Gdmez M.L.

Instituto de Fusion Nuclear [DENIM]

1.-INTRODUCTION

Low density plasmas, such as magnetic confinement fusion plasmas, are
characterized by the reduced influence of particle collisions and photon
reabsorptions. The corona model is the most useful tool to calculate the
distribution of ionization states in this range of plasma densities. For higher
density plasmas, such as laser and ion beam plasmas, Z-pinches, and other
inertial confinement fusion [ICF] concepts, electron collisions and radiation
interactions must be considered to determine a realistic distribution 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. Itis a useful tool
to analyze atomic properties in ion beam plasma interactions, and to obtain
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
impurities 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 considered are collisional ionization, radiative recombination,
dielectronic recombination and 3-body recomhination. The ionic states are
coupled through the ground-state, and excited states are not considered in this
case, although they can be determined with 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 ionization, 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 ratio of ion abundances at two ionization
states, f, and f,; is given by the ratio between the collisional ionization and
recombination coefficients, yielding Z-1 coupled equations. The numerical
solution used to solve both the time-dependent and steady state equations is
provided to be very fast and stable. So, it should be used to work on-line with
the hydrodynamic equations.
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3.NUMERICAL RESULTS

The test cases chosen for comparing this model are two: one for argon
plasma, and other for selenium one. In both cases the plasma is assumed in a
steady-state, optically thin with negligible external photon flux.

The first case, reported by Stone and Weisheit [3] is an argon plasma, ation
density of 5,6 x 1019 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 ionization and the ion abundances. The figure 1 represents the
average ionization for the above conditions of temperature and ion density.
The differences found came from the atomic model used for determining the
coefficientes of the rate equations.
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Fig. 1. Average ionization vs temperature for argon plasma, ion density of
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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 the figure 2, the average
ionization versus temperature for an electron density of 5x 1023 ¢m-3,
calculated with this model shows a good agreament with the code reported by
Lee, when the dielectronic recombination is taken into account. Finally because
of the big differences found when the LTE and corona models are used, the
conclusion must be focused to the use of NLTE models, more or less detailed
depending of the analysis under studying.
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Fig. 2. Average ionization vs temperature for selenium plasma, electron density
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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 real |
physical situation, so rate equations must be employed. The model here |
presented predicts average ionization and ion abundances within a permisible
error, with a negligible calculation time. So, according to this, the model should |
be a preliminary candidate to be coupled to the hydrodynamic equations.
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ANALYSIS OF RADIATION ENERGY TRANSPORT IN HIGH TEMPERATURE MEDIA.
APPLICATION TO ICF TARGETS SIMULATION AND DIAGNOSIS

José Luis Ocana.

Instituto de Fusién Nuclear (DENIM). Univ. Politécnica Madrid
Pe 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 temﬁerature dependent radiation source term, even under the
assumption of local thermodynamic equilibrium (LTE)1.

y 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 extremely
different physical properties of cold and hot material2.3.

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 applications 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.- BRIEF QUALITATIVE ANALYSIS OF THE RADIATION TRANSPORT INFLUENCE
ONTHE DYNAMICS OF ICF TARGETS

Previous calculations carried out in the frame if the NORCLA code? (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 Eecomes an energy conduction
mechanism dominant over electron +suprathermal particles conduction, a
critical change happening over ashort range of temperature5.

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
?iven temperature (say some KeV), ignition will presumably succeed and the
usion burst inmediately deploy.

In addition, the thermal radiation originating from the hot zones of the
reacting fusion fuel has been acknowledgeg 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 mechanisms in charge of
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temperature feedback and energy delocalization5 but energy 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.- CALCULATIONALTOOLS DESCRIPTION

In the non-linear radiation transport problem, the temperature and
density dependent emitting and absorbing properties of the transport medium
have to be obtained in terms of the past history of the radiation field and vice-
versa: The knowledge of the radiation flux at any time allows for the direct
determination of the energy an momentum sources to be included in the
Borr:espondfng hydrodynamic equations characterizing the transport medium

ehaviour.

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 (relatively transparent) to radiation (typical for diagnostic
applications), the radiation field itself, including its detailed frequency (energy)
dependence, influences to a critical extent the 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 equations taking profit of the formal expression of the
radiation transport equation itself, i. e. in the way:

aE = :
—+V.F=J dv' dQ o (B-D [1a]
at 0 4n &

M, e .
— + VM =— d Q B -
at M, cL and B0 iet]

instead of following the usual practice described for the general case in ref. 6

The developed code PLANCKY?7 solves the radiation transport equation in
a multigroup frame for the energy (frequency) variable of the radiation specific
intensity | (r, v, Q, t), with angular dependence taken into account through a
discrete ordinates treatment, and uses the results obtained for this quantity to
obtain the corresponding terms for coupling to the medium hydrodynamics in
the way given by espressions (1).

For the aﬁpropriate treatment of the spatial variable discretization in
order to yield 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
directions, and current correction at the zone interfaces in the case of optically
thick medium to give the corresponding diffusion 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

(1b]
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source to the transport resulting variation of the medium properties.

Originally the code has been developed for the solution of LTE problems,
but simple modifications in the source term will allow, in connection with the
radiation-hydrodynamics coupling phylosophy, for the resolution of non-LTE
problems with strong energy dependence of the radiation source.

In addition, the program can treat without major dificulties radiation
transport ﬁroblems in which Compton scattering has a significant importance
(i.e. very high temperature problems).

3.-APPLICATIONS

In order to test the results of the developed code, 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 with indication of the computational effort required in each case. As
a saimple 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 initially cold slab of constant (non 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 0,05/c m.f.p. .A set of 4 discrete angular
ordinates was used and the energy range (0,1 T - 10.1 To) was divided in 10
equally spaced groups.

The results obtained (see fig. 1) compare remarkably well with the
reference provided by Campbell8 ?shown in solid line). The computational
effort required scales as 0,0017. sec/time step/energy group/material
zone/discrete direction in a CDC Cyber 170-835 computer, what gives a
reasonably good code efficientcy even with a simplified transport-medium
temperature coupling as the considered one.

MARSHAK UALE PROPRGATION

TEMPERATURE (KEV)
18.8

Figure. 1
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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 slab was
chosen according to the same reference and a 50 zones spatial mesh was
considered. The corresponding results (Elotted in figure 2), were again
reasonably good, the computational effort being in this case a bit higher than in
the precedent one (~0,0022sec. vs.0,0017 sec. perunitcalculational module).

In addition to the described kind of simple but rather critical problems, the
described radiation transport analysis capability is being "applied to the study of
more realistic problems such as the dynamics of ICF targets, particularly in the
field of analysis of planar and spherical targets compression experiments'
diagnosis.

It is hoped that the capability 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.

TErPERATURE(KEV)  TRRSHAK LPLE PROPAGATION

10.8 T 0
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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 description 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 [2].

On one-dimensional plane case such problems are described
by the equatlon T
2 k()2 )#9(T), 450, ~ooncton. (1)
Let us cons:.der a Gauchy problem for (1) with the following
initial conditions

T(z,0)=7ar%), Tocr)>0 at |e|<R, 7Tofx)=0 at -
hfaﬁ) R<eo, wmax I (e)=T, r(@ Totr)=To(~2),

The dependence K (7) = K,r 4 K> 0y a“;o is characteris-
tic of plasma. The classes of the initial distributions (2)
(?, 0) , that are metastably localized at time duration %o

.Z
2o > E(M,) L e (3)
Tlxt)=0 for all |t| 2R and O<t<t, are shown at [3].
Boundary regimes /(o,&) , that produce these localized pro-

files of temperature are peaking ones [3]: 7(o,t) =a, @F-z,‘)h‘
.50, ~Lsns<0, t <ty <o

The peaking regimes originates in a natural way in a non-
-linear medium with @ (7)=%.7%5 4,>0, B>7. 1In this case
the problem (1), (2) has a selt-similar solution [l 4, 5]

Tlye)=9"(4-t)"0k) , §=%[(kplDV 2 tle-£)" ] ¢a)
%o ® [T
where ”5‘13_7" m = 6,( ) and @74 ) is found from
an equation - ﬁ; o A
-h9+m;9:(6’9) R (5)

: / ’
with conditions B(0)=0 ana 860> 0 , 0+0 atl3|+ee .
These solutions describe an asymptotic stage of a process,

when [ﬂ:”{’% (7)dtde > ‘[;”7,‘ re)de .
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For the case A~ ;’;;*gm o) (5) has D, 5]a solution

(S-regime) 67(5) [cr(o*f.,z) cas ”fA;g )J ar which des-
cribes a localized heat structure with the invariable in time
size of a burning region
7= K, A8y, A% e (e

Ar depends only on medium properties Ko , 0 and Zo (fun-
damental length (FL)). On case of HS-regime (<o +»7) the
localization is absent, the burn region size ~/t‘7e—t)mgrowa:
with the time (m<o) . At A >6+7  (LS-regime) a half-width
of a heat structure shortens, and (9(1)—-‘(6*‘2) T Boee7 at
(|» e . In this case (5) has a set of solutions ("eigen
fu.nctions" (EF) of a non-linear problem). Their number is

Nep=[a - [*3a]], a /Aﬁa:_f »[a] is an integer part of
6L|_-6] Constant C; is the analog of an eigen value for an
i-th EF: 8:(2)- C§~ /5-0"1 ,€:>C, €24 . The form of EF
(7s is 9§, 022, p= 3.18, M. 1’.?) is shown in Pig. 1. If LS-regime
is established with non—self—s:.mllar and finite initial data,
the solution has a form of the first EF and is always strictly
localized [7] (the asymptotics et |$]|= 2 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 end a heat source ¢,,(7) , which is caused by a local ab-
gsorption of o -~particlies of DT-reaction. The power approxi-
mations [1,8]of 4 »7(T) show that the source works in S-re-
gime at 7 =5kel/ . The corresponding FL (6) is p/, ¥02gcm™2
[8]. The result of the computer simulation of the (1), (2)
problem under ¢, (7)  from [S]and taking into account the
bulk emenation (which dominates for 7S #«kel/ ) is shown at
Fig. 3.

The investigation of HS, S and LS-regimes in a multi-di-
mensional case and for a density distributed in space is car-
ried out in [10, 11].

The solutions of the following type 2

Fo(x,t) =Boi (to-t)" L 09), 37 73 (7
(Mo is a plasma mass, < is a Lagrange mass coordinate,
Bos =onSEt™ ) are constructed [12, 13]for a gystem of one-




618

~dimensional equations, which describe plasma granting the
ty-pical dissipative processes (heat conductivity, viscosity,
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 f} are shown at PFig. 4 for the case when
plasma in compressed by a cyligdrical piston. Herel=7[3/0 ?y
rfé-t)q{;] T Q= k7755107 Ve-2) 517 density p- S[r.67107 %8 71,
magnetic field #,=/h[o.389/t,-t)7] in CGSE system, M,20.94g/cm.
The heat structures, caused by a source action (ohmic heating,
thermonuclear heat production) originate from (7) regime provi-
ded that adiabatic exponent < if (axial) or3/<zg (spheri-
cal symmetry) [12, 13] .
The realization of the (7) regime for & theta-pinch can

eliminate the electron heat conductivity losses along the
axis dew to the localization effect f14]. The estimation (3)
gives for the pinch length ip =2 R the following value 4,2—

:’1'4’-/0”!/(7@5/2 tans T Chts where <%&p) (eV) 1is a temperature
in the middle of the pinch, % {(s) is the localization time,
and density #, (Ccﬁff) at the ends ig constant (S-regime).
The table of values ZP . ﬁg and o from [ 14] depending on
parameter hto ig given below for <Te) =1 kel _g compres-
sion.%; = 10% and ho = 1016 cem™ ', T P~ (Ce-t) é_along
the entire pinch length, ZP decreases ~ 1,6 fold (LS~
regime) [14] »
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STIMULATED RAMAN SCATTERING IN THE PRESENCE OF FILAMENTATION

H.C. Barr, T.J.M. Boyd and G.A. Coutts
University of Wales, UCNW, Bangor, Wales

Abstract: A model is described for Stimulated Raman
Scattering (SRS) in which the plasma density and laser
intensity profiles have been corrupted by filamentation and
which accounts for the interplay between the effects of the
inhomogeneity, the kinetics and the focussing of the incident
and scattered light waves. Waveguide modifications to the
SRS emission spectrum are discussed.

1. Introduction

Stimulated Raman Scattering, the resonant amplification by
a light wave of a plasma wave and a scattered light wave of

lower frequency, is expected to be a concern in the
interaction of 1laser radiation with the 1large targets
conceived for inertial confinement. Experiments Lo date have
been characterized by laser beams having noisy intensity
profiles. Such variations may be exacerbated by the

filamentation instability or self-focussing of beam hot spots.
Such locally intense laser radiation will make SRS thresholds
more accessible; against this, the transverse inhomogeneity
will inhibit SRS as will the increased Landau damping in the
low density regions excavated by the focussed light.

2. Model

We assume an electron slab plasma having a sinusoidal
density profile

ng(y) = No(1 + € cos 2Ky) (1)
and incident laser light whose eleclron oscillatory velocity
is

Vo = 2voly) sin (kgx - wot)i (2)

where v, (y) 1is consistent with ng(y) and which, for this
polarization, satisfies the Mathieu equalion

ve" + (a - 2q cos 2n)v, = 0 {3)
where a = (u% = u2 = kﬁcz)/chz y 4 = ewg/Zchz and
n = Ky . Wp is Ehe plasma densily corresponding to the
mean density N, . When q < 1 , vgy(y) is approximately
uniform while, if q > 1 , the light is strongly focussed or
guided. The choice of (1) represents an infinite array of
densily channels. However, when g > 1 , wave energy is

localized or trapped within a single channel and hence we may
expecl the analysis to describe the behaviour of a single
slab filament. The scattered light is polarized paraliel
to the laser light and described by a driven form of equation
(3) . The plasma waves are described by the Vlasov #qualion




driven by the ponderomotive force of Lhe beating light

waves. Since the plasma wave energy is strongly localized,
we need only use the appropriate local value of Vo3 as
given by (3) and normalized to conserve energy and mainlain
pressure balance. Here we develop the theory assuming a
uniferm v,(y) and adjust the local value a posteriori when

the location of the resonance is established.
The resulting equations then are Lhe usual SRS equations
which, when the sinusoidal densily profile is included, become

2 1 2 ]
[WF - w2 0]y 0 - g e wly (k) ¢ oy (kO] = dkvgy () (4)
1 A
z

-1 A A A
[+ xhmwly o + g e [k, v o + ke y )

. 5 e A e N .

=i v [e v e+ ek v ke ¢ SRy k)] 0 8
All quantities are normalized to c,w, . ys and y are
proportional to the scattered and plasma wave electric fields
respectively. %X(k,w) is the usual electron susceptibility
Wg =1 - w, kg = kg -~k and 'k; = k £ 2K . IL is the

solution of the linear difference equations (4),(5) that
constitutes the main result of this paper!

3. Results

The solution of (4),(5) for growth rate versus scattered
frequency are shown in Fig.l for a series of filament depths
€ with the laser intensity kept uniform such that
Vg = 0.01c . The mean density is 0.24n. and the
temperature is 2.5KeV . (ne 1is the laser light cut-off,
or critical, density). The homogeneous plasma growth rate
(e = 0) of characteristic bandwidth », is shown for
reference. As the filament deepens SRS may occur at a
discrete set of frequencies (€ = 0.25) exhibiting the guided
plasma wave normal modes in the density channel

2° . .2 _ 2 2 —
wo = wp (1 €) + kxc + v6€ (2N + 1)K Vewp (6)
(N = 041325 caa ) = The focussing of the backscattered light

at the density minimum strongly biases growth in favour of
the most deeply trapped (low N ) modes of equation (6).
Growth is clearly dominant for resonance at the density
minimum. When this density is low enough (e= 0.75)
Landau damping becomes strong, washes out the plasma wave
resonances and substantially inhibits growth. Ultimately
(e = 1) SRS degenerates into stimulated Compton scattering
at these low densities with optimum growth occurring at
locations higher up the filament wall.

This maximum growth eigenstate is illustrated in Fig.2
for a temperature of 0.63KeV and a mean density of 0.ln.
Curve a) shows a rapid decrease as the resonance localizes
such that the bandwidth associated with the density variation




exceeds Lhat assovcialed with the growlth (e w ¥ }'u) -
Thereafler a gentler decline occurs (¥ = el 3) which is
putely u scalelenglh effect al the parabolic densily

minimum. The reduction in growlh is accceleraled when Landau
damping becomes slrong (e ~ 0.4) . Curve h) shows Lhe
enhancement in growlh due Lo Lhe focussing of Lhe scaltered
wave. Finally, curve ¢) includes the focussing ol Lhe laser

light leading to a modest net increase in growlh, although
less Lhan might have been anticipated, until Landau damping
becomes strong. Broadly, then, light wave focussing
overcomes decreases due to plasma inhomogeneity but yields to
Lhose due lo Landau damping.

4. Waveguide Effects

When Lhe waves are guided wilhin a channel, higher
frequencies are needed Lo maintain propagalion. Given the
dominance of SRS at the densily minimum of a filamenl, such
waveguide corrections can reslrict emission to a narrower
band with minimum freguency greater than the expected w,/2
To quantify this, neglect plasma temperature so that the
plasma wave frequency al the density minimum is

w2 = wﬁ{l - €) = ”El say; Lhe focussed backscattered light
has frequency Wwg given by

& . 2 2 2

W, = wPL + kac + wplc/L (7)
where L = (wp/wPl)(Ee)‘H k-1 is the transverse scale length
at the density minimum. Frequency matching at the scattered
wave cut-off gives the minimum scattered frequency

. =]
W = 0.5 uo(l & c/uoL)(l + c/ZuOL) (8)

If the filament focusses to a skin depth then L ~ c¢/w, and
Wg > 2w,/3 significantly higher than w,/2 . For a
cylindrical Gaussian filament of diameter a , wPI/L 5 4c/a2
in (7) giving a cut-off frequency

. 2. 2.2
€. .F 0.5 uo(l + dc /woa ) = (9)
Using the minimum radius for a self-trapped filament?Z
a = (2e)¥ c/wpa , where wpn corresponds to the maximum
plasma density ny outside the filament, gives
- f
Wy = 0.5 W, (A ZnM/enc) L (10)

This again may be substantially greater than w,/2
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An Inertial Confinement Fusion System
for Space Applications

T. Kammash and D. L. Galbraith
University of Michigan
Ann Arbor, MI 48109

A new approach to fusion that combines the favorable aspects
of ma?netic 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 (DT) fuel is zapped by a laser
beam through a hole 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 energy confinement is provided by a strong, self-
generated magnetic field that serves to thermally insulate the
plasma from the surrounding walls. The life time of 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 lower temperature 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 1021em-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 two microsecond burn time.
Because of its relative simplicity and ability to produce power in
the multimegawatt range it is shown that MICF is especially attractive
for space-based power station. If used for rocket propulsion it 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. Hasegawa et al, Phys. Rev. Letters 56, 139 (1986)
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2-D SIMULATIONS OF LASER ACCELERATED THIN FOILS

S. Atzeni

Associazione EURATOM-ENEA sulla Fusione, Centro Ricerche Energia Frascati,
C.P. 65 - 00044 Frascati, Rome (Italy)

INTRODUCTION

Experiments on laser acceleration of thin foils allow for the study of
laser-matter interaction and of the process of ablative acceleration by
using a simple, single beam, laser configuration [1-4]. Sufficiently thin
foils can be accelerated to velocities about 100 km/s [1-4], even by using
laser pulses with energy E of a few J [3-4]. Such experiments also allow
for a number of transverse and rear-side diagnostics which are not feasible
on spherical targets. On the other hand, significant departures from truly
1-D geometry may occur, due to the finite transverse size of the beam, to
the non-uniform illumination, as well as to fluid and plasma instabilities.
This motivates the present 2-D numerical study of the hydrodynamics of
foils irradiated by low intensity, Nd: laser pulses, performed by means
of the 2-D Lagrangian code DUED [5].

DEFINITION OF THE PROBLEM

We have performed numerical simulations for laser and target para-
meters approximating those of a series of experiments conducted at Frascati
[3,4]. For the laser pulse we have assumed a triangular temporal shape,
with peak power at t=1 ns, and width At(FWHM)=3 ns. The simulated beam is
parallel (f/= optics), with a trapezoidal spatial shape, with flat-top
radius R.=160 pm and spot radius R =240 pm. The peak intensity is
1012 W cm~2, and the energy on target is E ~ 4 J. We have considered three
plastic (CH) targets, with radius R =500 pm, and thickness AZ =1 pm, 3 pm,
and 20 pm, respectively (corresponding to fractional ablated 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 for that of the status (temperature and density) of the
dense, accelerated foil, which would require the treatment of X-ray trans-
port.

COMPUTATIONAL ASPECTS

Despite of the simplicity of the model, the present simulations are
computatiorally rather demanding. Indeed, 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 shear-
ed region at the edge of the laser spot (see, e.g., Fig. 1). Furthermore,
given the small thickness of the ablated layer (0.6 pm), very thin zones
(with initial axial spacing AZm <0.03 pm) are necessary for the description
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Fig. 1: Ablative acceleration of the 1 pm thick target. Mesh (solid) and
selected rays (dashed) at a) t=1.5 ns; b) t=4 ns, c) t=8 ns. The 20x30
zone mesh at t=0 had uniform spacing in each direction.

of the ablation process. This results in a particularly severe Courant
stability condition, as a consequence of which 5%10 thousand steps are
usually needed to simulate the evolution from 0 to 8 ns. Even using a
rather coarse transverse zoning (20 radial zones) and a relatively small
number of light rays for step (20+30) the simulations described here have
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Fig. 2: Mesh plot at the same time t=4 ns for targets of different thick-
ness: a) AZ =1 pm; b) AZ =3 pm; c) AZ =20 pm. To allow for an immediate
comparison, the mesh in the laser ablated 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, which
in practice takes up to 70% of the CPU time; notice that the use of a
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small pumber of rays is allowed by the use of an original ray-tracing
method [5,6].

We have used a mesh with 20 uniform radial zones and with 30 uniform
axial zones in the 1 pm thick layer closer to the laser. (We have tested
that only minor changes occur if 45 zones are used instead of 30). For the
3 pm and 20 pm thick targets we have used 15 additional axial zones of
gradually varying thickness to describe the rear side of the target.
The radial zoning employed only allows for the study of effects with a
rather large transverse wavelength (greater than 50 pm). The analysis of
such processes as the evolution of the most dangerous modes of the
Rayleigh-Taylor instability (with wave-number k ~ AZ-1) would in fact,
require the use of radial mesh spacing comparable with the axial mesh
spacing used here.

RESULTS

The process of ablative acceleration of a foil to high velocity is
clearly shown in Fig. 1, referring to the 1 pm thick target. Here we
observe the formation of the corona (Fig. la) and the quasi 1-D accelera-
tion of the foil, which carries the imprint of the spatial shape of the
laser beam (Figs la and 1b). About 4.2 ns the foil reaches a velocity
vz=-100 km/s. At later times the foil begins to disassemble (Fig. 1c). In
Figure 2 we compare the 1 pm, 3 pm and 20 pm thick targets, respectively,
at time t=4 ns. At this time the foils have negative axial velocities
about 95,27 and 3 km/s, respectively.

Although further analysis is needed, several results can already be
discussed. The overall kinematics of the foils and of the corona (e.g.,
foil displacement vs time) is in good agreement with the experimental
results [3,4] and also with a simple rocket model. For the 1 pm thick
target the shape of the foil shown by Fig. 1b is very similar to pictures
of the relevant experiments taken by means of dark field shadowgraphy [4].
The absorption fraction (90% in the experiment, with reflection essentially
occurring in the first 300 ps [4]) is close to unity in the simulations,
because of the poor description of first stages of the formation of the
corona. Comparison with 1-D planar simulations shows that lateral expansion
of the corona causes a certain degree of cooling of the corona (about
15+20% in the peak electron temperature).

The analysis of the mesh shape in the corona of the three targets of
Fig. 2 shows, in qualitative agreement with experimental results [1,4], in-
creased velocity of the ablated matter in the laboratory system, as well
as increased importance of lateral expansion, as the foil thickness
increases from 1 pm to 20 pm.
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DEVELOPMENT OF TRIANGLE-MESH PARTICLE-IN-CELL CODE
FOR LIB DIODE SIMULATION

S. KAWATA and M. MATSUMOTO
The Technological University of Nagaoka
Nagaoka, Niigata 940-21, Japan
Abstract
The paper presents the development of a triangular-mesh particle-in-

cell (PIC) code (TRIPIC) for a numerical simulation of a light-ion beam
(LIB) diode and an LIB focusing in an inertial confinement fusion (ICF),

1. Introduction
In an LIB ICF one of importent problems to be solved is a LIB
focusing or to design a diode which produces a well-focused LIB. A PIC

code is suitable in order to simulate a LIB diode and to design it. Up
to now many PIC codes 1,2 have been developed to simulate plasma
phenomena, a diode and so on. They have usually 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 PIC
code of TRIPIC triangular space meshes are employed to describe the
complicated region.

The TRIPIC code consists of the following parts: 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, particle pusher in which a relativistic equation of
motion is solved, field solver for electric fields by a finite
differential method associated with the triangular space meshes. The
interaction between particles and space meshes are accomplished by a
weighting method. .

2. TRIPIC code

The relativistic equation of motion for charged particles is solved
by the Bunneman scheme.

The field solver for electromagnetic fields is based on the
reference 3. In the 7real space the region covered by six triangles
surrounding one point is a primary mesh region. The secondary mesh is
also illustrated in Fig.1l. Here we think about a generalized Poisson
equation:

ad
£ — =V-(AV®) + s s: source term
it ( #,A : coefficients )
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For the descretization the equation is integrated over the secondary
meshes. In this case the gradient of physical quantities is constant in
each triangles in the primary mesh. For the first term at the right
hand side of the above equation, the Gauss law is adopted and the inward-
and outward-fluxes are computed. In each triangles the gradient is
described by the following expression:

(@ — @) Bt — (Prg — ) & ¢

Vo =
B - St
Each notations are defined in Fig.2. Finally we get the descretized
equation of the generalized Poisson one on triangular meshes:
gd 1
— = — [Zw (& —@) +8]
dt G

G = Lampram/z . S = Lsimizapsyz

wi = + (Amzcot Bzt Alyzc ot B1are)

By using this method other basic equations are also descretized for the
electromagnetic fields. )

For searching a particle position the triangular mesh is not the
best one. But if the triangular meshes are numbered in searies and we
remember the position at the former time, to find the new particle
position is accomplished by searching the several meshes just surrounding
the mesh in which the particle was located at the former time. In
addition, we need the interaction method between particles and meshes to
compute the current and the charge densities. Each particles has a
Pinite radius. Meshes located inside of this circle interact with the
particle. In this weighting method the weight is defined by the inverse
of the distance between the particle and the mesh point.

In the space-mesh generator two Poisson type of equations are
solved, because the TRIPIC code is the 2.5 dimensional code. In the code
two kinds of lines are employed to do numbering the triangular meshes.
Each 1lines in the real space is considered to be like a equi-potential
lines. If the two Poisson equations are solved inversely in the logical
space with appropriate boundary conditions, the numbering of the space
meshes can be accomplished.

In the particle generation the Gauss law is adopted to the mesh just
besides of the electrodes with the space-charge-limit condition. The
velocity of the particle is determined by the Maxwell distribution.

In Fig.3 one example of numerical results is presented: the
generated space meshes and the static electric potential lines. Figure !
shows the electron particle map for the code check of Child-Langmuir
current in an anode-cathode gap; in this case the anode-cathode gap
distance is 5 mm and the applied voltage is 1 volt.
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3. Summary

By using triangular meshes TRIPIC code is developed for simulating
the phenomena in the LIB diode or of the LIB focusing or relating to the
plasma inside of the rather complicated region.

Previously many PIC codes have been developed by using square meshes.

But recently we need to simulate a rather complicated problems especially
in an LIB ICF, as mentioned above. For this purpose the TRIPIC code is
fitted.
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SIMULATION OF LIGHT !ON BEAMS FUSION CAPSULES
J.J. Honrubia, C. Gonzalez, R. Otero

Instituto de Fusion Nuclear (DENIM), Univ. Politécnica Madrid.

1.-INTRODUCCION

The DENIM simulation capability for detailed analysis of light ion beam
and ICF physics has been extended and experienced, including fully-EM 2D
particle-in-cell simulation, beam-plasma and atomic interaction models and 1D
charged particle transport coupled to fully implicit 3T hydrodynamics with
radiation transport and improved atomic data.

This updated capability has been applied to the energy deposition by
unfocused ion beams in different ICF fuel capsule concepts. Detailed
calculations of the average ionization potentials, more accurate opacities and
detailed radiation transport effects are taken into account. In addition, the
collective effects and plasma regimes of the low density zones in the corona are
studied by PIC simulations to assess the plausible instabilities or anomalous
energy deposition processes, if any.

Specifically the works on numerical simulation of Light lon Fusion (LIF)
physics has been devoted to the characterization of the hydrodynamic and
energy response of directly and indirectly driven targets. In this paper, our
model for ion energy deposition is described and some results about target
performance in the 1D simulation frame of the upgraded NORCLA code are
presented [1, 2].

2.-MODEL FOR LIGHT ION ENERGY DEPOSITION
Charged Particle Transport

The starting point of our physical model is the linear Fokker-Planck
equationin a Lagrangian frame:

~ ap AS+D+Dy]

1 ay
= 3 (Vip)+Q.—=
vV f (Vi) or aE

a ] -
+T=(—p) =+ —(R+R )1 - Dy +Qr,E, 0

» TR TR
where gy =vn stands for the angular flux in transport notation, Q for the
direction of particle motion, v(r,t) = v, -r(r,t) for the relative velocity of the
particles to the plasma, and V for the volume of lagrangian intervals. The former
equation is used for the transport of ion beams, suprathermal electrons
produced in laser fusion and fusion products. The coefficients of the terms
related to collisions, kinematics and self consistent fields have been published
elsewhere [2,3].

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, @ general formulation of the
interaction coefficients has been used. For free particles, the linear dielectric
sz ponse of a multi-component plasma including local field corrections is
considered. In particular, the free-electron stopping is obtained for a
degenerate gas following the prescriptions of Ichimaru ld?and using a Thomas-
Fermi (TF) model for the average ionization degree and the degeneration
parameter. For ion beam energy deposition the 39 eneration effects are not
important in a wide range of cases, and the former formulation reduces to the
linear response of a classical Vlasov plasma.

The bound-electron contribution plays an important role, especially in the
next future ion beam interaction experiments with low-temperature plasmas.
Its accurate determination from first principles requires a great deal of atomic
infarmation, so that. we have considered both the TF and full quantum frames,
the last one by using our ADELA HFS code [2] The results obtained with those
modeis are comparea with the GOS results in Fig. 1 for the ground state of Al
ions. In this picture we have considered the free electron gas (FEG), augmented
free electron gas [5] (AFEG) and Bohr-like (B) approachesin the context of the TF
theory [6], and the ADELA potentials 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 results. Because the
AFEG model leads to the GOS results when a quantum electron density is used
[5] and the agreement of the B and AFEG potentials is good, we conclude that
the B model gives accurate potentials up to the TF model precision. Therefore, in
order to save computational effort, we have selected the average ionization
potentials obtained by this model, but scaled to the experimental values
corresponding to cold media. The fine structure of the potentials due to the
shell structure of the average ion is not, however, represented in this way. As
these effects can be important in the current low-temperature experiments,
where the most important contribution is that of bound electrons [7], the full

uantum calculations have to be considered in this case. In turn, we consider
these results appropriate enough in LIF target simulations beyond the present
experiments because of the more impartant role played by the free electrons
and plasma effects.

Light lon Beam-Plasma Interaction

The second issue that has been studied is the plasma regime in the corona
under LIF conditions. Specifically, we have been looking for any plasma
instability or anomalous energy deposition regime at the low density and high
temperature zone of the corona for targets illuminated with high intensity
(>1014 W/cm2) ion beams. Numerical simulation shows that under certain
circumstances, such as those pointed out recently by Nardi and Zinamon [8],
plasmas at these conditions can be obtained. The picture for ion beam energy
deposition in such a corona is as follows: the ions lose a significant part of their
energy by exciting plasma waves (b-e mode), the growing up of these waves is
damped by collisions in the denser zones of the corona but, as the density scales
approximately as exp(-r/l), this mode might not be stabilized at the outer low-
density high-temperature zones. The result would be the production of
suprathermal electrons. However, as the number of plasma electrons available
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to be heated by this mechanism is small, no high levels of preheating should be
expected.

Therefore, we have been looking for the hot electron production by the
b-e mode under extreme conditions for both the beam and the plasma.
Specifically, we assume the values ne = 1020 cm-3 (low Z elements), Te = 300 eV
and np/ne=0.05 as input to the PIC simulation via WAVE code [9]. Linear theory
shows that for this parameters the growth rate fulfills the condition ve<<y<wy
(ve electron collision frequency), and the saturation levels reached are = 70neTe.
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
(AEp ~ o) and hot (AEp ~ 0.1 Ep) beams. The results for the cold beam case show
that the 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 trapped by the waves, stopping the growth of the
waves. As reported in Ref. [2], the electron distribution function presents a
suprathermal tail with a flat profile typical of particle trapping.

In the case of hot beams, the results show [2] 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 suprathermal
electrons in the cases analyzed. However more studies are needed to elucidate
further this and other phenomena, such asbeam stripping and density profiles.

3.-ANALYSIS OF DIRECTLY DRIVEN TARGETS

The model and new capabilities described in the previous sections have
been applied to the study of directly driven targets. Our goal is to find
optimized targets with minimum pulse power requirements to achieve a
significant 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 preheating of the fuel; a thin shell of
aluminium, to mitigate the Rayleigh-Taylor (RT) instability growth rate; a~+
finally, a layer of cryogenic deuterium-tritium. We have considered also two
designs with different aspect ratios, that have been selected in a conservative
(small) or optimistic (large) way for the RT instability. The maximum power has
been chosen in order to reach reasonable values of the hydrodynamic efficiency.

In this kind of targets we have obtained that the energy available (without
accounting focusing and radiation leakage) has to be = 1.5 MJ/mg to obtain a
significant 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 targets,
such as those required with the current pulse power diodes focusing. We
cernsider this result somewhat conservative mainly because of the high values of
radiation leakage obtained in oursimulations.
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THE RAMAN INSTABILITY: NONLOCAL EFFECTS

H.C. Barr, T.J.M. Boyd and G.A. Coutts
University of Wales, UCNW, Bangor, Wales, U.K.

Abstract: A code has been developed to solve the full
stimulated Raman scallering equations (SRS) in an arbilrary
density profile which thereby overcomes the local nature of

previous analyses, conlains the coupled back and forward
scatter resonances and wave reflections. This global
solution elucidates Lhe Ltransition between absolute

instability at the quarler crilical density and convective
instability at lower densities.

1. Introduction

Stimulated Raman Scatlering, the resonant amplification by
a light wave of a plasma wave and a scattered light wave of
lower frequency, is expected to be a concern in the
interaction of laser radiation with the large targets
conceived for inertial confinement. Recent experiments
indicate order of magnitude lower thresholds than predicted by
linear theory; unexpected spectral features are observed.

SRS in an inhomogeneous plasma having a monotonic density
profile admits two regimes. Below the quarter critical
density surface n./4 (n. , cut-off or critical density for
the laser light) a W.K.B. analysis shows that, in a linear
density profile, only convective amplification is possible
for either back or forward scatter. A backscatter threshold
is usually quoted as (VO/c)zkoL 21 (2vy , electron
oscillatory velocity of the laser light; k, , laser
wavenumber; L , density scale length). Such a "threshold"
is defined to give an amplification of exp(27W) over noise
levels. In practice this threshold has been relaxed
somewhat in an attempt to bring theoretical and experimental
values into closer agreement. Both back and forward scatter
are treated as independent resonances when clearly, as has
been recognized elsewhere!, they are not. For a given
scattered frequency wg , they are separated by a small
density difference

sn 2 ws Yy ws e
== | 126V Je) " = 20w == |8 1 = (1)

n w W

c o o o

with forwardscatter occurring at the higher density of the
two. If laser light propagates into a plasma of increasing
density the plasma wave amplified in generating backscattered
light will propagate to the forward scatter resonance and actl
as an enhanced noise source in generating forward scattered
light. In turn if the plasma is overdense to this light it
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will reflect and again be subject lo amplification al
Lthe backscatter resonance. These nonlocal effects create a
feedback loop which leads Lo temporal %rnwlh of the coupled
buack and forward scaller instabililies!.

Near mn./4 (for for sidescatlier), the back and forward
scaller resonances are degenerate as (1) indicates when
Wg @ Wy/2 ; this is the scattered wave cul off hence WKR
Lheory is invalid here. Neglect of plasma temperature
relrieves a second order equation, the analysis of which?
shows absolulely unstable eilgenstales whose Lhreshold is
(vo/e) 2k 1)3/3 5 1 .

2. Model

The SHS equalions, written here only for the (1D) back
and forward scatter of laser radiation normally incident on
an arbilrary density profile corresponding to plasma
frequency wp(x) , are

2 2 2 )
[aL v wl(x) Qx]vs - v, 3 B (2)
2 2 75.i9 L a2
[at + wl(x) 3veax]zP = - wlx) A (vov.) (3)
where wvg(v,) is the scattered (laser) light electron
oscillatory velocity and E is the plasma wave electric
field (all quantities normalized to ey ; damping terms
are not shown). We have developed a code which treats the

global SRS problem by seolving these full wave equations,
Laplace transformed in time and retaining only resonant
terms, to oblain a) temporally growing eigenstates if ilhese
exist and, if they do not, b) reflectivities (convective
amplification) from the nonhomogeneous equations with a noise
source retained. The equations are solved in an
inhomogeneous plasma slab o £ x £ 2 with boundary
conditions chosen to continuously match fields in homogeneous

plasma for x ¢ o and x > 2 . The interaction region is
assumed infinite although only resonant locally within
o< x ¢ @2 . The driven equations are solved analytically in

the homogeneous plasma x < o , x > ? to obtain Ffour
independent solutions of which, in case a) above, only those
two representing outward propagating waves are chosen in each
region. For b) a variety of options for incoming waves is
available to represent noise sources.

3. Results

So far, the code has been run to yield temporally growing
eigenstates in a linear density profile
(n(x) = n(2/2) + (x - 2/2)n./1) versus scalelength L or
versus maximum density chosen to include/exclude reflections
of forward propagating waves. Fig.l shows the growth rate

——t S ——




versus inverse scalelength L=l Ffor three eigenvalues with

frequencies wg ~ 0.56 w, — 0.60 w, (2 = 100c/w,) . The
mean density (n(%2/2) = 0.15n.) is held fixed while the
scale is reduced. L-1 = 0 retrieves the growth rate for

absolute growth in an infinite homogeneous plasma,
¥y = Zro(Vsz)K (Vig: + ¥ y=1  where VS(VP) are the group
velocities of the backscattered light (plasma wave) and ¥,
is the usual growth rate for a homogeneous plasma. The
plasma is resonant at all locations. As L~ increases the
resonance localizes and a sharp reduction in growth ensues
until the resonance width is clearly within 0 = x = @2
Thereafter growth reduces more slowly. For these parameters
the maximum density is still underdense to forward scattered
light. Nevertheless temporal growth of the now coupled
forward and backscatter signals occurs. The latter is
strongly dominant especially when well above threshold or
Wg is different from w,/2 ; nearer threshold back and
forward scatter signals are more comparable. Fig.2 shows
this case (» = 0.006w, , wg = 0.56w, , L™l = 0.0021u,/c
with v, = 0.0lc , Vo = 0.15¢c and damping neglected)
indicating small amplification within a narrow resonant
region as well as the swelling of scattered (s) and plasma
wave (p) as it propagates in the inhomogeneous plasma.
Although absolute instability is possible in this case,
thresholds are high relative to that for absolute instability
at wqy/2 . An empirical formula would suggest a threshold
given by (vg/c)? (koL)2/3 > «(wg) where « (~ 1) is a
constant which increases with wg

When the maximum density is increased (increased ¢ )
maintaining a fixed scale length L such that forward
scattered light is reflected, the growth rates (thresholds)
rise (fall) substantially. Ultimately we anticipate that
these thresholds will converge to thal given above for
absolute instability at w,/2
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BEAM LOSSES IN THE ICF STORAGE RING HIBALL II DUE TO CHARGE
CHANGING ION-ION COLLISIONS®

F.Melchert and E.Salzborn
Institut filir Kernphysik, Universitdt Giessen, D-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 II 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 Bit ions in the cm-energy range from
9.9 keV to 56 keV.

INTRODUCTION

High current Bi* ion ?eams of 10 GeV energy, as projected
in the HIBALL II scenariol! for igniting a DT pellet, may suf-
fer from severe intensity losses dus 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-
tions both for

electron capture (oc): Bi* + BiT = Bi® + Bi2+ (1)
and for
ionization (oj) st emt et 2 B1% b e (2)

have to be known as a function of the relative velocity.
The total beam loss cross section oy, is given by
o1, = Z(ZUC + 04) (3)

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 o, and o; for collisions between two
Bi* ions at center-of-mass energies ranging from 9.9 keV to
56 keV. A detailed description of the apparatus and the mea-
suring procedures has been given previously +3) | In short,
two momentum-analyzed Bi* ion beams of adjustable energies (up
to 150 keV and up to 15 keV, respectively) are arranged to
intersect at an angle of 45° in an ultra-high vacuum region of

"Work funded by BMFT under contract no. 06 Gi 658
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about 1-10710 mbar. The collision products formed in both beams
are analyzed with respect to their charge states by electro-
static deflection downstream of the interaction region. The
parent Bit ion beams are recorded by biased Faraday cups,
whereas the reaction products (Bi® and Bi“") are counted indi-
vidually by single-particle detectors.

Since the residual gas density, even at pressures of
1.10-10 mbar, exceeds the ion beam densities by orders of mag-
nitude, a low signal rate (Hz) has to be detected in the pre-
sence of a large background rate (kliz) due to reaction pro-
ducts originating from ion collisions with residual gas par-
ticles. A coincidence technique was employed to separate sig-
nal from background events in measuring the cross section dg
for electron capture. The cross section o4y for ionization is
obtained from the difference o = 02+ - 0g with 02+ being the
cross section for the total Bi2+ ien production (sum of reac-
tions (1) and (2)). In measuring o34 a beam pulsing technique
was employed to discriminate signal from background events.

Fig.1 shows the measured cross sections og and o34 to-
gether with the resulting calculated cross sections o; and
op,. The beam loss crosg section op, increased with collision
energy from 210718 cm? to about 9-1071% cm? in the investiga-
ted energy range. There are no experimental or theoretical re-
sults available for comparison with the present data.

Vrel [10° m/s] Fig.1: Cross sections
1 1.5 2 : for Bi* + Bi® collisions:
i % :// o: electron capture o,
2 x: ionization o,
- 24 =
- +* *: Bi” -production
%
20
= = *** s Gy, = G5 TG
B ot
O +* I -: beam loss
? 10 +¥i¢@§ g, = 2(20. + g,)
= £y L c i
' h**”
s +¢ﬂ¢
&)
2
It R ) A i 4 IR B |
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ESTIMATE OF BEAM LOSS IN THE HIBALL II SCENARIO

In order to calculate the beam intensity loss we assume
the ion density in the storage ring to be uniform and the ion
relative velocities to be maxwellian. The rate coefficient for
particle loss can be written

Emax
o g o (E) - v - £ (E) dE (4)
with oy, (E) = 3.14-10_17 cm2 e EU'812 (fit to exp.data)
glg) =2+ E . gB/T (Maxwell distribution)
T =T
Emax =a - T (at cut-off parameter)

The average temperature T of ions in the HIBALL II storage
ring is about T = 100 kev®).

The reaction rate is given by

2

= 2 . = T N &) )
R(t) = 5 / n" (x,t) 2. TP =5 « & g = %3 (85)
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).
Solviné the equation
t
N(t) = No - fR(r} &t (6)
o
we obtain the solution
2V
<g. -v>
i
N(t) = 5T (7)
tE+ N _« <g.*v>
o

L

Taking into account the HIBALL II parametersT)
4 ms (storage time) 5 3

(nr2) . 27R/4 = 1.31-10° em

with ion beam radius r = 1.5 cm

and storage ring radius R = 118 m

t
(]
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o Lan14
NO = 1.56°10

ions (12.5 A in one quarter of the ring)

we calculate beam intensity losses ranging between about 4 %
for a = 2 (cut-off at Emax = 200 keV) and 8 % for a + oo (no
cut-off) .

To obtain a more accurate estimate of the beam loss, numerical
calculations should be performed using realistic density dis-
tributions of ions in 6-dimensional phase space.

The authores gratefully acknowledge fruitful discussions
with Dr.R.W.Miiller and Dr.V.P.Shevelko.
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ION OPTIC FUSION RESEARCH IN SWIERK

M.Gryzinski, J.Stanislawski, J.Baranowski, S.Chyrczakowski
K.Czaus, E.Gérski, A.Horoderski, L.Jakubowski, W, Komar,
M. Komarnicki, J.Langner, M, Sadowski, E.Sktadnik-Sadowska

Institute for Nuclear Studies, Swierk-Otwock, Poland,

Abstract: The paper reports on recent results of studies on a fusion en-
ergy release with intense ion beams produced by inductive plasma accel-
erators RPI-15, MAJA-60, and SOWA-200, Several hundred-kA ion
beams with a mean energy ranging from several keV to several tenth keV
and pulse duration of a~ 0.5 us were directed towards gaseous targets
produced by fast high-pressure values, Evolution of the target was ob-
served by means of a high-speed photography, time-resolved spectroscopy
and X-ray diagnostics.

Introduction,

There are two key problems which must be solved to satisfy the basic
Ton Optic Fusion criterions (1), They are:
~ effective generation of powerfull ion beams,

- precise focusing of ion beams on appriopriately formed targets,

A solution of the first of the problems seems to be quite well advanced
/JONOTRONS, which were orginally developed for IOF research are now
successfully used for various technological applications/. The research
on the beam-target interaction within the IOF 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 IOF concept, two types of
experiments have been carried out:the first directed towards construc-
tion a long-beam fusion system, and the second which has in view the ion-
-implosion fusion, To produce targets of the density high enough to satis-
fy the IOF requirements /n; - L= 1041 cm‘zf a high-pressure fast gas-
-valve [operating at & MPa/ has been constructed, To learn about the
physics of the beam-target interaction various gases [deuterium,helium
and argon/ were used and evolution of the targets was observed.

Research on the long-beam systems,

This research was carried out with RPI-15 and M AJA-60 ion beam
accelerators ( 2,3) . In front of the electrodes, at various distances from
them, the gas target of various densities were produced with the fast
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valve and illuminated with D ion beams .,

o -
i -
T o
o

Fig.l, Schematic drawing of the beam-target experiments [on the left/
and evolution of the helium target as seen in the vissible radia-
tion /on the right/.

To determine ion beam parameters: radial profiles and convergence,
a system of 9 thermocouples was used and energy density in the beam
was measured, To determine the time behaviour of ion beam pulses a
Thomson mass-energy analyser equipped with photomultiplies was used.
Typical energy density profliles and ion signals are shown in Tig.2.

e
B4
1.0 3.5 5,8 Kl Z8
e
b

2
T/em I5cmx1Gem

Fig.2, Energy density profile at the distance of 25 cm [rom the electro-
des of RPI-15 device fon the left/ and signals of deutcrons em-
mitted along the axis of MAJA-60 device [on the right/.

To estimate a corrclation between the ion emmission and an accelera-
ting potential, generated during the current breaking phasc, the ion beam
was directed on a heavy-ice target and neutrons were measured with
scintilation detectors. It has been found that the noutron emission fol-
lows quite closely the acceleration potential.
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Fig.3. Typical oscilograms
from RPJ-15 and MAJA-60
facilities showing the cor-
relation between the neu-
tron emission and the accel-
erating potential,

From absolute time-resolved neutron and accelerating potential meas-
urements the absolute value of the ion beam current was estimated.In the
case of the RPI-15 device the amplitude of the D beam current has rea-
ched 100 kA at the total current of the circuit equal to ~ 250 kA,

Cylindrical Ton Implosion.

The main investigations on the ion-implosion fusion are being carried
out with SOWA-£00 facility, i.e. a modified SOWA-150 facility (3) in
which energy of a supplying system has been increased from 150 k] to
400 kJ. A gas target produced by two high-pressure fast gas-valves was
illuminated by cylindrical radially-convergent D" ion beams, produced
during the low pressure discharges between two cylindrical grid-type
electrodes supplied from two sides, as shown on Fig.4. The most of ex-
periments was carried out at 250 kJ.

DEUTERONS

\ GAS TARGET (Ar)

Fig.%. Scheme of the SOWA-£00 ion-implosion experiment.




Evolution of the illuminated targets was observed with a high-speed
photography.Depending upon the target density and the gas used a consid-
erable differencies in the cvolution of taracts were observad. The typical

cvolution of the gas taract is shown on Fia 7,
2 5 4 5 6 t [us]

~rays
! Lme-mtcgratL ad /

[ﬁ’][ LI

Fig.5. Implosion ol the Ar target and X-ray emission.

To get more precise information about the dynamics of the implosion
a time-resolved spectroscopy was used. There were observed the Balmer
lines of the deuterium beam andthe various spectral lines of the target
gas as well as a continuous radiation at the given wave lengthes.

Fig.6. Time behaviour
of the spectral lines of
the D atoms from the
beam and He atoms from
the target [on the left/
and continuous radiation
/on the right/.

It has been found that the continuous radiation is emitted during a short
interval time corresponding to the beam pulse length. The observations
of the target gas lines show two maxima - the first which corresponds to
the illumination of the target by the D* beam and the second which ap-
pears at the intertial collapse phase,
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ICF VOLUME COMPRESSION AND IGNITION CALCULATIONS
Hora H., Chicchitelli L., Eliezer# S., Stening, R.J. and Szichman H.

Department of Theoretical Physics
University of New South Wales, Kensington 2033, Australia

A re-evaluation of the difficulties and prospects of the central spark ignition of laser driven
pellets iz given in view of Yamanaka’s highest gains where cemtral compression had to be
avoided in favor of a volume compression. The marginally treated volume compression theory,
volume burn and the 1977 discovered volume ignition are re-evaluated and generalized fusion
gain formulas and the self-ignition varying optimum temperatures derived. Reactor level DT
fusion with MJ laser pulses and veolume compression to 50 times the =olid state are
estimated. The surface tension caused by the double layers lead to stabilization. A further
mechanism for generating suprathermal electrons by the dynamic electric fields in double
layers 1s reported.

1) Introduction

The recent experiments on laser fusion [1] resulted in highest DT fusion gains and in a
homogenous emission of x-rays only if a homogeneous volume compression of the pellet was
achieved and any shock compression of the pellets center was avoided. This is contrary to the
expectations of the scheme of the central core ignition with its well known difficulties [2]
and revives the long years studies of the volume compression where the self-heat by the
alphas resulted in the volume ignition (31,

Nevertheless there are various problems yet to be studied in both schemes: the spark and
the volume ignition and the wel known fact that the total gain G for the pellet fusion has to
be much larger than unity for the applicability of fusion reactors. Defining G as the ratio of
the energy produced from a DT plasma [of imitial fat time t=0)density n., volume V., and
expansion velocitiy zero] per input energy E, ard taking into account that the fusion burn
works twice during compression and expansion, the gain for a fusion reactor has io be

) 2G > [ /iabed) > L+ W

where a is the hydrodynamic efficiency an best cases 20%), b 1s the power station efficiency
(35%1, c 15 the optical coupling of the laser energy into the pellet (20% in good cases), d is the
laser driver efficiency (in extreme cases 20% e.q. in the cluster injection amplifyer scheme
[41), and W 15 the relative amount of output of usable electrical power which will be assumed
of a value 1, Under these verv positive - but technologically feasible - assumpticns the value
of G has to be larger than 22.3. This counts for the volume ignmition onily where the
compreseion and the expansion will count for the burm; for spark ignition ome has to take
twice the gain, 44.6 as absolute minimum. For realistic considerations one may simply assume
that the gain G has to be of a value of sbout 100,

2) Central Spark Ignition of Pellets

Trere were iwo 1ratial arguments in favour of the spark igration: {a) a volume burn of 3 fusion
pellet even with 100% consumption of the fuel would result in a maximum gain of 2421 oniy if
the cptimum temperature of the volume burn of 10.4 keV has to be used ,and (b the mechamsm
of the transfer of the lazer energy immediately suggested the spark mechamism: simce the
laser laght car interact with the pellet in a shailow depth only, the heating of the peliet can
oe performed by thermal conduction from the heated corona to the irterior oniv ang tre
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mecharcal action of compression 1 then obtained from the reccil of the ablated corona
plasma. This recoil cam be preferrably be used tor a concentration of shocks in the cente~ n
crder to reach densities bevond 1000 times the zohid state densaty oo, The reachon in the
center has io produce a ruclear reaction wntensity beyond 1617 wWoem? 153 for triggering *he
fusion wave.

Tha - -
The advar

age with respect to a) 1s the hope that the pellet car be of suck size that the
fusion wave can thern bur~ a large amount of fuel such that higher gains tham 330 can be
acmeved, however the problems of geometrical uinformity of irradiation and compression, and
the ther increasingly critical Rayleigh-Taylor instabilities are special problems. The spark
wgmticn conceot was zromoted by H. Brueckner since 1949 [62 ard i 13 zo far the most
predominantiv discussed scheme 1n view of the “irst experimental success by KMS-Fusion [7]
when the x-ray pin hole camera pictures showed the compressed high temoerature pellet core
in combination with fusion neutron generation., Nevertheless: spari igmition has never been
achieved yet but only burn of the shocked fuel in the center.

Within the problems of the spark ignition thzory remain the guestions of the penetration
depth of alphas as well as the interpenetration of the burrdng plazma into cold fuel. The
precursing of an electron heat wave, long considered as dominating, has been shown to be of
minor 1mportance L83 in view of the rew resulte of the electric double layers [93. The
threshald of the fusion wave of 1610 Jrem? <or the eolid =tate densaty could be lowered.

When calculating the necessary conditions for the spark ignition based on the improved
conditicns for triggering the fusion combustion wave with the optimum ratic bewteen density
of the core and the density of the surrounding lower density plasma, based on a laser input
energy of 1 MdJ, the density of the compressed core has to have at least & dencsity of 401
times the solid state density.

For more realistic conditions we recall earlier known recults [107 that the compression of
the core for the spark ignition has to be {000 time of the solid state density. It further
turned 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 triggering the fusion
combustion wave. Other problems for spark ignition with respect to the double layer produced
strong reduction of the thermal conduction [91 and the problems with the equation of state
[2] are well known too.

3) Volume Compression and Volume Ignition

The computations for the optimized DT fusion gains G for a homogenecus distribution of an
ernergy E, to a spherical volume V, of radivs R, and density ny expanding adiabatically
against vacuum was found [11] to be

@ Gy = €o/Bgg)t/ ding/ng?/3

1f the initial temperature (averaged particle energy) at the begin of the expansion was

@ T, = 10.2 keV

where Egp= 1.6 MJ is the break even energy. Substituting volume by radius and expressing Ty
by (3), Egud is algebraically identical with Kidder’s [{21 value G=const.n R, with a
difference of the constant by a factor of about 2 0131,

Adding to the computation of the volume compression and volume burmy 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 [31[13] which was itentified as a volume ignition. A
re-evaluation of the results was performed in view of the recent experimental realization of
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the volume compression with avoiding any shock compression of the pellet certer [11, and the
following generalized gain formula was derived, valid for gains up to 200

B G=GE o/ 1(6.32x10%ng /m 2 L1+E /(1581040 /n )2 1/ 2- 43

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 of Eg. i4) is then
generalized into

/7_5
B Tont = T,L@5 + 106,04/ - 51/G,

opt ®
Egs. (4) and (3) change into Eq.s (2) and (3) for gains below 5. The fact that the optimum
temperature decreases from 10.2 keV to values as low as Z KeV or less indicates that the
limit of a total gain for volume compression of 421 - ore main argument in favour of spark
ignition - does not longer hold for volume ignition: the limit is then a gain of 2240 or maore.
Indeed the detailed computation [330437 arrives at gain saturatior of 1030, It further follows
that the maximum burn at volume ignition is 39% only.

The result that the volume ignition always begins at a gain of 5 leads to a relation between
compression volume and length which immediately reproduces the characteristic length for the
etopping power of the fusion produced alphas in the pellet, For colid state dernsity, a gain of
5 is reached for a pellet radius of 0.57 cm which with the geometrical factor of the stopping
length for the self-heat results in & stopping ramge of 2.3 gom © in agreement with the
theoretical values (see Fig. 35 of Ref.C147),

The most interesting conclusion is that Yamaraka’s volume compression [1] needs densities
between 30 and 50 times the solid state only for an irradiation of 1 MJ laser pulse energy
according to Eg. (1) for achieving the conditions of a fusion reactor. The advantages of volume
compression were chserved also in computations with respect of minimizing of entropy
production [153

4) Double Layer Pheromena Improve Pellet Compression

While the Rayleigh-Taylor instabilily 1s very disadvantageous for the spark ignition and of
lese influence on the volume grition, & stabilizing factor against thiz instability is poesible
by the surface tension due to electric dovhle layers.

Contrary to the surface tersion of liguds caused by intermolecular forces, fully ionized
plasmas are compensated by attractive and repulsive Coulomb forces. However, the double
layer at the surface, results in a surface tension of the value

@ o =gl Zwnd e ergiomt

where g 12 the strength of a thermal double layers which s of the value between 3/2 and 10, &
1 the electron density and T is the plasma temperature. The dispersion relation of surface
waves was drived and =tabilization was found for surface waves of the wave length

-4 i ;
" Az ETTADTD

where Ap 1= the Debye length. In nonlinear force domsrnated laser produced placms, the
effective Debye length car be 108 fimes and more than the thermal Debve lergth, A further
stabilizing mecharmism is due to the charoing process of the plasma pellet,

For the illustration of the double layer phenomena we report here a recent result about the
generation of energetic electrons i laser produced plasmas, The experimental obeerva
suprathermal x-ray emssion from laser produced pl

of

ae 1z weli vnown (133 amc is
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explained from the dielectrically increased (swelled) quiver motion of the electrons as Known
from nonlinear force action and as automatically reproduced from multiparticle codes [161.
Other possible explanations are given by resonance absorption or a special new resonance for
perpendicular incidence [171, or simply by a local strong increase of the hydrodynamic
temperature due to double layer caused inhibition of thermal conduction [12],

A further new mechanism is the fact that there are the mentioned very high longitudinal
electric fields inside the

50~ Fig. 1. 1017 W/cm? Nd glass

laser irradiating a 0.025 mm
thick plasma slab from the
left. Computed traces of
electrons of 1, 5 and 30 KeV
initial thermal energy moving
—— 1lkeV collisionlessly to the left
~~~~~ SkeV from a point of 7um from the
———- 30keV left plasma border and
L ‘\.' showing an energy gain of
Ly ¥ more than 42 KeV which can be

Y ! ! slowed down too and retruned
oV 10 20 to be emitted at the rare side.

x(pm)

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 { to 30 KeV
energy moving througth the fields caused by the laser manipulated plasma dynamics,
computations show {Fig.1) that energies in the order of the measured suprathermal 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 100ym for 1 agnd 5
keV electrons respectively.

=
(=]
T

20

ENERGY GAIN (KeV)

#Gordon Godfrey Visiting Professor from SOREQ NRC Yavne, Israel
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RECENT DEVELOPMENTS IN THE ANALYSIS AND DESIGN OF HEAVY ION BEAM
DRIVEN ICF TARGETS

José L. Ocana, José M& Martinez-Val

Instituto de Fusién Nuclear (DENIM). Univ. Politécnica Madrid
Pe de la Catellana 80, 2806 Madrid, Spain

1.-INTRODUCTION

As a continuation of previous work on the analysis and optimization of ICF
beam and target configurations (1.2), the influence of energy depasition profile
by heavy ions in the different layers of multilayered ICF capsules 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 calculations is that the hydrodynamic
performance of the treated targets strongly depends of the particular ion
energy deposition profile obtained along the different material zones.
Furthermore, the possibility of continuously locating the energy deposition
front at the appropriate penetration level would avoid, in a direct way, the
undesirable fuel preheating resulting from the excessive penetration of
optimized energy deposition profiles befcre the ion range shortening.

An attempt to demonstrate this fact in a practical way has been
undertaken and the first positive results obtained, by comparing the evolution
of a given target both with and without tailoring of the driver energy
deposition profile in the described wa; and matching the corresponding
hydrodynamicand burnup performances (3).

2.- ANALYSIS OF THE INFLUENCE OF PUSHER-TO-INTERNAL TAMPER MASS
RATIO ON HIBALL TYPE TARGETS PERFORMANCE.

For the proposed study, reference heavy ion pulse and multilayered target
configurations have been considered whose defining charateristics are
compliled in figure 1 and table |.

In order to complete this study under more or less realistic assumptions on
the characteristic working parameters of the ion accelerators (present or
future), the properties of the ion beam driver have been highly altered in the
sense of changing the peak power Py of 720 TW or lower under which previous
simulations have been erformec?, for a peak power of 500 TW (more
reasonable in concern with the previewed capabilities of the Hl accelerators).

The described analysis took as variable parameter the ratio mass of
aluminium (pusher)/mass of internal lead (radiation shielding +explosion
tamper) in order to establish the conditions under which a better compression




of the fusion fuel could take place in compatibility with a high enough mass of
internal tamper needed in the burnup-phase

P
Material Mass Density External AL
(mg) (g.cm-3) | Radius (¢cm) Po | Powertim}
or

Pb 190 1612 |03
Al (1] i . 4

6 2.707 | 0,284775 _—
Pb 15 11.614 |0,2611145

2.4
o 1 0,21 [0,2595983
Void ) B 0,2538489 T G
Tablel Figure 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 driver ions must be released on the “pusher” zone. In
order to attain this condition, and if the energy of these ions has to remain
constant, at the beginning of the compresion process (medium cold), one has to
allow some part o? this energy to penetrate to more deep zones, what, as a
consequence of the conduction properties of the matter, can lead to an
undesirable fusion fuel peheating.

If this peheating is to be avoided, one has to select the (pusher +internal
shielding-tamper) thicknesses is such a way that the driverion energy deposition
profile is as a whole taken back to less deep zones in the pusher material, what,
in turn, leads to a worse fuel compresion performance (more payload mass to be
accelerated).

For a given set of data concerning the driver energy pulse and the
geometry of the target under compression, the above mentioned ratio has been
analyzed and optimal values have been obtained for different mass values of
pusher material (aluminium) close to that of reference.

In figures 2 and 3 such collection of optimal values are represented along
with the corresponding values 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 singular value for the mass of
pusher and the corresponding mass of internal shielding tamper under which
the compression is absolutely optimum as it implies the minimum payload mass
to be compressed together with the fuel to avoid its undersirable preheating.

This, is of great importance for the analysis under consideration, as it
establishes the way to arrive to optimized target configurations without any
regard to simple afficiency criteria such as those related to target and fuel
aspect ratios, nevertheless useful for other kind of estimates.
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3.- HEAVY ION DRIVEN 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 order to allow for the possibility of
fixing 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 fulfil this condition along the energy deposition 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 approximate shape for the sake of an appropriate
targetdynamics.

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 value 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 wily to obtain remarkably
high gains and asignficant ignition energy thresholds 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 possiblity of lowering these levels to others
technolgically more realistic.

In addition, one can realize that upon tailoring, the mass of the internal
shielding-tamper (internal lead) can be drastically reduced in comparison to the
reference design as its shielding function can be practically elliminated by
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avoiding the initial (before range shortening) penetration of the ion beam up to
the fusion fuel. As a consequence, the treated mass can be reduced to the
minimum compatible with its later function as fuel explosion tamper.

Furthermore, the adjustement of the mentioned deposition profile to the
described pattern improves in an effective way the dynamics of the target under
compression, and configurations not able to obtain a significant fuel burnup
become very suitable once the treated tailoring isimposed.

As a consequence and as previously mentioned, the driver input-energy
required for the obtention of a significant fuel burnup can be sensitively
lowered, and, under the appropriate selection of the energy deposition profile
(given as an input parameter to the numerical simulation code (see 2)) can be set
reasonably low for the prospects of the accelerator community.

In figure 4 the gain curve obtained for the target family 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 t¥le technological limitations
envisageable for a compression pattern as the described (5), the suitability of
HIF targets can be upgraded up to limits remarkably high.

Figure 4
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LIGHT-ION BEAM FOCUSING BY SELF MAGNETIC FIELD IN ICF
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Abstract
The paper shows the analyses for the focusing of the intense proton
beam by the self magnetic field. In the analyses the self magnetic field
is included for the computation of the beam trajectories. The analyses
present that the self magnetic field can be used successfully for the
good rocusing of ion beam.

1. Introduction

In the light-ion beam (LIB) inertial confinement fusion (ICF), the
experimental and theoretical researches have been done very actively 1-3.
Especially the LIB diode has been developed very well to produce the
intense LIB. On the other hand, the study for the LIB focusing is still
required urgently in order to implode a small fuel pellet. In an LIB ICF
reactor the LIB has about one mega ampere per one proton beam. Therefore
the self magnetic field of the LIB is enough strong to pinch the LIB. It
has been considered that the self magnetic field has a negative effect on
the LIB focusing.

The paper presents the proton beam focusing by the self magnetic
field 4. The self magnetic field is used positively in order to obtain
the good LIB focusing.

2. Basic equation for beam trajectory

It 1is assumed that the beam is axially symmetric and has no
azimuthal velocity. In a cylindrical coordinate the equation of motion
for an ion is,

(dvr/dt) = -(e/m) B V.,

(1)
(dvz/dt)

(e/m) B v,

where B is
B = ug HRM/(2R)  (2), (R = (R/R)DZ I(R) (3,

Here m is the ion mass, e the ion charge and Ra the heam radius at the
entrance (Z=0). The self magnetic field produced by the beam has only
the azimuthal component. And I(Ra) is the total beam net current which is
the wunneutralized part of the LIB current, p O the magnetic permeability
in the vacuum and RO the initial position of the particle normalized by
Ra at the entrance (Z=0). The distribution of the beam current on the
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initial surface (Z=0) is assumed to be uniform in the paper. It is

assumed that the beam charge is neutralized perfectly and the beam
current is retained.

Under the conditions, the components of the velocity are solved to

be

: o il 2y1/2

V= [vo { ﬁln(R/R0)+vocos 80} )

(4)

L}
z

91n(R/R0)+v0cos 80 ‘
where § =eB/m. At t=0 and Z=0 (the entrance point), the initial angle of
the extracted particle is denoted by A0 and the particle speed is vO.
From the equations (4)

dR/dZ = -(1-{ E1n(R/R)+cos 90}2)”2

/{51n(R/R0)+cos BO} w5
Here E£=/v0 and is proportignal to I(Ra)/y/V; where V is the particle
acceleration voltage (eV=mv0~/2).

3. Numerical results

In the analyses the orbit is computed from Z=0 to the focal
point(Z=Zf). In the paper only the steady state is considered. The
initial angle of the extracted beam is computed. The value of
I(Ra)(Ampere)/VV (Volt) is 447. For example the value of UU7 comes from
the case of I(Ra)=1 MA and V=5 MV. The focal point is at Zf=Ra. Figure
1-(a) shows the relation between the computed initial angle and the
normalized radius. In the figure the solid line presents the result at
the surface (Z=0). At the surface (Z=0) it is assumed that there is no
external magnetic field leaking from the diode gap. The beam is focused
at the focal point as shown in Figure 1-(b), il' the relation shown by the
solid line is satisfied. The result shown by the dotted line presents
the same kind of relation at the diode electrode surface, that is, the
cathode surface which is shown in figure 1-(b).

In the above case the c¢rossing angle Lo the axis (R=0) is large for
the most beam particles. A fuel pellet should be located at the focal
point. This is the one way to implode a luel pellet.

In the above case it is difficult to transport the beam through a z-
discharged plasma channel. The incident angle to the plasma channel can
be made small by using the gas cell. In the analyses it is assumed that
the beam current is also neutralized in the gas cell besides the beam-
charge neutrality. In the case L[(Ra)/¥V=Ul7 and the focal point is set
to Zf=5xRa. The region of the gas cell is after Z=0.2xRa in figure 2.
Figure 2-(a) shows the relation between the incident angle and the radius
at the surface of Z=0. The beam trajectories are shown in figure 2-(b).

4. Discussions
The paper presents that the LIB is focused well by using the sell
magnetic field successfully after the beam acceleration. This method
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makes the focusing system simple 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 kept constant in the whole computational domain. A few works were
done for the charge and current neutralizations 5 and showed that the
degree of the neutralities can be controlled by changing the number
density of the background gas. In addition, the nonuniformity of the LIB
net current distribution is not essential in the analyses and can be
included in the computations easily.

Near the focal point there is a possibility of the orbit crossing

with 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

which the orbit crossing can be seen, is comparable to the volume of the
pellet, this effect is not a problem on the results.

The steadiness 1in the phenomena is assumed. Typically the pulse
duration time of the LIB is 50 nsec and the pulse length is about a few
meters. Therefore the main body of the LIR pulse might be considered to
be steady.

In order to clarify these unsolved problems, a computer simulation
code is developed, whose name is TRIPIC, by the authors. The TRIPIC code
is a particle-in-cell one, which is described in another paper 6 in this
conf'erence.
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I. Introduction and apparatus: Langmuir probes have been used routinely in
ASDEX divertor plasma diagnosties /1,2/. Recently, a fast movable probe
carrier system was installed. Two fast sweeping movements with a speed of
1 m/s 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).

The divertor probe system was used in

all operation regimes of ASDEX. The
fast movement triple-probe arrangement /3/ 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 saturation current,
electron temperature and floating
potential relative to the divertor
plate were obtained during a shot.

II. Experimental results: Radial scans
have revealed strong gradients of the

plasma parameters across the flux sur-
faces, near the separatrix location.

Fig.1: Probe arrangement and This faect is important since triple-
accessible area in the upper probe operation is very sensitive to
divertor. diff'erences in plasma parameters seen

by the three tips. In order to minimize
the error introduced by these gradients in temperature and density evalu-
T N.R.C.N.S. "Democritos", Athens, Greece; < University of Stuttgart;
Ioffe Institute; University of Heidelberg; University of Washington,
Seattle, USA; Inst. for Nuclear Research, Swierk, Poland
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ation, an optimum inclination of the prcbe arm was chosen so that the tips
were as close as possible to the same flux surface. The data reported here
were obtained with this optimum ineclination (p=159).

Ohmically heated discharges: Typical radial profiles of plasma parameters
for two values of the main plasma densities are shown in fig. 2. The medium
density profiles display the well-known characteristies of the ASDEX di-
vertor plasma /1,2/: large maxima close to the separatrix, broad shoulders
a few centimetres away in the ion saturation current and density profiles,
and relatively flat temperature profile. The absolute values of the
electron temperature and density are in good agreement with the double-
probe cross-check measurements. The floating potential profiles are flat,
with values slightly negative. At densities ng & 5x10'3 em™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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Fig.2: Profiles of ion saturation current, electron temperature, density
and floatin$ potential vs. major radius R for ng=4.3 x 1013 cm'3 (left) and
Neg=1.4 x 1073 em™3 (right).

As the density is lowered, 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-
ing-potential gradients as high as ~100 V/cm can be observed in some 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 density profiles (see fig. 2).

Additionally heated discharge: During the additional-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 changss were also observed in the floating-
potential and density profiles. In fig. 3 a few examples of floating-
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 discharges of lower densities. The
negative "dip" is also 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 different effects on the density and floating-
potential profiles, mainly depending on_the plasma density and the injected
power. At medium densities (-4x10'3 com™3) and high powers (-2 MW), all the
divertor plasma is positively charged, as can be seen in fig. 3.

I1I. 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 ohmiec dis-
charges is presented in fig. 4. A smooth evolution in all three measured
parameters can be seen with rising density. Neo step-like change of Vg with
density as in D-III /4/ was observed. The floating-potential profiles
suggest different transport to the divertor plates for different plasma
densities. So, at high and medium densities, the floating potential stays
slightly negative, being compatible with locally 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 1x10'3 em™3.
The positive values of Vg suggest locally non-ambipolar transport to the
divertor plates. The mechanism by which the divertor plasma is charged is
not yet clear. Non-Maxwellian electrons close to the separatrix (see below)
together with vertically asymmetric plasma position and divertor recycling
ete. could be candidates for explanation. Further experiments are needed to
clarify these aspects.

The negative "dip" displayed very close to the calculated position of the
separatrix, although expected, was surprising in some respects. Firstly, it
implies strong gradients in floating potential which perturbs any multiple-
tip probe measurements. Then, it is very narrow so that we believe that it
can be used for separatrix position determination (as done in Fig. 3) with
a better accuracy than magnetic measurements.
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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/em? and Eg2100 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 diffusive loss of fast electrons across the
separatrix which can reach the divertor /6/. It is therefore concluded that
the negative "dip" 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 collisionless 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 correction
implied by these fast electrons has the right direction.
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[ INTRODUCTION

The radial distribution of electron temperature and density in the edge
of a Tokamak determines impurity production and transport. The impurity
production by sputtering of the limiter and wall material is controlled
by the particle fluxes and their energies. The subsequent transport of
these impurity atoms back into the main plasma 1is controlled by the
probability of ionization, which is again a function of the edge
temperature and density. Finally this data allows one to convert the
spectroscopically measured photon output from ionization states of the
neutral impurity entering the edge plasma into atomic influx ratesl, 1In
this paper we show how the electron temperature and density in the
scrape-off layer (SOL) of JET for ohmically heated plasmas in D and He*
scale with plasma currents Ip = 1-5 MA, toroidal field Bp = 2.1-3.5 T and
line averaged density ng = 1-4 x 10*" m™*., These data are then used to
calculate the carbon impurity production by physical sputtering from the
limiter.

2. TEMPERATURE AND DENSITY SCALING

The results were obtained using Langmuir probes situated on an ICRH
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antenna protection tile, close to _the torus midplane. Details of Lhne
diagnostic were reported elsewhere®. Assuming an exponential decay of
the edge parameters in the SOL l, the density and temperature profiles
are extrapoiated 15 mm to the last close flux surface (LCFS), defined by
the carbon limiter, The scalings of edge_temperature T (a) and density
ng(a) with line averaged central density (n ) for plasma currents 1 MA -
5 MA are shown in figure 1 and 2, Each data point represents steady

state conditions during separate discharges and the parameters measured
were averaged over a few seconds before the end of the plasma current
flat top. Although the data were collected over several months, all are
ohmic, limiter discharges in deuterium with fairly constant loop volts.
The fraction of power radiated, lPHAD"PDHM) was = 0.5, Te(a) falls with
increasing ng and increases with increasing input ohmic power (Popm @ 1

0:8 £ 1 : iric:
SCQILngThreor lé't%eEdcom]b aeeld'lat l%LéEe 1 gives us an approximate empir-l.caE

Tyla) a [Ip/n (1)

|
e
For a fixed I the edge density ng (a) scales almost linearly with
central dens:.r.y, ne. From figure 2
n.(a) a I (2)

An analytical model which considers par‘Excle diffusion and cooling of the
edge by impurity sputtering 3 14predicts that Ng (a) o nz, and that T_(a) a
POHMM . However this model assume g constant electron impact ionization
rate (uv ). In fact, (ov;) a n over the temperature range shown in
figure 1, hence the linear ependence of ng (a) on n, is in agreement with
the model. An exception to this scalmg is the case of the 5 MA data
which could be due either vo the non-steady state plasma conditions (very
short current flat-top) or to the close proximity of the plasma to the
inner wall, causing the power Lo be shared between the outer toroidal
limiter and the inner wall tiles. 50
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3. CHANGES IN THE SOL THICKNESS AND RADIAL DIFFUSION

In figure 3 we present the scaling of SOL thickness for edge temperature
and density with n, and I,. The density e-folding length, i,, is
practically independent of central density Ng, but is almost inversely
proportional to plasma current for a fixed torcidal field BT' However,
Ar is rather less well defined due to scatter in the data points, but in
general shows an increase with n, and a decrease with I,. Using the i,
values and a formulation for the cross-field diffusion coefficient, Dy,
deduced by StangebyS we caluclate Dy (ng). This is shown in figure 4
(for 2 MA and 3 MA discharges only), and the scaling

D} a n -1.3 (3)

is found. Since Dy a A2 Te(a)0-5, and 1, is almost independent of n, it
follows that the inverse dependence of D.L on n, is largely due to the
change of edge temperature with density. In fact we found that Dy «
Tg(a)0:7/B;1.5, although the power law dependence on Bp is oniy
approximate because of a limited data set at different B. Nevertheless,
it appears that the cross-field diffusion is not very different from
Bohm.
4, IMPURITY PRODUCTION
The measured values of the ion flux and temperature have been used to
calculate the local physical sputtering rate at the limiter as a function
of radius, which after integration over the radial coordinate, gives the
total carbon flux. The ion energy was deduced from the sum of the ion
thermal energy plus the acceleration across the sheath potential, Vg ie.
E = 2T, + qVg; where q is the charge state. To calculate V4 we use the
8 value of the secondary electron
emission coefficient Y(E) measured
on typical limiter samples exposed
® to the JET plasma 4, It is then
4+ assumed that all sputtered carbon
L4 is ionized, (q=4), and available
for self-sputtering of the
™ limiter. The total flux of carbon
@ is then

D, (m?fs)
[ ]

00 [‘c i’ I‘DYD/(] iy !C) (u)

o Q where Y, and Yc are the deuteron
o and carbon self-sputtering yields.

S The results of these calculations

are presented in figure 5. The
o total carbon influx rate decreases
with ng for fixed plasma current,
and inereases with I for a
1 2 3 4 constant ng. Even though Y;(E)
= 19,3 only Tfalls slightly, with

Ne (x10"m ) decreasing T,(a) over the energy

CRETEV

Fig. U Effect of ng and I on cross range of interest (550 > E > 150
field diffusion coefficient. eV for D* jons), the Ffall in

(® = 2MA,2.1T,0 = 3MA,3.UT).
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102! —

B self-sputtering Yc(E) is greater

= % (over a higher energy range) and

" the combination in equation 4

+ 40 results 1n the pronounced decrease

L P ) ++o of T, with ng,. We include a

€ 9950 comparison for similar data for

i A o discharges in He*, (2 MA, 2.1 T)

2.e.00 afrdr a-k &0 swith the

spectroscopically determined CIII

A flux. Here YHe“ = 4 ¥y at a given

energy. There 1s also an increase

= L] @ in the 1on energy due to a

slightly higher sheath potential

and because the helium ion Iis

. L) doubly ionised. The T, calculated

is = 4 times higher than in the D

1020 1 L 1 case, but remains quite flat for
1 2 T He" over the measured n_. range.
i (x10"m) This is due to the self-sputtering

Fig. 5 Effect of n, and I, on total  yield being almost constant over

carbon flux sputtered t‘r'oxg the limiter the He* ion energy range. The

|® = 1MA,2.1T; @ = 2MA,2.1T; & = 3¥A, spectroscopy data are in good
3.4T] |o = 2 MA,2.1T in He* plasma | agreement for discharges in He*.

lCIII flux (arb units): * - 2MA,D; However in the case of D

4= 2MA He | discharges the spectroscopically

measured I remains constant with ﬁe and is nigher than in He" discharge.

OQur calculations can not take into account the oxygen sputtering of

carbon, charge-exchange and the screening of impurities due to lonization

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 limit for
density and upper limit for temperature (Pgp,p/Pgoyy *+ 0) for a given input
pawer (Pouy)

« The empirical laws can be explained by a simple a global power balance

model.

« The limiter sputtering and total carbon release rates increase with

input power for a given density, and decrease with increasing density.

The model predicts that I, a Ty(a)0-8for D discharges.
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Abstract: Characterizing the scrape-off layer (SOL) density profile by the
density at the separatrix ng and the e-folding length Xn, the SOL is de-
scribed for a wide variety of conditions: Ng=1-5x10'3 em™3, I =250-440 kA,
Bg~22 kG, qm=2.4-4.3 for injected powers PNI—O.N—1.7 MW, which lead to L-
type discharges. Generally, \pn increases with Pyp, these changes becoming
more dramatic for lower Iy and ng. For OH and NI plasmas ng is roughly
proportional to ng; the constant of proportionality increases with NI and
is independent of Pyp over the range investigated.

Introduction: This paper is designed to furnish an initial data base for
the critical evaluation 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 /1, 2/. Statements are limited to
the SOL ng profile in the outer midplane of doubly-null diverted discharges
sustained by gas puffing. The ASDEX neutral lithium-beam probe /3, U4/ is
used to determine A, and the relative changes in ng; previous experience
gained with the edge Thomson scattering system /5/ furnishes an approximate
absolute calibration of ng.

To place matters in context, fig. la illustrates the effect of high power
(2.75 MW) HO+D* injection on ng, By, (taken from the diamagnetic loop) and
D, as well as the Li-beam light signal outside the separatrix. Ee de-
creases going into the L-phase, followed by the H-phase increase and
subsequent clamping correlated with the D, bursts. The characteristic Dy
signatures are closely paralled by Li[2p-2s)(~ proportional to ng) /3/.
The SOL ne profiles for OH, L and H (fig. 1b) indicate that nk<n@H<nf.
Further, A\3H-1.95 cm, Ak~2.8 cm and aH-1.1 om. Tgg~70, 130 and 250 eV for
the OH, L and H-regimes respectively /5/. R-Rg is the distance from separa-
trix; Rg is derived from magnetic signals and underlies an uncertainty of
perhaps 1 cm. This has an important bearing on scaling statements made
about ng; thus if Rg were in fact one cm further outwards, then ngH>nk-nfl
would be deduced.

T University of Stuttgart; 2 Ioffe Institute; 3 University of Heidelberg;
4 yniversity of Washington, Seattle, USA; 9 N.R.C.N.S. "Democritos",
Athens, Greece; 6 Inst. for Nuclear Research, Swierk, Poland;
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Results: Fig. 2b depicts for HO+He2* injection, Ap vs. the total absorbed
input power PTDT=POH+PEES for 59:1—H.9x1013 em™3 and I,=120 kA; the energy
confinement time "tg" deduced from the steady-state NI phase using Bp, to
determine the total energy W and "1g"=W/Prgr (without correction for
radiation effects) is plotted vs. Ppgp/fe in fig. 2a.

Fig. 2b demonstrates that during OH (corresponding to the points at the
left as in fig. 2a) )\, is about constant for ﬁe>1.9x1013 cm'3, and is much
larger for lower ﬁe, as has been previously reported /6/. Auxiliary heating
leads to an increase in l,, the changes becoming more apparent for lower
N and higher Prgp, tg decreases with Prgr/hg. Thus, at ng = 4x10'3 cm”
(1.9x10'3 em™3), over the power range )\, increases by -10% (22%) and 1g
goes from -100 to 50 ms (63+U5 ms). ng exhibits the interesting behavior
that it is described by an offset-linear law of the form n5=aﬁe+b, the con-
stants depending only on the type of heating (OH or NI). No parametrical
dependence of ng on Pyr is evident; however, for higher Pyp a relationship
must exist, as documented in fig. 1b where ng Is reduced rather than in-
creased in the L-phase for Pyr = 2.85 MW.

The HO+D' series of fig. 3 involve a qa—{Ip=270-420 kA) and ﬁe—scan (2.2,
3.5x1O13 em™3). For any given q the NI-induced changes in Ap (see fig.
3b) have the same qualitative behavior as for He: lower ﬁe and higher Py1
are both conducive to large alterations in A,. The slope of the Ay vs. gy
curves is about the same for all conditions. With respect to 1g,_for in-
Jjection with 4 sources g is the same for ﬁe=2.2 or 3.5x10 em™3, whereas
\n increases by 25% (fg = 2.2+3.5x1013 cm™3), demonstrating that A, does
not necessarily mirror changes only in 1.

In fig. 3c there is no convincing dependence of ng on qy; also, the largest
absolute éng is small, of the order -0.15x1013 om 3. Nevertheless, a plot
of ng vs. fg (not shown here) also reveals an offset-linear relationship,
switching from one slope to another as with He, depending on the type of
heating used.

Fig. 4 shows the results of another HO+D* power scan with either Ee (fig.
bb,e) or Ip (fig. 4d, e) being held constant. The familiar variation of Ap
with Pyy and ng is a%ain found, but the changes are more extreme. For
example, at ng~3x1013 cm™3 and qu=4.3 (fig. Hd{r Ap varies from 2.8 to 4.3
em for Ppgr-0.25 + 1.2 MW. In addition, the A%“ values are larger than
those normally observed on ASDEX by ~0.5 cm. nsI clearly increases more
strongly with ng for qz=4.3 than for ngl(He) at qz=2.4 of fig. 2¢; on the
other hand, the ngH values are nearly identical.

Discussion and Summary: It is a common feature of NI-heated plasmas in the
L-regime that A, increases with Py, the increase being less pronounced
for higher Ee. and possibly higher Ip. In any case for both OH and NI, Ap
is augmented with qg: The OH Ap-gy scaling of fig. 3b agrees well with
previous results /6/, whereas A%H of fig. 4b and 4d is anomalously large
for a D plasma. This may be indicative of a deviant wall-conditioning of
the divertor. Also, "tg" for the series of fig. 4 is noticibly lower.
Hence, this series should be regarded in a more qualitative manner.
Whereas it is true that a degradation in tg is accompanied by larger A\p,
the reverse conclusion that larger A are synonymous with lower t1g cannot
be universely drawn. It appears that the NI-induced degradation in the
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cross-field diffusion coefficient Dy also extends into the SOL, but that
this is only one component in determining Ap. With respect to tp, plotting
vs Ppgr/Ne leads to a surprisingly orderly unification of the OH and NI
values, at least for this limited data set. Further, the tg scalings for
He** of fig. 2a and D* of fig. 3a are virtually identical, and of the form
tg -~ a(Ppor/ng) B msee (a = 31-32.3, B=0.48, 0.51).

For ng vs. ﬁe, a very clear feature which emerges is that the OH offset-
linear scaling switches promptly to a steeper gradient upon initiation of
NI, but beyond that shows no dependence on the magnitude of Pyy. Higher Ip
might bring the OH and NI scalings closer together (compare fig. 2c and
4e): the data base is too small to allow definitive conclusions. As a
comment, one of the quantities which should determine ng for high recycling
is the specific heat flux q  into the divertor /7/, which is related to
ProT, Ap and Atre. Are decreases ~10% /5/ over the Pyy range studied here,
in contrast to the moderate (at low qm and high Ee) 10-20% enhancement in
Ani therefore q should increase almost proportionately to PrQT.

No Thomson data was available to calibrate the relative Li-beam determin-
ations of ng; to obtain ng absolutely, experience from cross-calibrations
of other series were used. Hence, strictly speaking, all absolute ng values
are provisional including the ng vs. ﬁe scalings. Definitive conclusions
can be drawn only with respect to the relative behavior of the switch in
scaling between OH and NI discharges. A, is generally measured to an
accuracy of 0.1 cm .
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kA, By=21.7 kG: (a) energy confinement time "1g" vs. Por/Ng, (b) density
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Separatrix density ng vs. ng during OH and NI.
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OBTAINING VALUES OF D), FROM MEASUREMENTS OF THE EDGE SCRAPE-OFF LENGTHS
IN JET

P. C. Stangeby*, J. A, Tagle, 5. K. Erents** and C., Lowry***

JET Joint Undertaking, Abingdon, Oxon, OX143EA, U.K.
*and University of Toronto Institute for Aerospace Studies
4925 Dufferin Street, Downsview, Ontario, Canada, M3H 5T6
**EURATOM-UKAEA Association, Culham Laboratory
Abingdon, Oxon, 0X143DB, U.K.
***and Imperial College, London University

It is necessary to establish the value of the cross-field diffusion
coefficient D) which prevails in the edge plasma in order to predict
central impurity densities from impurity influxes and to predict the
scrape-off lengths which will result from the insertion of additional
edge components,

Typically, the plasma density outboard of the last closed flux
surface decays exponentially with radial distance. The decay length,
Apn» can be theoretically related to the hydrogen cross-field diffusion
coefficient D), Thus measurements of A, obtained by Langmuir probes
and by optical viewing of the H, footprint on the limiters, can be used
to obtain D). The simplest edge modeling leads to the relation

Ap = (LD /cg)l/? (1)

5

where L = connection length, i.e., the distance along B between
limiters, ~xRq for the JET limiter configuration,

and  cg = [k(Tg + T3)/m;11/2 the jon 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
limiters, In particular non-circularity causes poloidal variations dn
An(e) simply due to magnetic field effects. Additionally, one
anticiggtes that fluid flow effects, associated with plasma transport
along B to the limiters, would cause further poloidal variation in
density n(e) and ap(8). With regard to the latter, fluid-flow effects,
it appears that these may not be strong in JET, although the experimental
basis for this conclusion is not substantial. This latter matter is
addressed first before proceeding to the purely geometrical effects. For
a few JET discharges probe measurements are available for two poloidal
locations - the outer mid-plane (# = 0) and near the top of the torus (s
= 80°). Experimental particle flux density (1},;) 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
two probes coincide if one accounts for the compression of the magnetic
field lines between the two probe locations, Fig. 2. This does not mean
that there is no density variation whatsoever along B between the two
probes: the top probe is an isolated probe, 3 cm in diameter, for which
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Fig. 1. Comparison of particle flux Fig, 2. Poloidal variation in flux

density measured by top Langmuir tube cross-section for tube lying
probe (0) and mid-plane probe (m), on last closed flux surface. I =
Ip,= 3MA, By = 2.8T, fig = 2.5x1019 3.6 MA, B, = 3.4T, « = 1.47,

m==.

the relation between particle flux and plasma density is I+at Y
neecg; the mid-plane probe is flush-mounted within a large, metre-size,
RE antenna shield to which plasma is flowing regardless of the probe's
presence, thus implying the relation i t = Ngecg where ng is the density
just near the antenna. Nevertheless, %ﬁe density differences measured by
the two probes on the same field line are equal for these discharges to
within experimental error; the largest error is in establishing the
location of a given field line which is computed from magnetic data and
is only accurate to order cms. For the following, therefore, it will be
assumed that variations of density along T are due to geometric factors
only and not to fluid effects.

The limiters on JET [2] until 1987 were discrete rail limiters
located at the outside mid-plane, approximately one metre high
(poloidally) and 0.4 m wide (toroidally), of number varying up to 8.
Consider a set of N discrete limiters located symmetrically (toroidal
direction) around the outside mid-plane, each of poloidal height h,
Fig. 3. There will be next-neighbour shadowing of limiters when

ZH(Rm + a) ¢ Bd!(O)

(2)
Nh Bp(o)
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Fig. 3. Discrete limiter spacing.

where symbols have their usual definition, Toroidal width of limiters is
neglected here which has a negligible effect for reasonable q values.
Thus the discrete limiters are effectlve1y a continuous toroidal belt
limiter if q_ > qf where q_ = [r(0) B U)]/[R(D}B (0)] and qf =
[2na]/[hN]. "Note that qp, af are effec%1ve1y field ang]es at the
limiter, not safety factors. Limiter major radius = R(0) = Rp + 2.

For a continuous belt limiter the relation between D, and x,(0) is
given by particle balance between inflow from the main plTasma 1ntu the
scrape-off layer at flux density D dn/dr = n(e)/xn(ﬂj and outflow to
the Timiter at a rate dependent on n{O) and { By accounting for the
varying separation of magnetic field lines as a funct10n of & it can be
shown [3] that

n(D)c (0)\¢(0)B¢(0)IBtot(ﬂ) j' p, dn Bﬁi_) w(f)r(n)de (3)

pag ~oF B,(8)
hi .
which gives ; 2(0) . j[-D_l_':(_U)Btot(D)_f_ (4)
L csB,y(0)
where =
f=al [ w08)r(e) 4 5
fo w(0) r(0) o

is a magnetic field shape factor which, in principle, should be
calculated for each discharge; w(®) and r(8) are defined in Fig. 2.

Turning to the case of nq_ < qf when the limiters act discretely
rather than as a continuous belt: h should now be replaced by h', Fig.
3, where

h' Bp{ﬂ) Zﬂ(-r"m + &1

= 4 PO < [
o 8,00) 1h (6)

This affects the outflow to the Tlimiter which is accounted for by
multiplying Ey. (4) by h'/h. Thus on2 has the simple relation between A,
measured at the outside mid-plane and Ol:

csan(o) : { g for q > qf (7
fﬂjn(° ) qf for a_ < qf




While in principle f and g must be calculated from detailed
calculations based on magnetic pickup coil measuresents Ffor each
discharge, in practice it is reasonably accurate to use f = 0,5 (for

1.3 £ « £ 1.6) and to employ a simple linear relation, Fig. 4, between

aL and qc,q or g, » the latter quantities being qenera‘lly availahle for
each d'lSC?I!T‘:]E on JET

This model has been applied to a collection of ohmic JET discharges
which were defined by a set of outer mid-plane discrete (usually 9)
limiters, Fig. 5. The values of D, inferred in this way are about four
times Iarger than would be ubtatned from the simple relation, Eq. (1),
and generally fall within the INTOR-ALCATOR 5ca‘|1ng of D, =
(0.5-1.25%101%)/fi,. As noted, the values of D measured in this way are
for the edge p]asfna, and it is therefore perhaps surpmsing that they are
about the same as expected for the

main plasma. Since it is found 'T 7
expermental]y on JET [4] that Ted il
25-100 eV and decreases with T, 1§ Dy A
1'5 also true that these measured edge [m?/s] s
values of Dl are approximately .
Bohm-Tike: e 0, 06" 7 s
[evl/sT], i. Mo P o ®o e .
0.5 - 2 m?/s,

Aeyl Ay
o s 420
(13 - Ay = 16
(13 D e
ab ¢ - = 18
g 5
2 * 14 fe [10® m™]
o i i . o Fig. 5. D, obtained from measure-
o | qz 3 E ments of X,. Ohmic discharges
'- defined by outside mid-plane
limiters. Probe data: (0) 1 MA,
Fig. 4. Correlation between eyl (A) 2 MA, (4) 3 MA, (D) 4 MA,
and q_ for a range of JET (@) 5 MA. H, Tight: wavy lines.
d*scharges K £ 1.5 5 MA dlscharges. Solid line D
10! /n
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CALCULATION OF POLOIDAL ROTATION IN THE EDGE PLASMA OF LIMITER TOKAMAKS
H. Gerhauser, H.A. Claafen

Institut fiir Plasmaphysik, Kernforschungsanlage Jiilich GmhH
Association EURATOM-KFA, P.0. Rox 1913, N-5170 Jiilich, FRG

The existing 2-d two-fluid code /1/ for computing the plasma profiles in
the scrape-off layer of limiter tokamaks has been further developed to in-
clude the effects of a poloidal rotation and of the associated non-ambipo-
lar motion selfconsistently in the basic equations. The 2-d profiles of all
relevant quantities are calculated and discussed for TEXTOR-typical
parameters including also the effect of Timiter recycled neutrals. The
results agree well with the known experimental evidence on radial decay
lengths, on electrostatic potential and on poloidal rotation.
v A il e consiger the TEXTOR edge
poloidat Plasia’ Core | Eﬂasma in the _rectangu]ar
integration domain ACFD. A1l
Auxiliary variables are poloidally
Boundary constant: 3/dz = 0. We avoid
Limiter the usual assumption of 1lo-
e cal ambipolarity and allow
for an e1gctrica1 seurrent
] density J=en (v-u),
iter  yhere v is the ion velocity
rget  and g that of the elec-
trons. ansineutrality en-
tails ve3 =0 and a stream
. function ¥ with
Y=Yy Liner Wall jv = 3¥/3x and jx = -3¥/ay.

We use the full set of Braginskij's two-fluid equations including those
terms that were omitted in previous treatments like /1/. The equation of
continuity is unchanged and contains a source term S  from the recycled
neutrals, the ion equation of motion a source term

3(mn v)/at + Ve(mn w) = -¥p - vei + JxB + § (1)

We retain only the parallel viscosity Mo, -4 n avx/Bax. Since diffusion

¥=0 A torsiaat Core Boundary 0

- E
y Jradiat B Transition Layer &
=

y=y,|B —Rﬂaﬁm Separatrix
Symmetry 7 Yz

Plane] - Convection

hem

v x
pitfisn  SCrape-off Layer
L=2nR,=10,5m

\:'5‘r = -DJ“anfnay,g, 10'3c5 (sound velocity), the dominant terms of the y-
component of (1) reduce to the radial equilibrium condition:

jZB = 3p/ay = ape/ay + apifay = a(nTe + nTi}/ay (2)
The electron equation of motion leads to the generalized Dhm's Tlaw:
-Vpe-en(f+5x|§)+ﬁ=0 , F = .ve (3)

with the electric field £, potential & and friction &, The dominant part is
the parallel thermal force Rx{for " or D+) = -0.71 naTE/ax, and the
electrical conductivity is practically infinite, so that R , Rz'~'0. In the

y-component of (3) we use enu, = env, - j_ and (2) yielding

z 7 4 z
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enB v, =ena/y+im /iy (W) (4)

Hence in general a poloidal mass rotatinn velocity v, of the plasma occurs,
composed of an electric and a diamagnetic drift. In view of (4) the z-
component of (1) determines the steady-state Jy in terms of the already
known v, ki

Rji = Ray/ E - ax + z
J ay/ax mn(vxa_/ox "va/a”"z + sz mvzgn (5)

This shows the close connexion hetween T and a spatially varying rotation.
The non-amhipolar corrections (jx, jy, vg),s_ln'z(envx, env, , Ci] are taken
into account in the energy halance equations. MWe el_irninateﬁ with Ohm's
law: 3(1.5 n‘l'e)/at + V(2.5 nTeﬁ + q+e) = —enEeil + Ry 4 Qei + Ne

= j*l-* t\T-Vpe + (vzjy = vyjz}B + Qei + ”e (6)
Thus even for _ix=jy=0 the v-VpE—term mist bhe supplemented hy radial Lorentz
work -v, i B. Qe'i is the thermal enerqgy exchange with the jons and l-le the

y'z
Toss hy donization and excitation of neutrals. The heat flow contains also
an ohmic term: " 1
= - o 7 i =
U X T /3% - 0.71 T /e Gy Xa aTe/ay (7)

In the ion energy equation vijB appears again, a source term w.i descri-
hes charge exchange and jonization, and the kinetic energy is now
2.2

m(vx+v2)/2 s mEm =My

We apply the numerical method of /1/ to relax M Mos T0A Ti in time on a 60
x 33 qrid for TEXTOR-typical parameters and suita’iﬂe_ehoundar‘y con%tions.
The total particle inflow across the core houndary AD is 65 x 10'7/sec/m
(poloidal), the electrons carry 9.2 and the ions 9.4 kW/m, and v_=0. In
front of the limiter EF a thin collision free space charge sheath with a
Langmuir potential drop A® accelerates the jons and repels the electrons.
The f]uxe5+enter1'ng the sheath edge must he continuous and ensure a
monotonous E. We refer to /2/ and take Rohm's criterion with

Mg o 1.0 c, = V(TE+TT.)/m1. » and the enerqy fluxes (convected + conducted)

Q.,=55Tnu , Q, =3.5T.nv.. We have symmetry conditions at AT and

“ex e X ix 7 i o 1o

DE, Tow n and floating T_, T. at the wall CF. x; are classical, hut
e 1 T M- xe’ J_1 1

radial transport is anomalous: D™ = 0.6 mzlsec, Xy =X = nbT

The variahles &, Ve ¥, i, i, are computed hy fast convergent iteration.
At the limiter A ¥

ed = ead = -T ln[\/21rn1e_(1+T1./Te)/mi (1-3, fenc )] (8)

Then ¢ in the s.0.1. follows hy integrating the x-component of (3):

edd/dax = 3p_/ndx + 0.71 aT _/ax. Since ed ~ 37T » considerable radial fields
-30 /3y ® build up in © the Timiter shadow® The combined Ex -drift and
Vp.-drift enforce plasma rotation in (4). Assuming an exponential decrease
of v, along BER (core_plasma at rest) defines ¢(x,y) and vz(x._y) every-
where. With ¥=0 at AT dntegrating (5) yields ¥(x,y), thus ‘producing an
iterated value jx in (8), and so on.
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The recycling of neutrals at the limiter and their interaction with the
s.0.1. plasma is modelled as in /1/. However, we admit a narrow cos-like
distribution of the emitted neutrals close to the normal, approximated hy
propagation in 11 discrete directions. Reflexion at the liner is elastic
and specular, The 11 heams decay exponentially along their paths by
jonization and charge exchange. MNeutrals crossing the core boundary count
as lost. About half of the neutrals is "fast" with energies depending on
the 1impinging nt-ions.The others are "slow" and represent Frank-Condon
neutrals from the dissociation of deuterium molecules with <5 eV. The
neutral density, the sources and also the iterated variables need be up-
dated only every 20 time steps.
In the 8 computer plots the Tlimiter edge is always indicated. In the
neutral density plot the wall reflected discrete heams are well recognized.
The v, -velocity profile shows a characteristic ster—*pening in front of the
limiter, far away we have dv_/3dx = 0.3 c_/L. This is correlated with a
marked constriction of the radial densﬂ? profiles. Near AC the decay
length is A = vD'L/0. = 2 cm, near the Timiter=1 cm, in agreement
with TEXTOR ymeasurernents.s flearly the interaction with neutrals has a
braking effect, and near the limiter edge Ti is depressed by cooling. TP is
almost flat toroidally due to the very large xlI. -
The radial profiles of the potential exhibit™a maximum in the transition
layer near the separatrix, so that the sign of Er is inverted, which
enahles zero rotation in the core. The vz—profﬂes show also a radial
maximum, but inside the s.o.1., so that the steepest increase is near the
separatrix. We find |v | <2vV¥wec . Our - and vz-prufﬂes resemble very
much those observed y experimentally in the tokamaks TEXT at
Austin, Caltech at Pasadena and TM-4 at Moscow. An elongated electric
current vortex fl along the separatrix is caused by the large velocity
shear av lay The j-circuit is to be closed via the Timiter edge.

We conclude that similar phenomena should be observable in all
limiter tokamaks. In /2/ further details and all references are reported.

/1/ H. Gerhauser, H.A. Claapen, Proc. 12. EPS conf, Budapest, II,464 (1985)
/?/ H. Gerhauser, H.A. ClaaBen, Report JOL-2125, KFA Jiilich (Mai 1987)
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! University of Stuttgart, ? Ioffe Institute, ® University of Heidelberg,
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Swierk, Poland, ® 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
properties. The difficulty to measure the boundary plasma especially with
RF is compounded by the fact that machine specific aspects have a much
larger impact on the plasma boundary than at the plasma center. Systematic
tendencies are however recognized. In the following we give an overview of
plasma boundary data (ng,Te electric fields in the scrape off layer) and
report on Fe flux measurements in the divertor 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, measured with the Li beam diagnostic /4/ is as follows:

As the separatrix is moved outwards, due to Bp effects, the density at a
fixed radial position increases (Fig. la). Normalised to the position of
the separatrix, however, the density there is constant (Fig. 1b) with at
low plasma current a small increase of the gradient length (Fig. 1c). The
density at the antenna limiter stays constant. This resulfs in a
steepening of the density gradient close to the antenna.

Edge temperature evolution: In the last experimental period the Langmuir
probes in the main chamber were disturbed by the ICRF and the edge laser
scattering system did not cover in the case of ICRF the separatrix region
(the plasma is shifted outward for a good antenna coupling). There is,
however, substantial experience (incl. numerical simulation) from ohmic
and neutral injection heated discharges with an unshifted plasma where all
diagnostics are working. Taking the divertor data (density,
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line intensities and the absolute X-ray signals can be converted into
absolute Fe fluxes (Fig. 3a). In the case of NBI, the measured fluxes in
the divertor, as well as the fluxes calculated by Lhe code are. in good
agreement with those calculated /9,10/ from CX sputtering using data
from the neutral particle diagnostics. In the case of ICRH, however, the |
fluxes calzulated from the Fe XVI intensity are much higher than those
measured by the divertor probe or calculated from CX sputtering. One hus
either to assume that Lhe Fe flux measurements in the divertor were not
representative of the fluxes in the main chamber or that the scrape off I
transport model in the code is incomplete in the case of ICRF heating.
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Fig.2: Floating potential in the divertor chamber b) ICRH alone,optimal c) ICRH with NI

a) ICRH alone, non optimal position of resonance layer position of the resonance layer

Evidence of local impurity production: There are several indications for
localised impurity sources in the main chamber during ICRH. The
development of the Fe XVI line intensity over a dozen of shots after
wall carbonisation is shown in Fig. U. The values for OH and ICRH were
normalized at shot 18782, The faster shot to shot increase during ICRH,
relative to the OH part of the pulse can only be explained by a strong
local erosion due to the RF. Surface analysis of the carbon protection
limiters of the antenna indicate the presence of a local Fe source /11/.
A similar conclusion was reached by the JFT-2M group /12/, when they
protected the antenna neighbourhood with graphite. The divertor probe
could underestimate the amount of Fe originating from such local spots
because much may be locally redeposited.

Discussion: In view of the now accumulated data we can propose an
hypothesis for the increased impurity content in the plasma during ICRH.
Earlier explanations, based mainly on the anticorrelation of wave
absorption and the impurity content in the plasma /1,2,/ have emphasized
increased impurity production with, however, the mechanism still to be
identified. More recently, in view of the Fe 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 RF, the higher
impurity concentrations can be related to two effects: 1) a changed
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temperature, CIII, bolometer etc.) and the main chamber edge density
during ICRH, it is quite obvious that the power input into the divertor
and hence the midplane temperature are substantially increased in normal
ICRH discharges. This is in agreement with observations on JET and
TEXTOR. RF theory /5/ also predicts that a few per cent of the power can
be deposited in the boundary through collisional absorption on the
electrons (the mechanism being that the electrons take up energy with
their E x B drift and thermalize it if Vei »> VICRH. cold electrons
with large vgj are preferentially heated). Close to the separatrix this
is a small fraction compared to the large power outflux from the main
plasma. It can, however, strongly influence the temperature and
potential in the low energy scrape off layer wing.
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Fig.la: Density evolution at the boundary Fig.lb: Normalized to the Fig.le1 Dependence of separatrix
position of the separatrix density and decay length at the

separatrix with plasma current

Floating potential measurement in the divertor: In fact, a substantial
influence is observed e.g. in the floating potential in the divertor
/6/. During ICRH, a strong negative peak is observed in the outer
scrape-off layer wing just inside the last 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 structure of the floating potential profile depends on the
heating scenario (OH, 2wg, 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: Figures 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 electric fields will affect Lhe Lransport in the
scrape off layer, the exact mechanism, however, remains unclear.

Measurements of Fe fluxes: A divertor collector probe was used to
measure the Fe fluxes in front of the divertor target plate /7/.
Assuming toroidal and poloidal symmetry, those fluxes can be related to
the Fe fluxes originating from the main chamber walls (Fig. 3a).
Spectroscopic measurements of the Fe XVI line intensity, as a function
of power, are shown in Fig. 3b. Using an impurity transport code /8/,
which neglect electric flelds in the scrape-off, the absolute Fe XVII
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transport in the SOL, because of radial electric fields at the edge,
originating from a changed plasma potential, and 2) a strongly
localised Fe source due to strong electric fields in the vicinity of the
antenna. The anticorrelation between absorption and impurity production,
seen for example in By scans /2/ and in the beneficial effect of NI can
be explained as follows. Bad absorption would result in a strong local
standing wave near the antenna /5/, which increases the impurity
production direectly in this region, and in larger RF fields at the
plasma edge /14/, which, through acceleration of particles there, could
change the plasma potential and thus the Lransport in the scrape off. In
addition to changing the wave absorption, NI may 1lso change the
electric fields at the edge directly by the induced plasma rotation.
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from the divertor probe and from Fig.Jb: Measured Fe XVI intensitics Fig.4: Normalized evolution
the Fe intensity lines of the Fe XVI signal

Summary: The evolution of ng and Te at the plasma boundary during the
RF, together with measurements of the floating potential in the diver-
tor, and the analysis of Fe collector probes in the divertor and of the
antenna limiter indicate that the enhanced impurity concentration in a
ICRF heated plasma is due to a combination of changed transport in the
scrape-off layer because of electric fields, and an increased local pro-
duction of impurities, related to large electric fields in the direct
antenna neighbourhood.
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EL 0 OTRON RESONANCE HEATING:

1.1 Introduction:

Electron cyclotron resonance heating (ECRH) experiments on tLhe TFR
Tokamak have been previously described [1). There, like in most of the
papers published on ECRH experiments, impurity behaviour studies have been
rather neglecled, probably as a consequence of the relatively small
increment of radiated power (measured by bolometry) during ECRH. However,
on T-10, increased central iron densities have been observed [2] and the
initial variation of the central radiated power during experiments at low
nE values was attributed to an increased impurity transport rate [31].

In this section, after a brief description of the plasma parameters and
of the methodology used for simulations, we shall report the results of
detailed comparisons between experiments and simulations for central
heating of plasmas with two different n values.The contribution of
impurities to energy balance (radiated power) and to effective charge 2Z
will be evaluated.

eff

1.2 Plasma parameters:

The Lypical plasmas wused for ECRH experiments had the following
parameters: working gas hydrogen, plasma current 100 kA, toroidal field
E.Jé T g[aphite limiter radius 18 cm, central electron density n (0)=1-3.5
10 cm °, central electron tempeérature TetDl=850—1UUU eV, central ion
température Ti(D]=JGD-Sﬂu eVv.

In Lhese heating experimenis three 200 kW gyrotrons were wused. They
were successively switched on at 25 ms interval 1n such a way that the
maximum power (500-550 kW) was applied to the plasma 50 ms after switching
on the first gyrotron.

Due to Lhe presence of a stainless steel calorimeter in the limiter
shadow, the  hardware conditions for these experimenls were sensibly
different from the ones described in [1]: as a consequence, the iron
density 1in the plasma was larger and very sensible to horizontal
displacements.
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1.3 Simulation procedure:

The impurity transport simulation code has been previously discussed
[4).The code considers independently the transport of any one atomic
species and gives in cylindrical geometry the density of all charged 1ions
as function of time and radius;line radiances (data available from
experiments) are also calculated.

As discussed in [4], the code uses "ad-hoc” boundary conditions: the
incoming neutral atom flux T at the limiter radius is chosen, as a
function of time, in such way that the absolute radiance of a non-central
ion 1line (Fe XVI 335.4A in the considered experiments) is correctly
simulated.

Once this is done, the subsequent step is to adjust a diffusion
coefficient D and an inward convection velocity V in such a way that the
temporal behaviour of the radiances of central ions({Fe XIX 108.3A, FeXX
121.84, Fe XXIII (blended with Fe XX) 132.9&) is correctly simulated. It
has to be pointed out that the uncertainty on the determination of the
absolute value of the transport parameters with such a method is 507 for D
and 100/ for V . However, the uncertainty on possible variations of the
transport parameters during ECRH is somewhat lower.

ECRH heating is simulated in the following way: the n and T profiles,
measured (by interferometry and Thomson scattering) during the ohmic phase,
give the steady state solution which is used as the starting point for the
simulation. The n and T profiles resulting from one, two and three
gyrotron heating are successively introduced during 25 ms each.

1.4 Comparison between experiments and simulations:

Figure 1 shows the comparison between experimental line radiances
(left) and simulated ones (right) in the case of larger n (3. 10
cm ~).The best agreement is obtained when starting with D = «foo cm /s and
¥V = 600 cm/s during the ohmic phase and keeping constant these values for
the ECRH phase (solid 1lines).The dashed lines sgow the result o{ a
simulation where D and V are increased to 8000 cm /s and 1200 cm /s
during the healing: the discrepancy with the experimental radiance of Fe
XXIII confirms that the transport parameters can be considered as constant
within the stated uncertainty.

Figure 2 deals with the case o{ lower n_ (2 ID13 cm-sl.ln this case,
keeping D and V_ constant to 6000 cm /s and Gﬁﬂ cm/s during the ohmic and
heating phases 1solid lines), clearly does not agree with the experimental
measurements. Indeed, the best agreement is obtained when increasing D and
v to JZDUU cmzls and 1200 cm/s during one gyrotron heating and th%n to
:ﬁunu cm /s and 1800 cm/s during two and three gyrotron heating (dashed
lines).This increase of the transport parameters is well above the
uncertainty of their determination. It is therefore posible to conclude
that, in the lower density case, the impurity confinement time decreases.
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In both cases the incoming neutral atom flux I has to be multiplied by
a factor of 1.5-2 during the heating phase in order to correctly simulate
the experimental radiance of Fe XVI.

1.5 Conclusion:

By applying the results of the simulations mentioned above to the main
plasma impurities (0,C,Fe,Cr,Ni), it is possible to evaluate the radiated
power and the effective charge Z . In both cases, radiation losses do not
vary outside the uncertainty during ECRH.

Larger density case: Pr=65 kW z =2.4 (Q) 2 =3.1 (ECRH)

5 . - eff_ eff_
Lower density case: Pr=50 kW Zeff-l.z Q) zeff-a.u (ECRH)
2 PELLET INJECTION:

Single pellet injection (PI) experiments on TFR have been previously
reported [5]. Very few of the papers dealing with PI are concerned with
impurity studies. However it was noticed on PDX [6], that the X-ray
enhancement factor and Zef [measured from visible bremsstrahlung) were
reduced much more that expected by simple dilution.It should also be
recalled that centrally peaked impurity profiles occuring after PI were
observed on Alcator C [T71.

For these Pl studies, the target plasma had the following parameters:
working gas hydrogen, plasma curr?nt 200 kA, toroidal field 4.3 T, graphite

limiter radius 18 cm, nelul=8 10 (= " T TEtDJ=1.$ keV.

The procedure used for the simulations is similar to the one described
above. Figure 3 shows that the best simglation |solid line) is obtained
when D and V., are kept constant to B0CO cm /s and 1200 cm/s before and
after PI. A simulation with constant D and V,_ at 4000 cm /s and 600 cm/s
(dashed line) shows that the evolution u} the Fe XVI radiance is much too
slow,

It must also be pointed out that six lines corresponding to six
consecutive ionization degrees of iron (Fe XVIII to Fe XXIII]) have been
simultaneously obseved.Their evolution (increase of Fe XVIII,XIX and
decrease of Fe XXII,XXIII with Fe XX,XXI staying roughly 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 flux.No modifications ofethe transport parameters are
needed,but ' must be decreased by a factor of three following PI.This fact
is quite consistent with the expected effect of Lhe decreased temperature
of the plasma on the sputtering rate.

Finally, the larger peripheral light impurity (C,0) radiances observed
after PI were satisfactorily simulated by wusing the same transport
paramelers as above and increasing ' by a factor of 1.5. This increase of
the input flux is probably due to a larger desorption occuring because of
the increased density.
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NON-LOCAL TRANSPORT IN THE SCRAPE~CFF FLASHMA IN TOKAMAK

Igitkhanov Yu.L., Yushmanov F.H.
I.V.Kurchatov Institute of Atomic Energy,lioscow, USSR

ABSTRACT

The longitudinel heat and momentum trensport of plasmae particles
from-the main tokamak zone %o the divertor or limiter plates is
described within the frames of hydroaymemic equations with the cles-
sical coefficient of longitudinal heat conduction and visnosity[1]
Even when the hydrodynamic approximation are satisfied on average,
i.e., vhen the mean free path is much less than the characteristic
longitudinal gradients, the expressions for classical heat con-
duction and viscosity coefficients turn out to be overestimated.
This results in lower plasme ‘temperatures and in greeter densiti-
es at the separatrix than the experimental values [2] « This is
due to the fect that the hydrodynamic heat and momentum flows are
determined by the tails to the distribution function and become
cssentially non-locel by nature. In this report the 20-moment Grad
mzihad, whexe, in dilfecseunce fovw o bradivional procedure, the
derivatives of higher order momenté are left is used to determine
the transport structure. Buch an approach allows to reduce the

set of differential equetiona for the moments to one equation of
higher order, from which the integral expressions for the longitu-
dinal heat and momentum transport can be derived. For a thermal
flux one gets

; / s
L(2)- (4G, @662

where ﬁ? (2] is the classical Spitzer-Hirma heat conduction
Llux, 3 2, is the describing the non-local nature of heat tre-
nsfer. The structure similar to (1) was postulated previously in[d]
and can be naturally‘derived from the distribution function expan-
siom. J
REPERLICES
1« Yu.L.Igitlhenov, Ae.S.RKuXushkin, A.Yu.Figarov, V.I.Pigtunovich .

Doklady .lrademii Lazuk SSSR, v.278, 1984, Iszue 2, p.328.
2. Yu.L.Igitne I

Plasnma ¥hyaice, 3l

5 Ty :
o i 1277 Europ.Conf.onContr.Pus. and
post, -3 Depta, 1985, part 'II, p.48.

2 (D
0 ek
faf

A}
(n]

J. J.F.Lucieni, E.lora, J.Viz.ont,rhys.Rev.Lett.v.51, 18, 13983.




687
HAGHNLYLC ISLAND brruCl Ji wWOKALAK EDGs PLAG.A

Tokar' l.Z.

Institute for Iizh Temperatures of the U35
Academy of Sciences, ioscow, USSH

Abstract. The effect of the magnetic islands in configurat-
ion with &ul on the edge tokamak plasia parzmeters is studied
on the base of equations of single fluid hydrodynamnics with
taking into account the particle and hcat flow along the mag-
netic field. The theoretical results are in good agreement
with TiLaT experimental results.

Introduction., The concept of Lrzodic ilagnetic Limiter (LiIL)
1 is -one of the interesting approaches to the prcblem of
control of the tokanak edze nlasua parameters. It's based on

the theoreticezl notions that the plasma transvyort coefii-
cients must increase with superposition of periodical pertur-
bation on the tokamak maznetic fielda /2/ : overlapping of the
magnetic islands created by the different harmonics of the
perturbation results in the magnetic field lines stohastiza-
tion. The heat and plasma particle flows alons the ergodized
lines of forces increase the transport across the unperturbed
magnetic surfaces. As it's shown in Rref, /3/ the increase of
trensversal diffusivity up to Bohm level will reduce the tem-
perature of the plasma being in contact with = tokamak-1eac-
tor wall lower than the threshold of the sputtering of such
materials as molybdenum, stainless steel. The increase of the
electron transversal heat conduction permits to realize the
plagma configuration with so called expanded radiative boun-
dary /4/ , vihere the substantial part of power transported
from the tokamak core is radiated by light impurities on the
first wall. In the stohastic region the enhanced consentrat-
ion of impurities may be sustained due to their friction with
the main ions flowing to the periphery along the magnetic
field lines.

The experimental researches on YWi4l device have shovn /5 /
that EML is actually the effective instrument for the effect
on the edge plasma: recycling increases, the electron tempe-
rature drops and becomes more flatler with magnetic field
perturbation. At the same time it has been shown that the
substantial increase of the transversal transport coefficients
may be attained at relatively low perturbations when the is-
lands are not overlaped and the stohasticity is absent. In
the present report the model for the description of the heat
and plasme particles transport into the isolated chains of
the magnetic islands without stohasticity is proposed. The
effective coefficients of the plasma diffusion and heat
conduction in configuration with the magnetic islands are ob-
tained. The comparison of the theory results and TEXT experi-
mental date is carried out.

Basic eguastions. VWhen the tokamak magnetic field is perturbed
with small disturbance B, =g Brcos(mG-Ry) , where 8-
is the toroidal component, b<¢1, & , ¥ are the poloidal
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and toroidal angles, the system of the magnetic islands
arises. Their axes are”?laced on the resonant surface with
the safety factor g-= /4 . Teking into account the spirel
simmetry of the islands we introduce coordinates ¥ ,

where 3 numbers the magnetic surface and £ is the length
of the magnetic field line from the point on the "top" of the
surface O' - Fig. 1. The total length of the line between
points 0', 0", £, , is infinite at the island separatrixe
with ¥= fm . In the cylindrical approximation with small cur-
rent deneity at the discharge edge where the islands are cre-
ated ¥m=129,CcR/m (a,R are minor and major radii of the
resonant surface), When # £ 0,8¢&m AL, depends on

weakly: Ao= M>- F“'/é?‘

The equation of the plasma motion along the magnetic field
ingide the islands has a form:

9%(”7.-/7 +2ﬂT)-— ”Zir h’?g[!(zgy, *"'EV)] (1)

where the densgity n, temperature T and longitudinal velocity
Vy, are sssumed the same for ions and Blectrons, Ny are
transversal and longitudinal coefficients of ion viscousity,
is Lame coefficient.
We consider the case of sufficiently small perturbations when
the flow along the magnetic field lines inside the island
results in additional transversal transport of heat and plas-
ma particles not exceeded the unomalous_heat conduction and
diffusion with coefficients &, end 2 . In this_caue we
gcek a solution of Ikg.(1) in the form ¥, = V(%) sin 7€/,
because Vi turns into ze*’o at the point O0', 0", and jor
By W dependences on, ¥ .4 we agsume

7 it
n=n(1+ 7 - ecs W) T-T.(1- 7 ——cos T)

where ng, T, are the parameter valueson the igsland axis and
’n 3 €7 are characteristic dimensionsg of their changes. The
equat%on for V(% ) one may obtaine by integration of Lq.(2)
over € :

9 L[4k gy EEEs (L @

where < h; = f 'hfzdf%‘_ w wﬂ/¢

kq. (2) solution tu 'ning into zero at the islund separatrixe
and axis hgs a form: )
r= -V- (i_ Sh /fd )

fm  sh ""/ﬁ

v
T Tl (L L) g

(3)
] P fsrz" gu;f‘:,

W 1is 10n Lax nr l‘rt.quenc‘y, T, is l,he time .u1tt.1'val between

ion collisions. . o
Let's average over 8 wand ¥ the equatmns of continuity and

heat conduction for the plasms inside the islands:
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_;__@_1 L ?n)] 9:7%,

hy 0% ”r

f a (&,” =5 ?” 7)] 2 (5n)T- @ "nc) ¢

\.here ) J.s the particle source due to neutrsl ionization,

Q is the energy losses.

As = vesult we obtaine the one-dimensional equations describ=-
ing the plasma trensport. At y = 0 they may be nresented as
follows.

.g/_(_D”ﬁﬂ__ = p,r?{,? ;;7' =6 (4)
d @, ,'f - @-58T% &), dr
(- dg dy (5)

J

I-Iere we have neglected the turns of the order of 11 5m Dn =
-D;*Aj)) Df"djf @,= XA, AD-053 F- Im - (* ‘_ﬁ) fg'ﬁié’za’u.

The additional turms in the transport coelJJ_c;Lents averaged
over island are

R R v T i .
AD= 035 :_—(41- 2 ?P'”"?P) A s 6’ ¥ (6)

ilesults. It's interesting to compare Lx (6) with the plasma
iffusivity ¢4 and heat conductivity &°s+ in stohastic
magnetic field obtained in paper /6/ . Taking the width of
gtohasticity ree,lon and lonbz.tu.dlnal length of perturbation
correlations in Ref. /6/ are equal to the island width and
the magnetic _#eld llne lg thy, 2 #m and Za , respectively,
we obtaine 7 /?f" 2} where &2 = 2“5’,,,,( . To es-

timate ?c we take into account that &mx are reduced expo-
nentially on the regonant surface with m deviation from
Me=q.-B . this 2% /e = 1,25. With small perturbations
when ﬁ<< 1 and the plasma flow velocity along the magnetic
field ig defined by the transversal viecousity AD and s
are also close one to another A4 /73:;’ 08¢

Thus inside the magnetic islands the additionals terms in
the transport coefficients due to the heat and particle flow
along the magnetic lines of forces are similar to those in
the stohastic magnetic field.

The qualitative difference between AD and Ds¢ obtained in
Ref. 6 +takes place with A2 1 when the flow gvelocity is
defined by ion longitudingl viscousity: ADP~E3 with f<<
and AD~€ when B2 1. It's interesting to note that the
condition #= 1 is close to the boundary of applicability
for Dyt in Ref.

The modification of AD dependence on the magnetic field
perturbation amplitude has been observed in TLXT experiments
with Bil /5/ . Fig. 2 represents the experimental and
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computed dependences of the global particle time Tp in TEAD
device on the_current in EINL windings. According %0 the defi-
nition Tp = M4, /2/; , where T is the aversged density in
the tokamak, a, is the radius of the magnetic surface %touch-
ing the limiter, /. is the particle flux into t%e scrape-off
layer. As an estimate /7 ~Da, Tp~Psn' = Y. (1- “23.)

The computation of the plasma parameters in the next-to wall
region has been carried out on the base of Eq.(4), (5), with
AD ,A2 given by Ix. (6). Por conditions of Ref. /5/

B =1with I,2= 1 ki.

Experimental and theoretical results are in good qualitative
and quantitave agreement and this fact is the evidence of
adequacy of the proposed model for the describtion of plasma
transport properties in configurations with magnetic islands
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PLAScA INSTASILITY IN WHE SCRAPE OFF LAYLA
V.G. Petrov

Institute for High Temperatures of the UESit
Academy of Sciences, lioscow, USSR

Abstrzct. Instability of the plasma flow in the poloidal
Iimifer scraope off layer of a tokamak (80L) is demonsirated
in the fremes of linear appreoach.

Introduction. Steady state plasma flow in the SOL has been
considered in [1] . The primary cause of the flow is a toroid-
al drift of the ions and the electrons. The charge separat-
ion caused by the drift is compensated for by nonambipolarity
of the plasma flux to the limiter. The electric current den-
gity to the limiter alonz with the Langmuir potential drop

at the limiter proves to be a function oi the poloidal azi-
muth. A poloidal electric field arises in the SOL and this
leads fto a radial plasma drift. It has been noted in [2] that
plasma flutes stretched along the magnetic field in the SOL
can be unstable relative to a displacement along the minor
torus radius. In the present paper the plasma flow instability
is investigated with boundary conditions for fluctuations,

ion inertis and magnetic shear being taken into account. The
real part of the oscillation frequency and the poloidal wave
number prove to be close to those observed in [3-5] .

BEquations. The consideration will be bounded to a drift
motion of the plasma components and can be held in the frames
of fluid description without dissipation. The electron and
ion temperatures are supposed constant and equal to T. The
plasma in the SOL is supposed transparent to neutrals produc-
ed when charged particles strike the limiter. The continuity
equations for electrons and ions have the form [6]

on _ - =

o & . -

'5'{“‘?{“’[““’«.,"’5‘%’]'0 (1)
on fdé.f{n(v- -V o+ \/ ¥+ f—Bxl-— V. *l;'—J-V)V_']f 0 (2)
at w a E o

where v, , V,, are the electrun and ion flow velocitles along
the magnetic field, respectively, vk ﬂcgd.vr/ g is the
electric drift veloclty, v =cTBxvn, efB*n 1is the ion Larmor
drift velocity, {2 is the‘ion Larmor frequency. Introduce a
co-ordinate system: 1 =minor running radius, =toroidal azi-

muth, & =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 latersl sides of the limiter. Ekach such section is
fully defined by the minor running radius r and the poloidal
azimuth o , which corresponds to the section point in 3he
poloidal cross-section of the torus rotated through 180~ in
the toroidal direction with respect to the cross-section of
the poloidal limiter. The field line section corresponding to
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the azimuth . enters the limiter when 0 = . - (F/g.\ {rom
the ion side and when 6=, +(7/y) from the electron side.
The boundary conditions on the lateral surface of the limiter
(the limiter potential is equal to zero) are:

Veu ={T727m, enp(-et/T) (3)
LA (4)

For the sake of simplicity we adopt n=const and ¥ =const
along every magnetic field line section. We consider fluctua-
tions streched along the magnetic field. Equations (1,2) are
integrated along the field line sections with allowance for
the boundary cogditions (3,4) as has been done in [1] ,

a/R <<1, 81nl/Bc < mg/M are supposed (where a is the inner
limiter radius, R is the major torus radius).

Thus equations for u=ln n and y are obtained. Ve present
n=u, + !, ¥ a Ty # ¥'! where u,, ¥, are the steady state
solutions from [1] and u', ¥y' are tBe small perturbations.
The equations are linearized in these perturbations and the
perturbations themselves are presented in the form:

1

U u b B S i ’
LU 04 erpliwt cima- fra]osinfzin] | 2 ra (5)
H',‘.\f’r:O' 1<

/

where u,, f; are the primary perturbation amplitudes, w is
the frequency, m is the poloidal wave number, g and f are
the constants which determine a radial 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 = r, deflects from the
field direction at r £ r,. It happens so that the longitudi-
nal wave number k , becomes nonzero at r £ ry. If the wave
number k , reaches the meaning 1/R at some r %han the longi-
tudinal wave length reaches the length of the magnetic field
line section in the SOL. With that the averages of u' and
on each field line section become equal to zero. The highest
possible radial length of perturbations is suca that along
it k changes from -1/R till 1/R. In this case g = m/aq,
where q = aBg/A By

The dispersidn equation is obtained from the linearized
equations for the small perturbations (5) with the help of
multiplying the equations by exp | -f(r-a)] X sin [g(r-a)]
and integrating them from a to wo . )

Digcusgsion of results., It followvs from the dispersion equa-
tion that two physical mehanisms of the instability develop-
ment take place. The first mehanism is connected wigh the
ion inertia and manifests under large values of zc + fe
which are comparable to the inverse ion Larmnor radius

1/@ = e3yi/2T/Mec. When the plesna moovs radially in a
diaturbed radial electric field the ion density disturbes
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due to the ion inertia with respect to the electron density.
The charge accumulation and the amplification of the primary
electric potential disturbance can take place. ior the TU3CA
parameters (5] the increment is 3 x 104 Hz and the real
part of the frequency is 105 Ha.

The second mechanism of the instability proves to be of a
flute tipe. If a plasma flute satretched along the magnetic
field shifts radially the flute plasma density starts to

differ from the adjacent repgions. Due to the toroiaal drift
there sppear charges on the lateral surfaces of the flute.
Thus a2 poloidal electric field disturbance arises and the
drift in this disturbed ield can lead to the amplification
of the initial flute displacement. The value of the disturb-
ed electric field is determined by the flow of the disturbed
charge to the limiter and also by the electric current which
is transverse to the magnetic field and due to the ion iner-
tia. The plasma is unstable on the outer contour of the
torus that is natursl for the flute instability. With the
shear the maximum value of the increment is

R LAY 2, 2723 - , s
¥ :3—;—(5; 3;;‘1‘;—){71' rg°) Ld(_{ + %(O’Sbhrl),/ﬁfi—" 85 .

where T =7R [Ms2r o, AP¥Swinsg) | A ig the radial
scale length of change in the plasma density. The real part
of the frequency Re w =y/2 . For the parameters [5]

Re v =2 24a10°Hz and mMQE/q =q2 that is close to the
experimental data. The increasing density perturbations shift
poloidally to the side of the toroidal ion drift under the

both instability wmehanisms. A larger oscillation amplitude

ought to be there. Such asymmetry is observed experimentally.

The change in the plasma convection with the anomalous

transport coefficients is considered in [T7] .
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I. Introduction

Pellet fuelling has shown itself to be an effective means for obtaining
low Zgpp peaked density profiles in ohmic plasmas [1]. Further uses of
pellet fuelling may develop when tokamaks enter their DT burning phases.
Then the above factors and the correct species mix become crucial for
achieving the largest Q value. A necessary corollary for the success of
sustained pellet fuelling is good hydrogen removal from the plasma edge.
Methods to control the edge exhaust have included various wall conditioning
techniques and special limiter or divertor configurations. For any of these
approaches to be optimized, an understanding of the basic processes of
hydrogen transport in the plasma and in the walls must be developed.

In this paper we report on the density behaviour in JET during
pellet-fuelled inmer-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 combined effects of plasma and wall
properties.

The time evolution of the plasma density is simulated by a 1-d plasma
transport code which includes the effects of minor disruptions on both
particle transport in the plasma and recycling behavior at the wall. As a
starting point for the analysis we use transport coefficients from previous
studies of the density profile evolution of neutral-beam and ICRF- heated
JET outer-limiter discharges [2]. Several-fold changes in the particle
transport and reflection coefficients during 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]

II. Experiment

Deuterium pellets (4e2l atoms) were injected into deuterium discharges
formed with JET in the inner-wall configuration [1]. The target plasmas
had central electron densities and temperatures of 2el9 m? and 3 keV,
respectively. Immediately after injection the plasma parameters were:

=2.8T, I, =3.0-3.5 MA, RO;B.OD m, a=1.15m, b=1.61m, Qg (a)=5.0,
To(0)=1 keV, and <ne>=4»5919 m~ . The distance from the last closed flux
surface to the outer limiter was 7 cm. The time evolution of the
volume-average electron density (from a 5-chord IR interferometer array)
and edge electron temperature (from 2-nd harmonic ECE) are shown in figure
1 for two discharges, 9226 and 9238, which had similar macroscopic plasma
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Fig. 1. Time evolution of the volume-average electron density, <n_ >, and
the electron temperature at R=3.61 and 4.2 m for two discharges, 9226 and
9238. The latter was characterized by minor disruptions at the q=2 radius,
R=3.85 m. The high edge temperature for 10.05>t>10.7 s is an artifact,
known to be due to 2-nd harmonic overlap in ECE. d

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 pellet 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=10.195, 10.355, and 10.58 s) with phase inversion radii
at R=3.85 m. This position is coincident with the location of the q=2
surface calculated from magnetics. The rapid decay of plasma density- at
rates up to 3e2l 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 30 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 disruption <n, > falls about 0.7el9 of?. The
electron density on axis falls about 15% during the first 15 ms after each
disruption. Concurrent with the rise in Tg(a) is a rise in ne(r>.8a), as
shown in fig 2. However, the D-0 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 alsc
present after the pellet but ended before the disruptions. No precursor
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Fig. 2. Line-integral electron density, ngl, at R=3.75 m, D-o emission from
the inner wall, and total radiated power for discharge 9238.

Fig. 3. Calculated time evolution of Ny 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 r and D during the disruptions.

oscillations to the disruptions were observed, though minor sawteeth at g=1
immediately preceded many.

III. 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 m?/s on axis to 1.0 m*/s
at the edge, and the convective term (inward) increased from 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 507 longer due to their (calculated) deposition near the
plasma core. The apparent confinement time, T§=Tpl(1~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 the transport rate of particles out of the plasma. As noted
earlier, the drop in D-0t emission shows that the recycling (which includes
direct particle reflection) 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 the
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 15Z drop on axis with those
particles placed outside the gq=2 surface; or a flattening of the density
profile for #30 cm around the g=2 surface. However neither of these
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satisfies the observed 15 ms decay time of density on axis. The second
class of models (fig 3) involves the increase of outward transport for
about 100 ms after the disruption. To obtain good agreement with the
density decay, either the diffusion coefficient, D, must be 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 wall is a necessary,
but mnot sufficient, condition to explain the experimental observations of
both the decrease in D-q light and the decay of density. Without the drop
in R any increased transport to the wall would result in increased
D-o emission. The cause of the reduced R could be the increased energy of
the impacting deuterium ions due to the increased sheath potential (=4.2Tg)
associated with the increased electron temperature at the edge. It is known
from beam-solid studies [5] that the reflection coefficient of D on carbon
does drop from about .7 to .1 as the ion energy increases from 20 eV to 500
eV. These energetic ions are then 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 the carbon is slightly
higher then it may serve as a temporary reservoir only [3], releasing the
implanted deuterium at a rate determined by the diffusion of D in carbon.

Minor disruptions occur in JET in a variety of configurations
including outer limiter discharges. In that case no drop in density is
observed and the D-o emission is seen to rise. We speculate that the cause
for this difference is the limiter temperature which is measured to be
> 700 C. In contrast the temperature of the inner wall is < 350 C.

Theories of minor disruptions, under development [6], have magnetic
reconnection only within the islands located at the gq=2 surface. The
igslands are thought to be only a few cm in width. Hence these theories
offer no explanation for the particle loss from the plasma core.

Discharges with minor disruptions do not have particularly good energy
confinement. It thus does not appear desirable to provoke minor disruptions
as 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 the plasma edge.
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WALL PUMPING AND PARTICLE BALANCE IN TFTR
H.F. Dylla, D.B. Heifetz, M.A. Ulrickson, K.W. Hill,
P.H. LaMarche, A.T. Ramsey, B.C. Stratton
Plasma Physics Laboratory, Princeton University
Princeton, NJ 08544 USA

INTRODUCTION. Plasma pumping effects with carbon limiters have been seen
in TPTR [1], JET [2], and TEXTOR [3]. The pumping effects in TFTR were
induced by conditioning the large area axisymmetric bumper limiter with
low density, helium initiated discharges. As a result of the
conditioning, significant decreases in the edge neutral pressure and D
emission have been ohserved. Analysis of the Dy emission data [1] showed
the global particle recycling coefficlent was reduced from near unity to
values as low as 0.5 for ohmic plasmas. The low recycling econditions
were not a permanent effect. A pumping capacity of ~ 100 torr liters
(0.2 Pa m”) for ohmic plasma has been determined by a wall loading
experiment described below. A preliminary analysis of the capacity of
the conditioned 1limiter to pump higher energy particles, such as the
outflux from neutral heam fueled discharges, is presented here, The
limiter pumping effect, with its commensurate reduction in recycling, is
a prerequisite for the enhanced confinement neutral heam heated
discharges observed in TFTR [4,5].
THE WALL LOADING EXPERIMENT. In order to quantify the gas loading of the
limiter (and any contributed pumping by the wall) a previously
conditioned torus was exposed to a sequence of identical, gas-fueled,
ohmic discharges. The experiment consisted of a conditioning sequence of
seven 1.4 MA Hett discharges, followed by eleven 0.8 MA p* fiducial
discharges. These discharges were programmed to a density of 'ﬁe = 1,25 %
10'%3 then the deuterium gas feed was turned off to allow the density
to decay to the recycling limit. :

The particle confinement time, t_, and global recycling coefficient
R, were calculated by solving the global particle balance equation

+ +
dndit) =S+G'N1(t) ; (1)
P

at time t. Here NY(t) is the total core ion population at time t, G ls
the measured gas fueling rate, S is the source in the core due to
ionization of neutral particles, and T _ is the average time that an ion
stays in the core. Given w* and d'N+/gt, BEq. (1) can be solved for T _,
Further, given the global density decay time 1:*, when the external
sources are =zero, so that dANT(t)/dt = N'/1_, ‘the global recycling
coefficient of deuterium, R, is determined from R = 1 - ©./T .

The total density can be expressed as N' = £y <ng> Vo1 where f, is
the average ratieo of the deuterium density bto the electron density
determined from spectroscopic data, <ng> is the volume average electron

density, and Vv 1 is the plasma volume, Assuming a parabolic density
profile, then ng> is 0.75 times the measured line-averaqged electron
density. During the entire sequence fj, = 0.85 and fig = 125 % 1019073,
so that Nt = 2,35 x 1020, The density decay rate, dN+(t)/.dt, was

caleculated nsing this value of N' and the measured values of TP during
the gas loading sequence (Fig. 1).
The remaining term in ®Bgq. (1), the lion recycling source §, was




699

calenlated Erom D, measurements using a three-dimensional calculation of
Ny emission and lonization distributions. These were computed nsing the
multi-dimensional DEGAS neutral transport code [6] which was used to
simnlate recycling at the TFTR inner limiter for three discharges during

the gas loading sequence. The DEGAS model contains a comprehensive
description of Ny emission from both atomic and molecular dissocliation
excitation. The limiter ion flux distribution was simulated using a

model which has been experimentally calibrated using data from moveahle
limiter discharges., Plasma elongation was insignificant during the gas
loading sequence. The toroidal variation of Ny emission was found to he
relatively small and so was ignored. The plasma scrape-off was also
assumed to be polnidally symmetrie, although there are indications that
the plasma edge density may rise near Lhe limiter.

The calculated D, distributions were integrated along chords, and
then compared with D emission measured by the H, Interference Filter
Array [7]. By scaling the calculated n, distributions to agree with the
measurements, the resulting recycling sources, S, were then calculated.

The resulting values of 7 varied from 0.16 to 0.18 s. [Using an
average T . of 0.17 s, the computed global recycling coefficients varied
from 0.61 at the beginning of the sequence to 0.82 at the end (Tahle
i ) The calculated ion particle current 't increased correspondingly
from 2.17 x 1027 pt/s to 3.1 x 102! pT/s. The calculated limiter pumping
efficiency, p, which is the fraction of particle flux removed by the
limiter, decreased over the sequence from 0,085 to N.025.

The particle inventory in the limiter and wall during the gas
loading sequence was obtained from calibrated measurements of the
required gas input per discharge (Qin) and the Integrated vessel
outgassing (Q,,,) for an 80 s period after a discharge. Figure 2 shows
the measured values of Qinr Qontr and the computed wall inventory, W =
(o T IR during the gas loading sequence. At the beginning of the
sequence 40 torr-liters of D, was required to reach the fiducial plasma
density (1.25 X 10191:._3). At the end of the sequence, the required gas
input decreased to an asymptotic value of ~20 torr-liters, as the limiter
became loaded and the recycling coefficient increased. For the entire
sequence, the amount of Dy outgassed from the vessel between discharges
was a relatively constant value of Qour = 4 torr-liters. Thus, the wall
loading also showed a decrease to an apparent asymptotic value of W = 16
torr-liters/discharge during this shot sequence. The total wall loading
minus the asymptotic value for the entire sequence was ~ 70 torr-liters,
which can he equated to the pumping capaclty of the limiter which was
induced by the initial He discharge conditioning. This pumping capacity
is consistent with the wall pumping model described in Ref. 1, where the
capacity for pumping ohmic plasma is estimated to be equal to the
saturation capacity of the limiter volume contained within the scrape-~off
area (~ 5 rnz) and the mean range of incident pt.

The asymptotic value of W = 16 torr-liters per discharge is
apparently not related to plasma pumping by the limiter, because W was
relatively constant during the shot sequence, while the recycling
coefficient changed from R = 0.6 to R = 0.8, The residual pumping of
deuterium may have been due to pumping of deuterium by molecular
components (an ), or deuterium incorporation into sputtered carbon films
on low flux areas of the torus. BSuch redeposition phenomena have been
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invoked to explain carbon pumping effects in tokamaks [1=3] and glow
discharge experiments [B]. For redeposition to have been responsible for
the residual (16 torr-liter/discharge) pumping seen in TFTR, the effect
would have had to dominate during the non-steady state (i.e., formation
and/or termination) phases of the discharge. It appears that the
observed residual pumping is related to deuterium/carbon chemistry
because similar particle balance measurements with He-gas-fueled
discharges showed that Q;, = Qg ¢+

PARTICLE BALANCE DURING WNEUTRAL BEAM INJECTION. During neutral hean
injection we typically observe that the plasma density rises rapldly
early in the heam pulse but after aboat 0.5 sec the density has reached a
new equilibrium. A typical example of the line integral plasma density
during neutral heam injectlon is shown in Fig. 3. The time constant for
relaxation to the new equilibrium has been determined by €fitting a
function of the form n(t) = nj + Ane” T to the data shown in Fig. 3.
The time constants determined from such fits are bhetween 180 and 240
msec. There is no ohservable systematic variation of the relaxation time
with plasma current, beam power, or ohmic particle confinement times.
The rate of rise of the number of plasma particles at the beginning of
the beam pulse is plotted versus the beam fueling rate in Fig. 4. A
parabolic squared plasma density profile was assumed.

Flgure 3 shows that early in the heam pulse nearly all of the heam
particles are being absorbed by the plasma. However, later in the heam
pulse when the new equilibrium has bheen reached an as yelL unknown
mechanism is removing particles at a rate approximately esqual to the beam
fueling rate. We find that for beam powsrs up te 17 MW, plasma currents
between 0.8 and 1.4 MA, and 1 sec beam pulsas, only 26 & 3% of the total
injected beam particles stay in the plasma.
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TABLE 1: GAS LOADINE RESULTS AT t = 2s
+

5 G iy
SHOT (102%5)  (102%s) (5) R (102! /) £
8.2 4.8 N.44 0.1 AT 0.085
11.6 1.9 0.9  0.75 2.81 0.043
27645 13.2 1.5 n.94  n.82 3.10 0.025

"The recycling coefficienl R was caleulated usiag 'tp = 0.17
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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 controlled way from a
status in which the plasma is fuelled (recycling coefficient R>1) to one
in which it is pumped (R< 1) by the wall. This is achieved by adjusting the
hydrogen concentration in the near surface layer of the carbon material.
This concentration decreases e.g. when the wall is outgassed in-situ at
temperatures T 2 350°C; it can be increased by short glow discharges at
T = 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 the discharge. Reproducible wall pumping =~ i.e. no shot to shot n
variation for a given parameter setting - has been observed in TEXTOR whef
the wall and limiters are at T _ = 350°C. Glow discharges in hydrogen do not
significantly affect then the Hydrogen recycling /2/. It will be shown here
that a wall surface previously outgassed at T, ~350°C but operated at
T, = 150°C is recharged with hydrogen by tokamgk and/or short glow dis-
cHarges and can change its behaviour from "pumping" to "fuelling".

Introduction

The phenomenon of wall pumping by inward plasma shifts in an all carbon
tokamak has recently attracted great interest. The effect has first been
observed in JET /3/ and since then been systematically studied in JET and
TEXTOR /2/. Its importance as an operational tool for controlling the
density, e.g. during neutral beam or pellet injection is obvious. It also
seems to help achieving the modes of good energy confinement (supershots in
TFTR) . The subject of wall pumping is being adressed in an invited paper
during this conference /4/.

The properties of carbonization films (a-C:H) are nearly idertical to those
of pgraphite surfaces which have been dirradiated with high doses of
energetic hydrogen ions /1, 5, 6/ (amorphous structure, similar outgassing
and chemical reactivity, same saturation concentration of hydrogen, etec.).
Thus the results from a carbonized tokamak are of relevance also to
machines with large area graphite wall components.

It is important to explore and understand the mechanisms which govern the
wall pumping effect both from the confined plasma and from the materials
interaction point of view in order to assess its limits. Due to the lack of
space, only a phenomenological description of some TEXTOR experiments will
be given here; a more detailed discussion will be published elsewhere.
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Experiments and Discussion

The experiments discussed here were made several hundreds ot discharges
after the last carbonization. The liner (r = 55 cm), poloidal antenna pro-
tection limiters (r = 48.8 cm) and the main limiters were regularly ovc-
gassed during the nights for eight hours at temperatures between 350°C and
420°C, and then adjusted toc the desired operation temperature. In most
cases the same parameters, in particular an identical gas feed program,
were used for all discharges of one series. Differences in the evolutions
of the plasma densities display then changes in recycling properties.
During some discharges the plasma has been shifted from its initially
centered position at R = 1.75 m by 10 cm to the inside torus wall.

When the wall and limiter temperatures alter outgassing are reduced to
150°C operation temperature, strong sorption of hydrogen by the wall occurs
during the first discharge # 25887, see fig. 1. A rapid decrease of the
density is observed, after termination of the external gus 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
# 25888, the gas flow rates remaining unchanged. Already shortly after the
ignition phase higher density and a steeper slope of the density rise
during current ramp up, are observed compared to the first discharge. The
third discharge # 2588Y shows a further increase of the start up density
and of the density slope during the current rise. The density remains con-
stant during the current flat top, after the end of the external fuelling
at 1200 ms, indicating that Rzl.

The experiments at T, = 150°C demonstrate that the pumping action of the
previously outgassed wall is strong and that it decreases rapidly from shot
to shot. 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 total densities from discharg to discharge.

After a number of discharges with constant parameters, and in particular
with the same amount of gas let in a "stationary" and reproducible density
evolution is observed, the form of which depends on the scenario (I -
program, gas feed, a), see fig. 2a { 26887-89. The current program whs
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 # 26890-93 were
shifted at 1.0 s by 10 em to the inside wall of the torus. A rapid density
decrease within about 700 ms is observed, thereafter the slope of the
density follows closely that of the unshifted plasmas (wall pumping
effect). Within the errors of the measurement no shot to shot n_-variation
is observed. This supports the conclusions drawn from the analygis of many
additional experiments that the wall pumping behaviour depends on the
amount of gas introduced rather than on the scenario (plasma shift or soft
landing) by which the plasma is eventually sorbed by the wall.
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The tokamak operation was interrupted and molecular D, -gas was bleeded
through TEXTOR for 10 min at the pressure required for a”RG discharge. The
vessel was evacuated and plasma operation resumed under the same condi-
tions., Identical density traces both for unshifted and shifted plasmas as
in fig. 2a were measured. Then a RG discharge of 5 min duration was made,
followed again by tokamak discharges with identical external parameters. As
measured previously at this T, /2/, a significant increase of n_is found
for the unshifted plasmas; during the flat top phase R>1. Theerecycling
has increased, the wall cannot pump as much particles as before. This is
also manifest from the density traces of shifted discharges # 26907-9 which
exhibit an initial density increase after the position change at 1.0 s,
followed by density decreases at much smaller rates than those shown in
fig. 2a. Additional 10 minutes of RG-discharge conditioning (fig. 2c) lead
to further increased values of n_ for the centered plasma (# 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 temperature of
150°C, i.e. a pronounced memory effect exists in contrast to the behaviour
at 350°C.

Experiments at T, = 350°C which have been discussed in detail elsewhere /2/
show a very reproducible density evolution with R <1 during the current
flat top (I_ = 340 kA, ohmic heating, a = 46 cm). Radiofrequency assisted
de glow (R®)—discharges in deuterium for 20 min and for 40 min do not
affect the recycling behaviour significantly. Inward plasma shifts lead to
reproducible wall pumping actions. The wall pumping capability remains the
same from discharge to discharge.

Measurements in which the temperature of the limiters which are in contact
with the plasma was increased from 150 °C to 330 °C and in which the liner
was kept at 150°C, do not show an influence on the hydrogen recycling. From
this we conclude, that the temperature of the (large area) wall is more
important than that of our (small area) limiters.

In order to achieve reproducible density evolution rapidly and to achieve a
large pumping capacity of the wall, operation temperatures of 350°C appear
to be favourable.
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1 INTRODUCTION

The recycling of hydrogen at the limiters and walls of a fusion
machine is important in controlling the particle 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 in the limiters
and walls. In this paper we concentrate on the transport in the limiters
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 discharge, the number of plasma particles and
the particle fluxes to and from limiters and walls. We study with this
model a JET discharge in which the plasma was moved from the outer
limiter onto the inner wall and back to the limiter. We find good
agreement between experiment and simulation.

IT EXPERIMENTAL ASPECTS OF RECYCLING IN JET

JET limiter discharges are initiated with a hydrogen or deuterium gas
prefill. A subsequent dosing raises the density. When the dosing valve
is closed the density stays approximately constant /1/. The number of
particles found in the plasma, compared to the number admitted into the
machine (the fuelling efficiency) cdepends on the conditions of the
limiters and walls. However, the walls and limiters soon reach a steady
state in which the fuelling efficiency is below one.

In some JET discharges, the plasma is moved from the outer carbon
limiter onto the inner carbon wall. Subsequently the plasma density
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 mechanism. Also, we estimate that
pumping due to deuterium/carbon codeposition /2,3/ contributes less than
30%, otherwise the required erosicon 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 aensity rises again, An example is shown
in Fig. 1. This indicates that changes in the plasma position may be
considered as changes irn the balance between the particle fluxes out of
the plasma and those out of walls and limiters.,
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III THE RECYCLING 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
/4,5/. The neutral gas phase is unimportant as a reservoir because its
confinement time for neutrals is of the order 107? s and thus much
smaller than the particle confinement time 71, in the plasma. Walls and
limiters, in order to be an important reservoir, must have a particle
confinement time t, similar to the plasma particle confinement time. The
plasma is the source for energetic ions and neutrals which impact the
walls. 1, can be considered as the time these particles need to diffuse
back to the surface and to desorb into the plasma. This effect is
well-known for the case of hydrogen in metals and is called transient or
dynamical retention /6/. However JET has carbon limiters, carbon inner
walls and inconel vessel walls which are covered with a carbon layer
(> 10 nm) /T/. In addition the carbon 1is saturated with deuterium,
contaminated with metallic impurities and may have cracks at the surface.
Little 1is known about dynamical retention 1in such materials.
Nevertheless, we use the concept cf nydrogen diffusion in solids and
develop a model to calculate the number of plasma particles as well as
particle fluxes from walls and limiters,

We assume that the change in the number of plasma particles (Np):

e A - el e

where ¢ is the total flux of deuterium atoms from walls and limiters and
f is a factor taking into account that part of this flux returns directly
to the limiters and walls due to atomic processes, ionisation in the
scrape-off layer, or due to the escape of neutrals. The magnitude of f
has to be estimated.

Plasma losses, N_/1., are assumed to stream either to the
outer-limiters or to the inner wall, depending on where the plasma
resides. The flux (1-f)¢, which is that part which does not fuel the
plasma, is shared between the limiter, the inner wall, and the rest of
the vessel wall. It is assumed that 50% of this flux goes te the surface
where the plasma resides (limiter or inner wall) and 50% to the rest of
the wall and the inner wall or limiter (i.e. depending on where the
plasma is not). The latter 50% is assumed to be shared according to the
ratio of the respective surface areas. The partition is somewhat
arbitrary, however it simulates roughly the situation that the
probability of creation of "daughter"-neutrals by charge exchange
processes 1is largest near surfaces where recyeling is large. Thus
"daughter"-neutrals have a good chance to return to that surface where
the initial neutrals have been born.

The particles which impinge onto surfaces are either reflected (with
reflection coefficient, r) or penetrate into the material up to a depth
d. r and d depend on the impact energy of particles, which is derived
from Langmuir probe measurements in the plasma boundary of JET /8/. For
simplicity we assume monoenergetic particles. The penetrating particles
are the source for the diffusion in walls and limiters. The diffusion
equation is solved numerically, using an assumed diffusion coefficient, a
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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 JET limiters and walls
is most 1likely determined by diffusion. Thus we have to know the
diffusion coefficient only. We also have to know whether diffusion takes
place within the entire wall thickness (5 1072 m) or only within a
surface layer with a thickness L. Assuming a simple triangular
concentration profile of diffusing particles in limiters and walls
(peaked at the range d and zero at either surface of the layer L) it can
be shown that the wall confinement time T, 1S approximately:

Ty = BB 58 1 o0 andiT €€ (b o DI (2)
: 7
where tp.. is the duration of particle bombardment. If L 2 (tp,, + D)%,

1,is larger than in (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 taking L to be around 20 nm. This suggests that the material
structure of wall and limiter surfaces prevents the diffusion of a
significant fraction of deuterium into the bulk material.

IV RESULTS

For the calculation presented in Fig. 2 we took a reflection
coefficient, r, of 0.3 and a particle range, d, in walls/limiters of 5 nm
corresponding to an impact energy of about 100 eV for deuterium on
carbon. According to previous investigations /1/ 1, was taken to be
proportional to 1/N_. To simulate the higher temperature at the limiter
(> 700°C) compared to the walls (300°C) and the different materials
(earbon, carbonized inconel), we assumed the diffusion coefficient D to
be different on these surfaces. D and the factor f (see Fig. 2) were
varied until satisfactory agreement with the experiment was achieved.
The discharge scenario simulated in Fig. 2 is as follows: an external gas
source with 10%* particles/s for the first 4 s, fills the plasma while it
rests at the limiter. The total particle input 1s the same as in the
experiment of fig. 1. At 6 s the plasma interaction is shifted from the
limiter to the inner wall. At 10 s this is reversed. To simulate the
detached plasma phase at 6 s and 10 s the plasma particle confinement at
these times was enhanced for 0.2 s by a factor of 2. Good agreement
between calculation and experiment was achieved with D = 2.107** cm?*/s at
the limiver, D = 1,107** cm*/s at the inner wall, and D = 1.107*? cm?/s
at the rest of the wall. The set of values for d, L, D and f is not
unique. The limiter flux, deduced from the data in Fig. 1 agrees within
a factor of 2 with that in Fig. 2. However the measured inner wall
Da—signals show torolidal variations, probably caused by non-uniformities
in the surface of the inner wall, making a quantitative comparison
"difficult.




v CONCLUSION

A model has been developed to describe the complementary processes of
pumping and fuelling of plasma by diffusion of deuterium in limiters 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 importance of plasma and wall
properties for the balance of particle fluxes.
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FIGURES

Fig. 1 Plasma current I_, total number of electrons NE, and D“ signals
from limiters and inner wall of a JET discharge which was moved
onto the inner wall at t=6s and removed back to the limiter at
10 s and again moved to the inner wall at 14 s. To compare Ng
with Njof fig. 2, N, has to be reduced by approximately 20% due
.o Eff = 2, assuming carbon as the only impurity.

Fig. 2 Calculated number of plasma particles N, and particle fques from
limiter, I, and inner wall, [yy for a discharge with a similar
total particle inventory as In Fig. 1.
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SPATIAL AND TEMPORAL EVOLUTION OF BERYLLIUM CONCENTRATIONS
IN THE TOKAMAK UNITOR

M. Bessenrodt-Weberpals, J. Hackmann, I. Lakicevic*, C. Nieswand,
and J. Uhlenbusch

(Institut fiir Laser- und Plasmaphysik, Universitdt Diisseldorf,
Universitdtsstrasse 1, D - 4000 Diisseldorf, FRG
*on leave from Inst. Phys., Beograd, Yugoslavia)

INTRODUCTION

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 the
investigations reported here,
N Be-limiter we.con the local transport of neutral
(R : R and ionized beryllium released
i from a poloidal limiter is
studied, both numerically and
experimentally at the small-
scale tokamak UNITOR. The
UNTIOR vacuum vessel with the
| arrangement of two poloidal
p— |

side port

TF-cail

|
J

slainiess sieel i beryllium limiters is shown in
: ' . fig. 1. The beryllium limiters
b (B),, -l Wi (b)  can be retracted behind the
torus wall, which then serves as
Figure 1 toroidal limiter (fig. 1, left).
By moving the beryllium limiters
radially into the torus, UNITOR is operated in the poloidal limiter mode
(fig. 1, right).
The discharges have a plasma current of 50 kA, a toroidal magnetic

field of 1.7 T, and an electron density of 2x1019 m'3 at discharge times
of 50 ms. The plasma 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? per discharge with a peak power load of
20 Md/m?.

IMPURITY TRANSPORT ALGORITHM

In order to study the dynamics of the different impurity ions, their dif-
fusive and convective motion is described by the corresponding flux

Fg. == By dr”l =Ny R = PR |
with diffusion coefficient DA and convective velocity Vg In the transport

equations the divergence of this flux is balanced by the production and
loss terms of charge carriers via ionization (Si) and CX recombination

processes (Ri)' respectively. Summing up, the impurity transport algorithm
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in cylindrical geometry reads

(1/r) d.(r r1) B =5y My = Ryny o+ Ry, +d
(1/r) dp(rTy) = Sy g0y g =Spny - Ryny +Rony
(1/r) dr(r FZ) = Sy 4Ny - Ry g s

where the source term d takes the influx of neutral particles into ac-

count. These may be released by either sputtering or evaporation. The dif-
ferential equations of the second order are completed by the boundary con-
ditions ni(rza) =0 and drni(r=0) =0 (i=1,...,Z); that implies no im-

purity ions at the limiter and symmetry in the centre. The system is
solved iteratively using an alternating symretric treatment of ionization
and recombination [3]. In each step, the second-order equations are con-
verted into tridiagonal linear equations by a finite difference method.
Hence, the simulation is based on a fast algorithm for large tridiagonal
systems [4].

These calculations yield the spatial distributions of beryllium densi-
ties and fluxes. Here, we choose Dy = 0.5 m*/s and Vy = 10 m/s and

assume a neutral influx d = 1020 m_3/5. (This ccrresponds to a sputter
yield of 0.001 if sputtering is the main release mechanism.) While singly
ionized beryllium has its

5 3

maximum density of 1016 m
nearby the limiter, higher
ionized beryllium ions take
an order of magnitude larger
values at smaller radii.
Fully stripped Be V dominates
in the plasma core and

| reaches about gx10'’ 3
1 which corresponds to 4% ng-

V' On the basis of this density
\ distribution, the contribu-
m tion of beryllium to Logr 1

evaluated to be at most 0.6
in the centre with a strong
decrease towards the edge.

In fig. 2, the fluxes of
beryllium ions are presented.
Nearby the limiter, where
very small densities with

= [ <:‘ \ ] very large negative density

gah gradients prevail, all ionic
2 2‘&; = fluxes are dominated by dif-
SEy g b bt fusion and show positive
0 0.05 0.10 sign. Hence, all ions diffuse
Radiu s (m) outwards towards the limiter.

As can be seen, the sum of
Figure 2 all ionic fluxes equals
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approximately the influx of neutral beryllium. At th i iti
where the densities take their maximum Zalues. the sgsﬁ ggd;it ﬁgi#iggﬁzh-
ing flux changes. Beyond this radius, convection and diffusion both drive
the ions from the limiter towards the centre. Approximately the same flux
of fully stripped Be V in opposite direction from the centre to the limi-
ter prevents the impurity accumulation.

LASER INDUCED FLUORESCENCE AND SPECTROSCOPY

To study the behaviour of beryllium in a tokamak discharge experimentally

two poloidal beryllium limiters are installed in UNITOR. They can be moved

F@dia%iy up to 30 mm from the outer side of the torus into the plasma (cf.
ig. 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 level and of singly ionized ground state beryllium.
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 II. The light source is a
frequency doubled, pulsed dye laser with energies up to 1 mJ, 15 ns pulse
duration, and about 5 pm spectral width. The saturation parameter of 1000

is obtained for the Be I transitions (saturation intensity 0.5 kW mrn'2
nm™') and 10000 for the Be II transitions (saturation intensity 0.2 kW

mn 2 nm'1). The scattering volume of 7 mm® is adjusted at a distance of
5 mm from the surface of the limiter, which is positioned 10 mm in front
of the outer wall. The scattered light is observed perpendicular to the
laser beam. The signals are calibrated with Rayleigh scattering in argon
with an accuracy of a factor of 2. The detection limit for this set-up is

10" o3 for beryllium ground state atoms.

In fig. 3, the time de-
- - 7 T — pendence of the ground
il < state density of Be I is
10°m? === ] shown. During the first
15 milliseconds the density
81 | decreases according to the

i |

‘% | lowering of the proton
— flux onto the limiter (no
1 pulsed gas feed). A maxi-

{ {\\\E mum of 1.5x10'® m™3 is ob-
served 13 ms after igni-
05 l tion of the discharge.

10F

This strong increase of
beryllium release cannot
be explained by proton
, . | sputtering. An additional
[ 10 15 20 25 30 release mechanism, e.g.
t/ms evaporation, must play an
important role when the
Figure 3 limiter is heated up du-

1
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ring the discharge. Retracting the limiter to the outer wall by 5 mm, we
observe a decrease of the density at the beginning of the shot while later
on the maximum density is higher by a factor of 2.

The spectroscopic measurements show the same temporal behaviour for the
%ines a§ 234.9 nm (Be I), 332.1 nm (Be I), 313.0 nm (Be II), and 372.2 nm
Be III).

SUMMARY

Transport calculations reveal that the ionization states of beryllium are
rapidly run through. When sputtering is the main release process, even
for the relatively cold edge plasma of UNITOR (<10 eV) fully stripped
Be V dominates beyond a distance of 50 mm from the limiter. The contribu-
tion of the beryllium contamination to Zeff is below 1. The beryllium

fluxes give no indication for impurity accumulation.

Laser induced fluorescence has shown to be a sensitive diagnostic for
impurity distributions with high temporal and spatial resolution. When du-
ring the discharge the limiter is heated up and thermal loads are increas-
ing, the results make clear that besides sputtering additional erosion
plays an important role. Screening of the beryllium impurities by the edge
plasma is not observed. The additional release mechanism has not yet been
identified in detail. Further elaborate investigations are in progress.

This work was performed as part of a cooperation with the JET laborato-
ries, Culham.
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Introduction

In order to relate [1-3] impurity influxes, Ty (atoms/sec), from walls
and limiters to central impurity densities, n (ions/m3), it is necessary to
know the sink strength of the scrape-off layer, SOL, for impurity ions. The
SOL sink is represented in the impurity particle balance equation by the
loss term ny/t| where n; represents the Tocal impurity density and Tl
represents t]‘\ [\oss tnne for impurity ions as they move along g‘to the
limiters,

The problem addressed here is the one of calculating ;. If one makes
the simplest assumption that the impurity ions are couplad to the hydrogenic
flow, which reaches the limiters at the hydrogenic ion acoustic speed C; =
[k(T + T,_l)/mH]“?, and that the impurities enter the SOL uniformly aldng
its Tonnéction length L. (due either to jonization within the SOL or
diffusion from the main plasma) then ':L = L /c and the radial scrape-off
layer thickfess would be Ay = (D Y/ L¥c )12, i.e., the same as
RH' if D, = D;. The impurity sink strength !ippears in the relation [1-3]
between influx 1 and n (0)

n (0) = _‘L, ey v By (1)
Dl

assuming uniforrn distribution of source and sink around the plasma periphery
of area A is the average ionization distance inside the limiter., For
outboard qon'lza%wn, “1’2 ) > ?\Iexp(—?\iTMI).

Clearly a number of the assumptions in the foregoing can be
questioned:

1. Even for a uniform, e.q., wall, source of impurity jons distributed along
the SOL, does i) i vy? i.e., is the coupling strong between the
inpurities and the main plasma flow? If the impurities simply diffuse
along B then vy << cq.

2. For impurities released from the limit2rs the effective length of the
return path to the limiter sink L £f << L On JET, for exanmpls
= nwRq = 50 m while the distance lflOV-”d by an 1n,Jur‘ity atom away ﬁU‘ﬂ
tﬁe 1imiter before ionizing is of order cms,

These questions are examined here using a Monte farlo impurity pdrt_.ilﬂe
code which tracks a large number of impurity particles launched aither
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uniformly along the SOL, or near a limiter as they move through the
background plasma until finally returning to the limitzr ({sink). The
following types of output are sought:

1. For the uniform (wall) source, the values of Tys thus Aq.
2. For the localized (1imiter) source, there are two types of output:

(a) The sizes of the fdmpurity "“clouds" of the successive ionization
states each centred toroidally at tne limikter but extending radially and
toroidally by greatar anounts for Z ranging upward from unity, Impurity
cloud sizas can bhe ohserved spectroscopically permitting, in principle, a
measurenant of the value of 0, by comparing experimental and model
results,

(b) As in the uniform (wall) source case, the values of t, or X, are
sought. This value of T, is then used to calculate the Reduchun Factar
applied to the ana'lytica* result obtained by Fussaann [3] for uniform
impurity influx and assuming T = Lc/cs' That is, for a given impurity
flux, ionized at a given radius, the central impurity density nI(G) will
be lass for the limiter source than for the same uniform (Fussmann) case
by a Reduction Factor which is found as a function of background plasma
conditions.

Method of Calculation

Only results from the bases code, LIM.1 (Limitar Impurity), are reported
here, In LIM,1 the impurities are started as Z = 1 ions rather than as
neutrals, and the limitar geometry is idealized as a flat plate extending
from the 1imiter tip outward and of negligible toroidal thickness, Fig. 1.

The analysis follows that of J. N. Brooks' ZTRANS 2-D Monte Carlo code
[4], but with certain modifications and giving as output the two results
indicated in the last section. A number of other impurity transport codes
and models have been developed to describe behaviour near divertor plates
and limiters, including fluid, analytic and test particle ones, hut the
Monte Carlo approach seems best suited to incorporating impurity heating and
parallel diffusion,

Fig. 1. _Geometrical arrange-
ment, B is in y-direction.
Centre-1ine of main plasma at
X = a, wall at x = -a,. Last
closed flux surface at x = 0.
Separation of limitars 2L,
Impurity ions are collected at Oy
limiter and wall surfaces,

» elc

reflected at other surfaces. limiter SOL
Impurity ions are launched as

L = 1 jons at specified point -q, §

Xy yo) or homogeneously along W I
¥y %r‘ specific Xy a
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In LIM.1 dimpurity particles are launched as 7Z=1 jons at assigned
position (x5, yo) and with single velocity vy along y, i.e., B. The
background plasma density, np, and temperature, Ty, are fixed and are
constant spatially. Each fon is followed in time allowing for: (a)
ionization to higher states (recombination is neglected), (b) finite heating
rate, (c) parallel diffusion (thermalizing) collisions with the background,
(d) frictional collisions with the background, (e) acceleration in the
ambipolar electric field (when in the SOL), (f) cross-field diffusion for an
assumed value of D,. Thus the 2D spatial dispersal of impurity ions can be
followed in time flrom an instantaneous injection for comparison with the
analytic Fussmann [3] result for a uniform source/sink, Also, by time
integration the steady-state 2D cloud shapes are obtained for each charge
state, Two different models are used for the ambiolar electric field, E,
and the background flow velocity, vg = Mc., in the SOL: a fluid model [5]
result designated as SOL.1:

i
M= (y/Le - 1)°1 + [(y/L, - 1)-2 - 17172 and Ely) = B M1 + W)
L 1-m
and a linear model [6], designated as SOL.2:

4
My) = ¥E (i, - 1) and  Ey) =B (y/, - 1)
4 nle

Results and Comments

1e Figure 2 shows the sizes of successive ijonization clouds of carbon
released near the limiter (x, = +1 cm, Yo ® 0) with launch velocity
away from the limiter (E0 = 2 ef). Figuré 2a gives the x-integrated
particle density profilaes, Fig, 2b the y-integrated ones. Conditions:
D* plasma, ng = 2x1018 =3, 1o =50 ev, L. =40m, a=1.2m, a, =-1.3
m, D, =1 mz?s, no inward pinch, SOL.1.

2. Figure 3 assumes same plasma as Fig. 2 but with impurity ions Taunched
at x, = -1 cm, i.e. within the scrape-off layer, The sink action of
the Timiter is clearly stronger than for x_ = +1 cm. Figure 3a assumes
SOL.1, Fig. 3b SOL.2.

G

o]

Fig. 2. Siza of
ionization c¢louds for
release near limiter.
(a) One half of profile
along B8 (limiter is at
y = 0), ‘b) cross-field
profiles (last <closed
flux surface a4kt ¢ = 9),
Plasma conditions
specified in text. Tons
~launched at x = +1 ¢m,

o
—
o

ions/m (x10™%)
ions/m (x10”2)

-0l
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Fig. 3. Conditions as b
above but ions launched 3 g
at x = -1 cm, (a) Same )
(nonlinear) SOL ambi- ¥ c* ¥
polar field as in Fig, © Ot
2y iives SOLA 5« (h), <2 0
linear ambipolar field, E ‘E
1.6, SOL.2, = &
[ =3 [=
2 i=]

o 1 Y(m) 2 0 |

With regard to the relation between impurity influx aand central impur-
ity density a case is considered hera which is sufficiently simplified that
the Monte Carlo results can be compar2d with a simple analytic formulation.
This serves both to test the code and to illustrate the method. More
realistic cases will be reported later., Thus the following conditions are
assumed: homogeneous influx ionized within SOL.2, D, = 0, heating and
diffusive collisions turned off, ionization to higher Stages turned off.
Friction with the plasma flow and the ambipolar field are included, Ty = 50
eV, L. = 40 m. It can be shown [7] that for the SOL.2 E and va,nl(y) =
const, and that the terminal impurity ion velocity for this case is

L nlikT 3
vi(0) = L -1+ (1+8a 12} 142] with @=.L:B4 5
s mgl2  &/F Tl

S
/vI(D) can be compared to

where t. is the C*-D* stopping time. Thus =y =L
%0) (= 0.44 ms ¥or this case)., Results are as

the reference value t, = L /vg
shown in the table:

ng Monte Carlo v (D) Analytic VaTue v{(0) T

(m=3) (m/s) (m/s) (ms)
2x1018 3.26x107 3. 18x10" 1.23
2x1019 6.78x10" ) 6.5%x10" 0.59
2x1020 8.81x10% o 8,7x10% 0.45

Clearly for toroidally distributed ionization within the SOL the limiter
sink action can be weaker than the reference value and thus the central
impurity density will be ﬁigher than for the reference case., This must be
taken into account when comparing limiter to wall influxes, as will be
reported on subsequently.
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Power Balance in the Bulk Plasma and in the Scrape-off Layer
during H and L Mode Divertor Discharges in JET

H J Jaeckel'®, P J Harbour, N Gottardi,
E B Deksnis, P D Morgan, D D R Summers, ] A Tagle
JET Joint Undertaking, Abingdon, Ovon OX14 3EA, United Kingdom
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Introduction - In JET a magnetic separatrix can be formed inside the vacuum vessel at
plasma currents up to 3 MA with one (“single null”, SN) or two (“double null”, DN)
stagnation points (“X-point™) . In SN discharges a transition from L~ to H-mode has often
been observed with neutral beam (NB) heating in the range 5-10 MW. A significant fraction
of the total radiation power loss is dissipated from the the X-point region(s). Using bolometer
measurements an attempt is made to estimate the power radiated from the confinement region
and the divertor region(s). The radial emissivity profiles of the confined plasma show broad
radiation shells during the H-mode. The poloidal distribution of the radiation flux near the
X-point is compared with the poloidal distribution of the D_ emission. The power flow to the
divertor target tiles is estimated using infrared thermography. The occurence of the H-mode
appears to be related to the heating of the plasma edge.

Experimental Setup: The relationship between the JET X-point null, the divertor target
tiles and the relevant diagnostics is shown in Fig. | in plan view. The eight sets of carbon target
tiles were installed as protective tiles for the octant joints.

Fig. 1 : Schematic plan-view of
the JET vacuum vessel showing

X-point null |

4 the  relationship  of  the
limiter diagnostics to the eight sets of
radius divertor target files.  The
; scrape-off layer impinges at a
wgﬁr glancing angle of 9.5° on an
tiles outer (o) and an inner (i)

location of each set. The
horizontal ~ (BOL-H)  and
vertical (BOL-V) bolometer
cameras, the D, array, the far
infrared interferometer (FIRI)
and the moveable Langmuir

LP probe (LP) are all located in
mid-octant as shown. The CCD
camera, mounted midplane,
views directly the tap target tiles

CCD T SO I PRI on octant joint 516.
camera i D i+ 5
R/m

The total radiation power is measured by two bolometer camera systems, located in
mid-octant, one horizontal the other vertical *. Camera chords looking into the X-point
regions at the top and/or the bottom of the plasma show enhanced radiation. The detection
range of the bolometers is 3 = E,, [eV] = 9000 . so that all radiation which might contribute
substantially to the total power loss is detected. By choosing channels not affected by the

X-point radiation and assuming toroidal symmetry one can estimate the radiation I’,"’*"'," from




the bulk plasma (confinement region). The radiation from the X—point region P, is defined

as Py = Pt — phuk gig 2 shows PR P and P27 for a discharge with H-mode.

rad raed

10

Fig. 2 : Radiation power P4*

(hold  solid  curve), P

(dash-dotted) and P! (dotted)

rad
for a SN-discharge  with
H-mode from 12to 14.1 s (JET
pulse 10755). Also shown is the
power flow ta the outer divertor
target PP (thin solid curve).

S e 221

P-RAD (MW
w

TIME (S)

One set of target tiles is viewed directly with an infrared CCD camera (Fig. 1), filtered to be
sensitive from 0.98 = 1.02 pun. For many pulses the camera had insufficient dynamic range to
measure the surface temperature of the tiles (= 1800 ® C) throughout the pulse. However it
has been possible to estimate both the power flux to the outer (electron side) tiles P,
(Fig. 2), and the area of the SOL. The power to the inner (ion side) tiles Pr'-"""’ was difficult to
estimate but it was < P”/2 in all H-mode discharges.

Fig. 3 :  Evoluion  of
Phulkfen > (solid  curve;
arb.units) during the L-mode
and H-mode for a NB-heated
discharge. The volume
averaged density <n,>
(dash-dotted; 610" m= full
scale) steadily increases during
the H-mode. The dotted curve
shows the evolution of the total
input power, Py (JET pulse
10755).

POWER (HW)

TIME (S5)

Bulk Radiation Loss: During the L-mode P::‘,"" and P, are nearly equal (Fig. 2). The bulk -
radiation power is about linearly proportional to the volume averaged density up to
<n,> = 1.5%10" m ™, achieved in the L-mode. During the H-mode when <n_> increases

steadily up to < 4x10" m ™ a strong increase in Pf{’r"'fk is observed, roughly proportional to

<nl_>2 in pure NB heated discharges (Fig. 3). Disregarding changes in temperature and in
profiles of density and of impuritics this implies constant impurity concentration. In the few
cases when the H-mode was sustained for some time with the addition of slight RF-heating
(Picpy = 2 MW) a more rapid increase of PRk with <n,> was observed.

rad
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Fig. 4 : Evolution of the radial
emissivity profile during the
H-mode. Although the main
impurity species are carbon and
oxygen, very broad radiation
shells are observed. The
nwmber at each curve gives the
time of the profile with respect
to the start of the H-mode.
Curve () shows the profile
during the preceding L-mode
(JET pulse 10755).

(kWim2)

50

25

2 3 4 HTm)

The dominant impurities in purely NB heated discharges are carbon and oxygen; metals are
negligible . Radial emissivity profiles derived from the bolometer measurements show a
radiation shell much broader than predicted by coronal equilibrium. Furthermore the width of
the radiating shell broadens during the H-mode although the plasma density in the outer
region grows faster than in the centre. This behaviour is not understood at present. Fig. 4
shows the evohlution of radiation emissivity profiles during one of the longest H-modes
(~ 2.1 5) achieved so far in JET.

Power Flow and Radiation in the Scrape-off Layer: The power conducted into the SOL (the
heating power of the SOL) is given by

W8OI _ pten ; — phbulk _ phulk
]inw.' . "flt’lll (”Vﬂ/dr Ir«uf ’r,\ 4

The charge exchange losses P”“"‘ are not measured and are neglected thus overestimating

P,ﬁ?" which is typically 40 to 60 % of Py and does not vary significantly during the H-mode.

The power loss from the SOL is given by
PS()L = pw + i;mnrr g3 Prum'r + P‘;UL 3 P\p plim

loss rad

An upper bound for the charge exchange loss mag be estimated. using the measured

D —influx from the walls ( = 102 571, to be P'm = 0.3 MW; P is estimated to be
smaller Using data from the Langmuir probes the power conducted to the limiters and wall,
P'™ is negligible. The largest power losses measured from the SOL are by radiation and
conduction to the targel tiles. and these are maintained during the H-mode. in contrast to
observation in ASDEX *. At the onset of the H-mode in JET, P} usually decreases suddenly

rile

and then increases with <n,> until it reaches ~ 15% of P2 and then becomes stationary,

although both <n > and I’;::'f',“ prow steadily. Incontrast 2" appears to show an increase to

about 15% of P at the onset of the H-mode and then decreases to ~10% belore
termination. Immediately after the H-mode is terminated, there is a remarkable increase in
ED, B2 and ',ftrlf,“ (Fig. 2) for = 40 ms. The poloidal distribution of P, shows a
maximum at the inner wall side of the X-point in ll\ immediate vicinity (Fig.5). This
distribution deviates appreciably from the D distribution * indicating that Lyman—a emission
(to which the bolometers are still sensitive) only partially accounts for the observed emissivity.
With carbon target tiles, C is expected to be mainly responsible for the radiation loss in the
divertor region. The observed maximum mean emissivities liec between 1 and 5 MW mn 4 An
estimate on the basis of coronal equilibrium gives the lower limit of the possible carbon
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concentration, showing that it must be at least 5 1o 10% at (assumed) local densities of
5310 73 to account for the observed radiation levels. assuming a SOL thickness of about
2 cm at the maximum of P/, However the local poloidal resolution of the bolometers
(~ 0.4 m) may lead to a flattening of the poloidal profile. With a steeper profile the peak
emissivity may be larger. suggesting local densities = 10* m =" at the target tiles. This is
consistent with the observed power flux (< | kW em )to the outer tiles if T, = 10eV
locally. The fast poloidal decay of the X-point radiation indicates high gradients of 7. and n,
as have been observed in other tokamaks 7. These high gradients would be more probable
with the higher value of n, (0% m =Y. 1tis worth noting that in the inner divertor region,
Primlw is

where Pl and D radiation are high and so the flux of reeycling atoms must be high.

low. The opposite is true in the outer divertor region where the recycling flux must be lower.

Triggering and Termination of the H-mode: There is experimental evidence that the
H-mode is triggered by increasing the heating power conducted into the plasma edge, and that
this can be achieved by increasing the power input. or possibly by the decay of 4 sawtooth, or
alternatively by decreasing the edge radiation loss by reducing local impurity sources. At
present it is not quite clear if an increase of P;2UL triggers the L/H-transition. In many cases an

heat
increase of P39

et Preceded an H-mode but there were also cases observed where the H-mode

was achieved at constant P,fﬂ,"-

was switched off the termination of the H-mode always occured when PPUE/pict reached
about 60%.

. Apart from those cases where the additional heating power

(a.u)
Fig. 5 : Poloidal distribution

of P and of the D, radiation
in the X-point region.The
graph covers the upper half of
the plasma cross section for a
SN discharge (JET pulse 10755)
during the H-mode (8 =0 at
the outer midplane).

X-POINT
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BEHAVIOUR OF PARTICLE INFLUXES 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, D.F.H. Start

JET Joint Undertaking, Abingdon, Oxon, OX14 3EA, UK
* LLP-ERM/KMS; EUR-EB Association, 1040 Brussels, Belgium

INTRODUCTION

During ICRF 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 eﬁglution is appropriately described by the incremental
confinement time <t oE the additional density and by the time dependent
additional influxeg Ay

NEUTRAL INFLUXES AND DENSITY EVOLUTION

The neutrals are released typically with two time scales. The flux
from the wall is seen to rise rapidly (t$10 msec). The flux from the

I |
Ha Limiter signal
au. |3
4
3
= S aiir e 3
T RF on T RFon
1 | 25k L =
48 49  t[sec] 48 49  t[sec]

Fig. 1 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 if the total neutral influx is assumed to vary as a
step function.
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limiter also rises rapidly but its final value approaches on approxi-
mately the confinement time scale for energy. An example of limiter flux
is shown in Fig 1.

The fast flux from the wall is = 40% of the fast limiter flux. The
particle balance then becomes

; \ T = 1
ff =
N +gr=080 =8 (0 + 51 =—7—0 .
. ¢ ¢(+I+ err)[S]

&b = App + A¢5 are the particle fluxes deduced from the absolute H
measurements The typical values of Z £ measured by the visible
bremsstrahlung are in the range 2.5 - § E =T is assumed in simula-
tion, which represents well the JET dataset on Z Assuming the fast
flux to vary as a step function and taking djg (tg Mg (1—exp(-t/r1))
the evolution of the total electron centent from the ohmic value can be
expressed

N(t)=apTr RFm ~exp(~t/1F))- ~Bog T T (exp(-t/ThE ) -exp(~t/7y)) /(xhF-1y) (1)

Here <RF - AN/n¢ . The measured and calculated densities are shown
in Fig 1, curves ¢ and b. We conclude that tEE density evolution is
determined not only by the confinement time 1,  but also by the evolution
of flgx?s Eq. 1 can be used to define the rgcycling coefficient

- KIIEF’_’;R.Fr. It always increases at the onset of RF power indicating a

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 coupled 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 suﬁgested that the fast influx is correlated to the
unaccounted RF power Ppp while the slow influx from limiter is due to the
RF power diffusipg from the central parts of the plasma

(t) = (P —PRF)(1-ex (- t/TRF)) corrected for the 1ncrease of
radiatlon Here P and AW= P RF=PRFTinc* is the power
radiated by the angenna anﬁ AW is the 1ncrease o? plasma energy.
the incremental confinement time which is usually used to describe %ﬁ
efficiency of the additional heating of the plasma. It was observed
during the 5 MA dlachﬁrges that the fast portion of the limiter influx
scales indeed with Pgp. The importance of the power conducted into the
SOL is shown in Fig 5 The influx from the limiter is not proportional
to the plasma density, as observed in OH cases [2].

clS
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Fig. 2 Time evolution of the conducted power into the SOL, H, signal
from limiter and the average density.

il e I
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Fig. 3 Boxcar averaged limiter flux signal with the RF power modulated

by 5 Hz in D(H) scenario. The signals are shown for the cases of
the dipole and quadrupole phasing of the antennae.
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EFFECTS OF THE ANTENNA PHASING

The 5 MA high RF power discharges show the fast limiter influx. At
low power levels the fast influxes are often masked by the fluctuations
due primarily to sawteeth activity. The modulation of RF power and
signal averaging to improve the signal to noise.ratio clearly demonstrate
that limiter signal contains a fast portion even at lower power levels.
Fig 3 shows the boxcar averaged normalised signals for the dipole and
quadrupole [1] phasing. The level of the fast signal correlated with the
RF power represents 10-15% of the total limiter signal with dipole
antennae. The fast limiter influxes with the quadrupoles were not
observed. Also the incremental confinement time for energy increases

typically by = 25% [3]. Experiments were performed in deuterium with the
hydrogen minority.

SCALING OF INFLUXES WITH THE RF POWER

The neutral influxes from the limiter and wall are routinely
measured on JET. The main results of scaling with the power in RF
equilibrium can be summarised as follows:

(a) both limiter and wall influxes increase roughly linearly with
the RF power up to the maximum levels achieved so far, Ppr = 8 M.

(b) the density increase is correspondingly also linear, except for
the lower power levels, where it increases faster.

(c) the ratio of wall to limiter flux scales with the plasma current
and is independent of the RF power in accordance with the expected
evolution of the SOL profiles.

CONCLUSIONS

The time evolution of density 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 influx at the onset of the RF power is correlated to the
unaccounted RF power. The limiter signal contains a non-negligible
fraction of the fast influx which disappears when the antennae are phased
as quadrupoles.
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Abstract

A distridbution Function of ions outcoming from plasmas near
divertor plates or limiter is essentially non-cqulibrium one due to
a surface abgorption ¢f iong end charge excharze collisions with
neutral atoms. For diagnostic purposes it is Ilmportant o lmow the
real ion distribution function because the value of a saturation
current for probe measurments is determined by the ion distribution
function. The calenlations showr that there is a deple tion of ion

diatribution function comparatively to equlibriwm one in high energy

reange due to escape of iona to the wall, This deple tion leads to tie
fact that the averange energy of ion incoming to the well appears
lesa than 27. The dependence of the charge exchrnge rate upon the
relative velocity leads alsc to the depletion in a high energy range
and to the enrichment in a low energy range.The lest effect is pro-
portional to the neutral atom concentration near the limiter ( or
divertor plate). The heat fiux is calevleted from the obtcined iom
digtribution function., The momentum fluxes for ion and neutral com-
ponents at the plasma surfacc are calculated.
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ON RADTATION MRAESPORD TH SUPERITIGH DE

TY OPLRADION |

CP DIVERTOR I DOLUIAK-REAKTOR.

i
i
Krashenimmikov 5.1., Pigarov A.Yu. L

| |
}
& . - - |
In 1] 1% has been shown th t with & size in plasma deneily of \
the separcirix blg up to ~2- 10 m 3, the 11"5 ne toemperature in the

neighbourhood of divertor plates drops to = 1 eV and a counlete,
volunmetric plasma recembination occurs. In thls case, the energy
fluxz onto the plate io tronsfsrred by radiation. the spectrun of
which is determined by the poraneters of 2 plesma in the loczl

thernmodynamical equilibrivm, In [1] e rodiation vrensport effect
L, is neglected. Therefore the results obtained there ere top es-
tinates. The sccount of L, -transport allows to meke the conditiona
for the divertor operation close to that of a geaseous blanket much
softer and studied in a given paper. A kinetic equation for the
intensity of radiation I(§E,L@) in the L _~line and {the heat conduc-
tion equation are solved:

RI(SL, D) /28 = - Ki(uo)[I(Sl, W) - j{a“‘h.“”)&
CpAT . @ 2,07 - Qu-Qe
ot 5% D

1 W

A de k)] I(51,00) -] (57- i Qe , O

where: (Dut:
arc the losses in recombination radiation and in the radiation of
higher series;aez iz the plasma heat conduction coefficient under
pressure I; K(+2) is the L —absorption coefficient. The plasma
temperature in the n916hbourhood of the plates ({=0)is censidered
to be equal 0.3 eV; the energy flux entering the zone of radiative
losses q_= %2y I | __. is varied from 0.03 to 0.3 kW/on™2, Tae
dependences of a conductiw energy flux onto the divertor plates,
Qg on P and q_, are obteined.

1. Krashenimmikov S.I1., Pigarov A.Yu. 11 Int. Conf. on Plasma
Phys. and Contr. Mucl. Pusion Res., Kyoto, 13-20 nov. 1986,
TABA-CII-47/H-III-10.
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INDIRECT STUDIES OF EROSION AND DEPOSITION ON GRAPHITE
PROBES IN THE LIMITER SHADOW IN TOKAMAKS.

H. Bergsaker®, S. Nagata®, B. Emmoth®, J.P. Coad ¢ and P. Wienhold *.

® Research Institute of Physics, 8-104 05 Stockholm, Sweden

¥ Department of Nuclear Engineering, Tohoku University, Sendai, Japan
¢ JET Joint Undertaking, Abingdon, OX14 3EA, United Kingdom

# Institut fiir Plasmaphysik, KFA, POB 1913, D-5170 Jilich, FRG

1. Introduction

A major part of both hydrogen recycling and impurity production in tokamaks takes
place at limiters 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 distributions.
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 JET /1/, cylindrical
probe shields of graphite, Inconel and shields which were made partly of graphite and
partly of Inconel have been introduced in the limiter 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 to 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-
sity 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 1 shows an RBS spectrum from a graphite probe shield 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 C1.000.04Do.4Cr0.002Ni0.00s, situated on top
of a homogenous C1.000.001 Nio.000s bulk substrate. Depth profiles of deuterium from
Nuclear Reaction Analysis likewise suggest a layer with more or less uniform hydrogen
concentration. Deuterium or impurities which are implanted into graphite at energies
which might be expected (in the lower 100 eV range) can not penetrate substantially
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 inconel. It was exposed to seven discharges,
three of which were disruptive. Simulated RBS spectra were fitted to spectra from the
graphite parts by adjusting the thickness of uniform carbon layers containing a few per-
cent impurities. On the inconel 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 the 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 is 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 expected
to increase monotonously with |cos 8|, where 0 is the field inclination with 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 @ /2/, particularly at a
rough surface. Apart from the 8-dependence, erosion and deposition at a probe which is
inserted in a symmetrical enviromnent should only be a function of the distance r to the
plasma core, This suggests that interesting information may be gained from studying the

results of plasma surface interaction at a probe where 6 varies continously at constant r.

In the experiment at TEXTOR a graphite cylinder of 256 mm radius was used. At
the end which was facing the plasma, the cylinder is terminated with a half-sphere with
the same radius. With its cylinder axis along a tokamak minor radius, the probe was
moved in stepwise, until 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 fits to the expression ¢(r,8) = A(r)+Bi(r)- f1(6)+Ba(r)-
f2(6), where f1(6) = |cos 8| on the ion drift side and zero on the electron drift side, and
conversely for f2. Apparently the distributions of collected material change from a | cos 6|
deposition pattern at 40 mm from the plasma to a more uniform distribution closer, at
168 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 |cos fl| is maximal on the
electron drift side. The same behaviour is visible for oxygen (not shown).

The observed surface concentrations ¢(r, ) must result from a balance between de-
position and erosion. A simple, linearized balance equation may be written:

26 = (D) ~ B()) - |cost] — K(r) - | cos| 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 | cos 8| at
positions where D > E, and any initial surface concentration co will be eroded where
D< E /3/. If K >0 then:

e=(1- E-K]cnuﬂt-t) (D-E)/K + coe Klcorolt (2)

which is initially a | cos | distribution, but tends to become a uniform distribution when
equilibrium is approached. In the present case, only the amplitude and not the width
of the maxima in the angular distributions seems to change with r, suggesting an accu-
mulative, rather than equilibrium behaviour. An initial areal density ¢o 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.

References.
/1/ H. Bergsaker, J P Coad, L de Kock et al. These Proc.
12/ R. Chodura, J. Nucl. Mat. 111/112(1982)420.
/3/ G. McCracken,J, Ehrenberg,P. Stott et al., J. Nucl. Mat. 145-147(1987)621.
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PRELIMINARY MEASUREMENTS OF IMPURITY FLUXES USING TIME RESOLVED
COLLECTOR PROBES IN JET

H Bergsaker*, J P Coad, L de Kock, B Emmoth¥*,
J Hancock, A Stevens and J Vince

JET Joint Undertaking, Abingdon, Oxon OX14 3EA, UK
¥ Research Institute of Physies, 10405 Stockholm 50, Sweden

Ve INTRODUCTION

Two probe systems have been developed to collect impurities in 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 (PBPS) which inserts probes near the top of the
vessel. The preliminary results of the first exposures with each of
these systems are presented here, and the results are compared with
Langmuir probe data obtained from similar shots.

2. EXPERIMENTAL

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 m, just
outside the plasma 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 and one on the electron drift side of
the probe axis. Connection lengths on the electron drift side were about
9 metres, and on the ion drift side were about 60 metres, for the types
of pulses considered below.

The first PBPS probe was exposed during shots 9657 to 9661
(inclusive),. The shots were 3 MA, 2.8 T pulses, with 10 second flat
tops. The plasma was in contact with the limiters during the flat-top,
but was pushed onto the inner wall at the start of the rampdown., The
probe did not rotate for pulse 9657, but for the others it rotated at
constant angular velocity during 8 seconds of the flat top.

The FTS enters the torus horizontally 385 mm above the median plane,
and uses the same collector probes as the PBPS. The connection 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 BO 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 8934), so that
deposition only occurred under the two slits, 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 Fig. 1.
The area analysed was exposed for a total of 2,2 secs(~ % 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, Fe and Ni are not separately resolvable by the technique
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used, Hutherford Backscattering Spectroscopy) decrease exponentially with
distance into the scrape-off layer (30L). Careful analysis of the
deposits on this probe, the first silicon probe and varlous shields
indicates that the deuterium Is not related Lo Lhe incident deuterium
flux, but to the amount of carbon collected. This conclusion 1s reached
from analysis of the tnicker deposits, eg. in the two slit images whereln
deuterium and oxygen are found to be at a constant level of about 20 and
5% respectively, tne remainder being carbon. Thus, the collected amounts
of carbon, oxygen and metal impurities are at approximately, 20, 1 and
0.1% of the total ion fluence at a vertical aistance of 64 mm from the
plasma boundary, the [lux being taken from Langmuir probe data measured
for these shots. Also on figure 1 are shown as dashed lines similar
plots of concentration versus distance from Lhe pldsma for the rampdown
image. The distributions are much flatter than for the flat top and the
amounts of deposit mucn larger.

Thne first probe exposed on the FTS was not rotated so gave
Integrated data from eignt similar discharges. It showed much greater
amounts of deposition on the ion drift side than on the electron-drift
side, so the latter is probably affected by the short connection length.
To gain more direct information on the relative amounts of carbon and
deuterium collected in the 50L, the second probe exposed on the FTS was
made from silicon (the collector) and inconel (the shield). The probe
was rotated throughout a single 5 MA pulse(10903) in a step-wise manner,
each point being exposed for 1.33 seconds. Figure 2 shows the analyses
of deuterium and carbon as a function of distance from the plasma from a
part of the collector exposed to the ion-drift direction at the beginning
of the flat-top: the amount of deuterium is approximately a constant
fraction of the amount of carbon (at 25 to 30%). The metal impurity
levels are a similar proportion of tne deuterium concentration to that
found on carbon probes, but at these low levels could also be influenced
by local sputtering from the sides of the inconel shield. On this probe
the greatest deuterium and carbon levels were found on areas exposed
during the flat-top, the levels falling away from these values in both
the ramp-up and ramp-down phases. If the Langmuir probe data recorded
much nearer the plasma boundary at the midplane are extrapolated to this
distance from the boundary they suggest the ion saturation current is
similar to the deposition rate of carbon as deduced from figure 2.
Clearly there is an inconsistency here which requires ellucidation.

The last rotating collector probe to be exposed in 1986 was exposed
using the FTS to a 2 MA plasma (flat-top from 45 to 55 secs) with 4 MW 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 function of time in the pulse are shown in Figure 3. The
area was exposed through the ion-side slit and each point was exposed for
1.33 secs. Prior to rotation during shot 11149 the probe was parked in
position in the torus during shots 11143 to 11148 (some of which
disrupted). Thus deposits accumulated at the zero positions during these
pulses, which accounts for the high apparent levels near 40 and 60
seconds in Fig. 4 (the image points for the ion and electron-side slits,
respectively). Although there is some scatter in the data, the carbon
level 1is higher than the deuterium level as usual except during the
period of RF heating. During RF heating the deuterium level greatly
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increases (by a factor of about 10) and then clearly exceeds the carbon
concentration, which only increases marginally. Langmuir probe data (')
suggest that closer to the plasma the ion density increases and the ion
temperature does not fall off as rapidly as one moves out into the SOL
during RF heating. If the Langmuir probe data is extrapolated to 66 mm
from the boundary (ie. the distance at which the data of Fig. 3 is
taken) then one might expeet a greater ion (deuterium) flux and
temperatures of ~ 20 eV rather than ~ 5 eV,

4, DISCUSSION

During the flat top phases impurity fluxes decrease radially into
the S0L with e-folding lengths of typically 10-20 mm. Differences in
folding lengths have been observed between carbon (as inferred from
deuterium where necessary) and other impurities (oxygen and metals), and
between ion side and electron side. However, not enough measurements
have been made to be sure these differences are systematic, and
connection length effects have not been evaluated. A clearly different
folding length was observed during rampdown (combined with moving to the
inner wall) using the PBPS., As two probes exposed using the FTS have not
shown such effects during simple rampdowns, it seems reasonable to assume
a strong flux of carbon which is almost constant in the region probed
(from 60 te 120 mm vertically above the plasma) associated with the move
to the inner wall., This may be of relevance to the phenomena of "wall
pumping" and will be investigated further.

For all the probes exposed during ohmic heating there is no evidence
of implantation of deuterium into the probes. All the deuterium levels
observed can be explained by trapping within the associated carbon
deposits, for example by co-deposition, and in many cases the deuterium
concentrations are too high to have occurred by implantation. The
situation during RF heating is totally different, however. The deuterium
concentration suddenly increases and exceeds the carbon level while the
RF heating is on. The majority of this deuterium must be implanted into
the silicon substrate, or else be combined on the surface with some
element which is undetected. In order to implant - 2.5 x 10'* atoms cm™?
of deuterium at the fluence of - 10'® atoms cm™? predicted from Langmuir
probe data, an ion temperature of 30-50 eV is required, assuming a
Maxwellian distribution, or an ion energy of - 180 eV for monoenergetic
ions (%,%)., During ICRH the predicted average ion temperature is - 20 eV
at 66 mm from the boundary, so average ion energies of - 80 to - 120 eV
might be expected, allowing Ffor the sheath potential (*): this
approaches the order of magnitude needed and the energies deep in the
boundary may be sufficient to explain the implantation observed.

e CONCLUSIONS

Four collector probes were exposed using either the PBPS or FTS
systems at JET towards the end of the 1986 campaign, of which three gave
time-resolved information. As a varlety of plasma parameters and
conditions were ianvolved, the results merely provide a foretaste of the
information that may be gained in more comprehensive studies,

It is already clear that important information can be obtained
relating to wall pumping, connection lengths, diffusion and RF heating
effects In the SOL.
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OBSERVATIONS OF NON-AMBIPOLAR FLOW TO LIMITERS IN THE DITE TOKAMAK

C S Pitcher*, D H J Goodall, G F Matthews, G M McCracken, P C Stangeby*
Euratom/UKAEA Fusion Association
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1. Introduction

It is normally assumed in tokamaks that plasma flow to limiters and divertor
plates is both globally and locally ambipolar in nature. Although global
ambipolarity is required for charge conservation no equivalent restriction
is placed on local 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 present
experimental evidence of significant local non-ambipolar effects observed
for limiters in the DITE tokamak.

2. Experiment

Experiments are performed with a movable graphite probe limiter (PL) in
ohmically-heated DITE discharges, fig. 1 l]. Four built-in Langmuir probes
are voltage scanned with respect to the PL body, which electrically floats
with respect to the main fixed limiter. The fixed limiter defines a
circular plasma of nominal radius a = 26.0 em and the PL is moved between
discharges from a minor radius r,;, = 27.5 cm to r = 22.5 cm, entering from
the top of the machine. 1In addition to the built-in Langmuir probes the PL
is diagnosed with an infra-red (IR) camera and a CCD camera.

e
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Fig. 2 Incident plasma conditions as a function of Langmuir probe radius.
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3. Results

The experiments are performed in deuterium discharges with a plasma current
I_ = 150 kA, toroidal field By = 2T, a line average density
ﬁg oy 3 o 10ig rn‘3, a loop voltage VI = 2.7 V, approximately 757 radiated
power and a central electron temperature of TF(O) ~ 700 eV. Langmuir probe
data is fitted to a simple characteristic for the current density j [2]
e(d, - &)
- = £

1=34; [1 ‘?XP(*—E—-” T )] (1
where j. is the ion saturation current density, ® the probe voltage and e
the floating voltage. Plotted in fig. 2 are the Besults for j_  and T
obtained by the four probes during the current flat-top (t = 375 ms) as
functions of the radial position of the particular Langmuir probe. At minor
radii less than 26 cm, eg, inside the fixed limiter, probes on the electron
drift side (1 and 2) agree with those on the ion drift side (3 and 4). 1In
addition, the inner probes (1 and 3) agree with the outer probes (2 and 4)
for the same radial position. The latter agreement indicates that insertion
of the probe limiter into the plasma is not significantly altering the edge
conditions further out. 1In addition to the values of j_ and T,, data for B
and the body potential & are taken (fig- 3). As the probe limiter is
pushed in, the body floats negative with respect to the torus, while the
inner probes (1 and 3) float negative with respect to the body and the outer
probes (2 and 4) float positive. With the probe limiter at rp;, > 26 cm the
body and probes float at approximately the fixed limiter potential.

The fact that the probes do not float with the probe limiter body (eg,

QE # 0) means that net current is flowing into the body. The local net
current density jnet to the body is simply the current density drawn when
the local Langmuir probe is at the same potential as the body (ib = 0), eg

Jpet = Jg [1 - exp(- e®p/kT, )] (2)

For &. > O, jnet is positive implying net ion collection locally and for

3 < 5 we have net electron collection; jnet/js has been plotted in fig. 4
for the four probes. With the probe limiter at Fop, ™ 23.5 cm minor radius,
net electron collection at the leading edge is indkcated by probes 1 and 3,
while farther out on the body at r ~ 25 cm (probes 2 and 4) net ion
collection occurs. Current is thus flowing through the probe limiter body
in a radial direction, entering further out and leaving at the leading edge.
As eqn.(2) indicates, the probe limiter surface can draw no more than js ion
current density (ion saturation) while electron current density can be many
times jg, up to ~ 2 fjs‘ for the present case, fig. 4.

In addition to the curreft flowing through the body in the radial direction,
net current flows through the body in the toroidal direction. This is
indicated by the differences in jne between the ion and electron sides in
fig.-4. At all positions the toroi&al currents within the limiter flow in
the direction of the plasma current. This was also observed in T10 [3].
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4. Effect on Power Density and Sputtering: IR and CCD Cameras

“Although the non-ambipolar flow to the probe limiter has little effect on
the ion Flux, it does however affect the sheath potential and thus, the
power flux and sputtering. The Langmuir probe measurements are correlated
with the IR camera (for the power) and CCD camera measurements of CI
emission (for the sputtering), table 1. While the plasma conditions (j,,T,)
are symmetric on the two sides, significantly different electron currents

(je . = jnet) are drawn. The sheath potential and the power densities
(Pe, Pig are calculated using
Iiéli’e = |¢%amb| 4 ﬁ%,e (4)
g o D -
a =g & Wgdm da (5)
P -(Me~¢)1 (6)
i e s 5

neglecting particle energy reflection and assuming T; = T,, Z = L. dgmb has
been calculated using secondary electron emission data from Woods et al [6]
for tokamak-exposed graphite (y, = 0.5). The resulting total power P . is
significantly enhanced on the electron side and this agrees well with the IR
camera measurements. The larger sheath voltage on the ion side results in
enhanced sputtering and this is in qualitative agreement with the CI
emission which is ~ 40% more intense. As expected (rom the probe
measurements, the D _ emission is symmetric on the two sides. On both sides
of the leading edge the sheath voltage is, in relative terms, reduced
compared with further out on the body. This enhances the power flux at the
leading edge but reduces the sputtering.

5. Conclusions

Strong non-ambipolar flow to a probe limiter is observed which is in
qualitative agreement with a simple model. Toroidal currents are apparently
driven through the limiker by the toroidal electric field while radial
currents flow because the limiter is in contact with a spatially varying
plasma. Similar observations have been made for the larger ICL limiter [7]
to be discussed in a later paper [5]. The general effects associated with
the currents are, in the case of the toroidal current, to enhance power and
suppress sputtering for the electron side relative to the ion side, and in
the case of the radial current, leading edge sputtering is reduced but power
flux is enhanced.
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Fig. 3 Probe and body potentials as functions of probe limiter radius.
Fig. 4 Net current density flowing into the body.
Table 1 Experimental and calculated conditions at the leading edge.

Both the toroidal and the radial currents are caused by electron flows that
are enhanced or suppressed compared with the ion flow, which is
approximately symmetric on the two sides as is shown by the results in

fig. 2. The toroidal asymmetry in the electron flux is caused by the
difference in plasma potential AD,, on either side of the probe limiter,
with the potential being less on the electron side. This strongly increases
the electron flux on the electron side while having little effect on the ion
flux, as with simple Langmuir probe operation [2]. The opposite effect
occurs on the ion side, the electron flux is reduced. The potential
difference arises because the body partially interrupts the current that
would be flowing in the plasma in the absence of the PL.

The radial current is nearly independent of the toroidal asymmetry and flows
because the equipotential body is in contact with a spatially varying plasma
(ne(r), T_(r), & (r)). 1In general, the plasma to body potential at the
leading eﬁge is 18ss than the sheath potential ldg' required for ambipolar
flow [fl ], eg

kT T
@ -} &g [(h%‘f—)(z + 1%)(1 = )~ (3)

where Ye(Te) is the secondary electron emission coefficient. As a result,
net electron collection occurs at the leading edge with the situation being
reversed at greater minor radii. More detailed modelling will be presented
in a subsequent paper [5].
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DENSITY AND TEMPERATURE CHANGES IN THE JET EDGE PLASMA
DUE TO NEUTRAL BEAM INJECTION

S K Erents,* J A Tagle, and G M McCracken*

JET Joint Undertaking, Abingdon, Oxon 0X14 3EA, UK
# Culham Laboratory, Abingdon, Oxon OX14 3DB, UK
(Euratom/UKAEA Fusion Association)

1. Introduction

A knowledge of the scaling of edge parameters with neutral beam power is
important for predicting the plasma behaviour as the beam éuwar is
increased.

In ohmically heated discharges in JET it has been found that the edge
temperature and density var¥1ig)a predictable way with the line average
density and the input power* ’“/. 1In this paper the effects of neutral beam
heating on the edge parameters has been investigated. The edge temperature
and density have been measured over a wide range of conditions using the
Langmuir probes in the scrape-off layer (SOL). The temperature and density
profiles are normally exponential falling with e-folding lengths of between
5 and 50 mm. From these measurements estimates have been made of the total
carbon sputtering yield from the limiters. Scaling of the impurity
production to higher beam powers is discussed.

2. Experiment

The mode of operation of the Langmuir probes in JET to obtain ion current
density (Is(r)), and electron temperature (T_(r)) is described in previous
publications. From these measurements the efectron density (Ne(r)) is
obtained.

Data are taken from an extensive neutral beam heating campaign in which
various NBI powers were injected into 1-5 MA reference plasmas.
Measurements were made as close to steady state as possible, during the
plasma current flat-top just before NBI, and one second into NBI when the
temperature is near to a maximum (for 2 MA discharges) and the internal
energy is no longer changing, (W = 0). However, the mean plasma density and
the radiated power is still changing rapidly at this time, so a true steady
state has not been reached.

3. Results

Results for average plasma density (“e)’ ion current density (Ig) and
temperature (T_ ) 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 Ig and 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. This figure illustrates the type of result which is obtained for
a high NBI power injected into a low ohmic power (1.2 MW) discharge. The
edge temperature, which before injection is falling due to a slowly rising
density, increases immediately after injection with a time constant of ~ 0.3
to 0.5 seconds, then falls again as the edge density continues to rise.

Very little increase in T, is observed when the ohmic and NBI power are of a
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similar level; indeed one second after NBI, TE is often lower than that
during the ohmic phase of the discharge.

Data extrapolated to the LCFS is plotted as a function of total power input
(ohmic + NBI) in figure 2, for plasma currents of 2 MA and 4 MA. The mean
plasma density, which rises due to particle fuelling by the beams, is also
shown. The edge temperature data is more scattered at the higher plasma
currents (4 MA), but has clearly fallen below its ohmic value one second
after NBI switch on, for the higher NBI power levels. Both particle flux
and edge density continue to rise with increasing total input power.

The effect of neutral beam heating on the edge profiles is presented in
figure 3. The e-folding length of both density (hﬂ ) and temperature (M)
remain almost constant as the NBI power is increasedcsgr a given P%gsma
current. This is in contrast to both ohmic heating and ICRH « In
ohmic heating as the plasma current is increased the profiles become
progressively steeper i.e. decreases. For ICRH the profiles become
flatter as the heating power is increased.

4. Discussion

The slow increase in edge parameters at NBI switch-on, (1t = 0.3 to 0.5
seconds, figure 1), demonstrates that the disturbance is due to particles
diffusing from the core plasma rather than a directly induced edge effect as
observed with ICRH, (4).

The edge temperature increases, but then quickly falls again as the edge
density rises. The rise is due to the instantaneous power input at constant
density. There are two possible explanations for the falling edge
temperature. The first is that as the plasma density rises due to beam
-fuelling, the particle flux and edge density (via re-cycling) rise. As the
particle flux to the limiter rises the average energy per particle, and the
edge temperature, decrease. The second explanation is that when the edpe
temperature rises for a given flux the number of impurity atoms sputtered
from the limiters increases. This initial increase is mainly due to carbon
self-sputtering - the sputtering yield due to deuterons is almost constant
for ion energies corresponding to the Te range shown in figure 2. The
impurity density then increases, and so even at constant density the total
radiation increases. This feed back mechanism results in less power being
conducted to the edge and so the temperature reaches a new equilibrium.
Both these processes are likely to occur when the neutral beam heatinfz%s
turned on: An analytical model of these processes has been proposed, and
an approximate expression is derived that

P,
Te(a> = TOT
<ne>2

Where P is the total power input. This is in reasonable agreement with
the neutral beam heating results.

Both particle flux and density show an Increase with total power input,
(figure 2), and each show an almost linear increase with plasma current.
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The total power conducted to the edge, PC is given by

r = wall
P, = (Bq + Bygr = Bpapd = [ B4y-1, ta)ee “Ihr gy o Ty (1)
r=a

where a is the radius of the LCFS, y_ is the sheath energy transmission
factor and Lwis the wetted height of the limiters.

The power conducted to the limiters has been calculated using the
experimental density and temperature profiles. It has been found that

Pc + PR is directly proportional to PT T and that the data is in good
agreement with the data for ohmically geated discharges, (2).

The total impurity production rate resulting from physical sputtering of the
limiters has been calculated using the measured particle flux and
temperature profiles. It was assumed that the deuterium energy was the sum
of the thermal energy plus that resulting from acceleration 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 all carbon atoms enter the
plasma and return in an average charge state 4. It is seen that the carbon
impurity influx increases roughly linearly with total power input. This
increase is predominantly due to the increase in edge density.

5. Conclusion

Measurements of the edge parameters have been made over a range of neutral
beam heating powers and a range of plasma operating conditions. A
reasonable energy balance between the heating power and the power radiated
and convected to the limiters has been established. Initially when neutral
beam heating is turned on the edge temperature rises but it quickly falls
again as the plasma mean density and edge density rise. A notable feature
of the edge condition during NBI is that the edge profiles do not change
significantly. This is in contrast to the situation during ohmic heating
and ICRH.

From the measured edge profiles calculations of the flux of carbon sputtered
from the limiter have been made. The impurity flux increases approximately
linearly with the neutral beam power. This is expected to lead to a less
than linear increase in the impurity density due to increased screening of
the impurity flux at higher plasma densities.
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CARBON EROSION AND DEPOSITION AT THE JET LIMITERS

J P Coad, R Behrisch*, J Roth*, L de Kock, J Ehrenberg¥¥*, G Israel,
D H J Goodall*, W Wang* and M Wielunski¥

JET Joint Undertaking, Abingdon, Oxon OX14 3EA, UK
* Max-Planck Institut filr Plasmaphysik, 8046 Garching-bei-Minchen, FRG
* Culham Laboratory, Abingdon, Oxon OX14 3DB, UK
*¥# on attachment to JET from the Max-Planck Institut fiir Plasmaphysik

INTRODUCTION

Carbon is the major impurity in the JET plasma, and may limit the
ultimate temperatures and densities obtained. To understand the carbon
levels observed it is important to assess the production mechanisms at
the limiters and walls, and transport in the plasma. This paper
describes studies of carbon erosion and deposition at the carbon limiters
in JET in 1986, performed by marker experiments. The pattern of erosion
from and deposition observed on the limiters represent a starting point
for impurity transport calculations 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 *3C
at 1.4 MeV to a mean depth of - 2 pym 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 the plasma midplane on the limiter in octant 1D.
Altogether there were eight limiters in operation for almost all 3200
discharges of the 1986 campaign, the limiters being effectively 12mm in
front of the protection tiles of the three RF antennae.

While the investigation of limiter erosion can only give a global result
after many discharges, erosion in one discharge was also investigated
with a special limiter probe which was also implanted with *?C, however
at 40keV (0.1uym mean depth). The limiter probe was a 50mm diameter
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 limiters just above the outer midplane of the vessel (in Octant T)
(Fig.1a). From this position, the probe has a short connection length on
the electron drift side of -2.5m to a graphite limiter in octant 6D,
wnilst on its ion-drift side it has a long connection length of either
-25m to the inner wall or -55m to a limiter, depending on the size of the
plasma.

After exposure the limiter tile and the probe were analysed by Secondary
Ion Mass Spectroscopy (SIMS) to determine tne depth of the ‘*C marker.
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In addition nuclear reaction teehniques were used Lo measure deuterium,
and Rutherford Backscattering (RBS) and Proton Induced X-ray Emission
(PIXE) were used to determine metallic deposits.

RESULTS AND DISCUSSION

On the limiter tile the *°C marker had disappeared in the central part,
while it could still be detected on the edges., On tne ion drift side *3C
was discovered 22um beneath the surface, being covered by a deposited
layer of '*C containing of the order of 0.5% Wi impurity and several per
cent of hydrogen isotopes (5% H, 1% D). On the electron drift side even
heavier deposition was observed with some flaking of the deposit: flake
thicknesses were about 100um. Tnis 1is consistent with the physical
measurement of the limiter tile (Fig.2). 1t shows that over the central
region of the tile erosion of over 20Cum occurred. Fig.2 includes the
results from three scans across the tile, eacn of which gives a similar
profile. Three tiles of another limiter have also been measured yielding
similar depths of erosion. Computer calculations of erosion and
redeposition on limiter surfaces predict large erosion and redeposition
L) However, the net changes appear to be small, so that the 200 um
observed here may only be a small fraction of the total erosion.

The erosion of the limiter tile is

thne result of about 3200 discharges Himilar prste e tasus
including many different modes of ~~—=.__~ \
operation and other events such as B, - WS :B_\_
glow discharge «cleaning and T
disruptions. In order to determine

the erosion and deposition during a

well-defined discharge the speecial ., .. C=Limiter At
probe was exposed using the FTS. A with C- Limiter
The probe was lInserted to within i = 5B
10mm of the last closed surface for

two ldentical 5MA shots with 5 sees Plasma

flat tops: a section of this limiter
probe is shown in Fig. 1b. The
surface at all points on the section

of the probe marked in Fig. 1b with 2;:m
circles was analysed for D, Ni and timiter
Cr by nuclear techniques, and points

also marked with squares were
profiled with Secondary lon Mass
Spectroscopy {SIMS5) to

look for the '*C marker, and study

the depth distribution of other ol i

elements. The probe shows a similar F1S Wain

erosion pattern to that at the main

limiter. At points furthest from the Fig. 1(a) Relative positions of
plasma the marker was present at a components in the JET vessel.

depth larger than prior to exposure, (b) Geometry of the limiter probe.
while nearer the plasma

& it drift
side

e~ drift =»
side
—

B0 m to
himiter




the markers could not be detected. However, at the surface tangential to
the field lines '?C was detected but in a somewhat modified distributien,
Fig.3 shows the results of the nuclear analyses of the probe. For each
analysis point the areal elemental concentration is plotted 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™?, disregarding the anomaly at the centre

which is due to the angle correction, The Ni and Cr are plasma
impurities and on the ion side are in total about 0.5% of the collected
deuterium. The amounts collected on the electron-drift side are

considerably less, probably due to the shorter connection length. From
the large amount of D observed even in the eroded regions it has to be
assumed that after erosion, codeposition of carbon and deuterium plus
hydrogen occurred in a later phase of the discharge. A trapped D fluence
of 8 x 10*7 atoms cm™? cannot be due to ion implantation (?) at a plasma
edge temperature of about 100-200 eV (?), but indicates a deposited layer
of about 0.2 ym of saturated carbon (*).

CONCLUSIONS

The JET limiters show both large amounts of erosion and deposition,
according to the proximity to the plasma. Close to the plasma - 200 um
have been eroded in 1986, correspgonding to about 60 nm (net) per
discharge, whilst a few centimetres from the plasma up to 100 ym nas been
deposited onto the original surface: this is the cumulative result of
exposure throughout the 1986 campaign.

The limiter probe was exposed to just two identiecal 5 MA discharges to
show what happens at the limiter on a much shorter timescale. Iy is
found that erosion and deposition patterns are very similar to the main
limivers in that erosion of > 0.1 um occurs near the plasma edge, and
deposition occurs a few centimeters away from the edge. However, there
is also as much deposition on the surface in the eroded zone as
elsewhere: this must ocecur in a later part of the discharye. It 1is
therefore necessary to investigate this on a smaller time scale, so that
one can ascertain within a single discharge when erosion and deposition
occur.

Globally, one finds that most of the carbon from the limiters (and from
the inner wall) is deposited on the sides of the limiters and on the RF
antennae, whilst a relatively thin layer of carbon (with some
co-deposited D and H, and a low concentration of metals) covers the
vessel walls. This layer was not maintained on the inner half of the
vessel in 1985, and carbonisation was found to reduce tpne metallie
impurities in the plasma. However, the thin layer of carbon on the
vessel wall in 1986 may simulate an all-carbon wall in JET, explaining
the low metal conecentrations found in the plasma.
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A COMPLETE NEOCLASSICAL TRANSPORT MODEL FOR THE TOKAMAK SCRAPE-OFF LAYER
W. Feneberg, R. Zanino

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

Abstract. We describe here the macroscopic momentum equations necessary to
be solved numerically in a scrape-off layer code which govern the particle
transport of a pure plasma. Energy transport usually based on classical
heat conductivity 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 /1/.

A self-consistent model for the scrape-off layer of a toroidal limiter
respectively divertor is studied using the classical two-fluid equations.
In a extension of earlier calculations /1/, where only the contribution of
the coefficient of thermal diffusion to the perpendicular transport has
been taken into account we give here also expressions for the electric po-
tential distribution and the currents flowing in the scrape-off layer.
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 limiter due to the asymmetry caused by the neoclassi-
cal effects, as it is shown by code calculations /1/.

Due to the Langmuir probe characteristic there exists a connection
between wall potential and electric currents from which we obtain for given
wall temperatures the self consistent corresponding potentials which are
influenced by currents only being in the order of the ion saturation cur-
rent.

We discuss the poloidal plasma rotation caused by the radial electric
field which can overcome the parallel motion of the fluid near a X-point
and in regions with Mach number M= 0.1.

The pressure gradient along the field lines in the scrape—off layer
produces a current perpendicular to the magnetic surfaces depending also
from the parallel viscosity neglected here assuming the free mean path
small compared 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/.

We start with the classical Braginskii two fluid equations, which give
a complete set of 8 equations for the quantities V, € , n; and @, that is
flow velocity, electric currents, particle density and the electric poten-—
tial in the sheath. Aim of the work is to derive analytic expressions lLor
most of the quantities to enter in the remaining two equations to be solved
numerically, which are the equation of continuity for the density

-2 )
\7‘ n v-'= Q. (Q = source term) m




749

and the equation for the toroidal component Vi of the [low velocity, which
follows from the parallel anponent of the equation of motion:

I ("SVVnW\R>+ é-(mn\/\{g,_’{;)

FRSB
—nM--—iﬁ— g-fp+b‘V:‘rT+FPﬁ‘p:O B o == 22D
(P = n(T_ + r ) is the total pressure, = BpI'H the ratio of poleidal to

toroidal “magnetic field, Vg , Vg the pugpendlculdr and poloidal component
of the flow velocity, b = unit vector of B, R the major radius).

We use here an axisymmetric coordinate system fixed on the magnetic sur-—
faces with

§%s= ﬁfsf+ﬂ989+R J\v VF‘RH_eHe

( @ is a flux quantity; 8 83 and SL 8 are the radial and
poloidal distances).

In the ExprESSLOR for the VISCO&lty b K?-TT we add to the parallel
viscosity which is necessary to impose boundary conditions for the flow at
the limiter respectively the divertor plates also an prrnbsion for gyro-
v15L051ty as glUEn in ref /31:

b v T =% z_H }}TP(R 'He'f )BL V‘/’R )+R al, ['LB ):]L v
1= 0 Timi /(eB) -

Equation (1) and (2) are considered in a region where the sources Q are pre-
sent, extending over the scrape-off layer and reaching also inside the se-
paratrix in X-point geometry up to a last magnetic surface called the plasma
side where we pose conditions on W1 and pr .

In cases of neutral injection the coefficient of gyroviscosity which
contains the perpendicular derivates of (V, R™!) describes the transport
of toroidal momentum into the scrape-off lg}er where this effect can change
the [low pattern completely compared with all code caleculations up to now
which have neglected it, By this also the impurity transport will be in-
fluenced.

Because of friction the impurity flow is coupled strongly to the flow
velocity of the bulk plasma ions.

The inertial term and the viscosity in the toroidal component of the mo-
mentum equation give rise to currents perpendicular to the magnetic surfa-
ces, which can be expressed using also the parallel momentum balance (2) by:

2
\ VZE IR :
zunwm: Je LS ) il 4

L33 YR 9 P+ Pal- “
That means that the perpendicular current 1s produced mainly by the parallel
pressure gradient in the scrape off layer. Viscosity and the centrifugal
force enter1ng in equ. (4) are considered as small quﬂntltles and will be
neglected in future corresponding to an ordering MZ (-L.-F R/A
respectively M ,L Dy - , where Mg is thé Mach number Uf the to-
;iéldal flow veloc1ty, A, the parallel decay length of V respectively p,

; the free mean path of the ions due to ion-ion collisidns. Gyroviscosity
being much smaller than the parallel viscosity was not taken into account
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here.

The currents in the scrape—off layer have to flow divergence free,
therefore the perpendicular currents produces a return current along field
lines such, that

>
| V1=0 (5)
; As usual the return current deduced from (5) contains a free flux func-

tion:

3"t [He- ag (B 39)59"”9) ®

(Here we have 1ntegrated along a field line from p051t10n(|) » where it
starts at the wall to an arbitrally poloidal position = 8 -, 19 is the
poloidal component of the current.)
The expression for_%pe parallel current can be found completely from
Ohm's law parallel to
jH‘ |

<P_ Ln I7r.r VH’("—H_E\ZIPQ (7)

The electrxc field we are using isE = -V¢ and Y[" 15 l:he parallel resis-
tivity. The coefficient of thermal diffusion being — ‘7 'r is also
taken into account here. ¢

From this and the force balance perpendicular to the magnetlc surfaces

‘21—f9 = (‘i?’{jizl. (8)

where inertial effects are ordered to be very small compared to the pres-
sure gradient, we obtain the final expression for the return current by

1ntegra&1?g along the fle d: a
Hg P
3: 5 )59 ‘#[z) qu
f.l)'F 3 {” f

z
occg)j ”Nfu 5o = j(
P
0.3/ ) 2} BPG S #6 I/]” (J R ")9 59)59

e (Té’ le 7,{"‘9 26 Fraf UJB‘?"

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 positions (1) and (2) where a [ield line
hits the wall. As long as the electric currents flowing into the wall are
smaller than the ion saturation current we obtain the boundary conditions
from probe theory /3/ to be ¢ 5 = 3.5 To(!

The return current in equ. (9) is mainly a thermoelectric current driven
by the differences between the wall temperatures. We neglect in the follo-
wing the contribution of the resistivity on the right hand side of equ. (9)
and give the expression for the radial electric fjeld:
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The toroidal component of Ohm's law contains the perpendicular flow velo-
city:

y -1 Ho £, gp 0.3 oTe

%S =h 7 L4 5~ feat i

e e~ 'p Y3 u ne dlp p
The radial electric field enters the poleidal flow velocity in the well
known equation: | ap

L

Vo =V, ~E /8, 757 5w i

The equs. (9), (10), (11) and (12) together with the equations of con-—
tinuity (1) and the parallel momentum equation (2) describe a complete
self-consistent neoclassical transport model for the scrape-off layer.

/1/ R. Simonini, W. Feneberg, A. Taroni, 12th Europ. Conf. on Contr. Fusion
and Plasma Phys., Budapest, 2-6 September 1986.

/2/ C.E. Singer, W.D. Langer, Phys. Rev. A, 28, 2, 1983.

/3/ D.M. Manos, G.M,McCracken, Nato ASI Series, Proceedings of Nato Summer
School, 1984, Quebec.
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TWO-ZONE MODEL FOR THE TRANSPORT OF IMPURITIES INJECTED INTO THE EDGE OF
A TOKAMAK PLASMA
H.A, ClaaBen, H, Gerhauser
Institut fiir Plasmaphysik, Kernforschungsanlage Jiilich GubH
Association EURATOM-KFA, P.0,Box 1913, D-517o Jiilich, FRG

One method of studying the transport of impurities in the edge plasma
of a tokamak is to inject non~intrinsic metal atoms from the torus wall in-
to the plasma and to follow their ionization sequence and their space-time
evolution. The migration of impurity ions of specified charge in the edge
plasma is determined by the simultaneous action of a variety of processes:
gain and loss by electron impact ionization (and eventually recombination
and charge-exchange), cross-field (|B) diffusion due to the correlated ef-
fect of density and electric field fluctuations, cross-field drift due to
friction with the poloidally rotating plasma, as well as parallel-field
(IB) convection due to friction and electrostatic forces in the scrape-off
layer (s.o.l.). The relative importance of these processes and the attain-
able population densities of the various ionization levels depend,of course,
on the injection parameters (pulse duration, energy and angular distribu-
tion as well as species of the injected impurity atoms) and the background
plasma,

1t is the aim of this paper to present some przliminary results con-
cerning the influence of some of the aforementioned processes on the trans-
mission of a toroidally uniform metal injection pulse with a Gaussian time-
dependence assuming a two-zone model for the edge plasma. This model (see
fig.1) subdivides the edge plasma into s.o.l. and outef region of the plas-
ma core and treats in a very simplified form two-dimensional (radial-toroi-
dal) variations of the plasma parameters., The radial plasma profiles are
simulated by step functions, the steps being located at the separatrix, In
contrast to the core region the s.o.l, is characterized by low values of
plasma density and electron-ion temperatures and subject to | B components
of electrostatic forces and plasma flows. The latter are assumed to in-
crease linearly in toroidal direction towards a limiter or a divertor
throat, This implies constant values of plasma source and plasma density,

but presupposes that the electron and ion temperatures undergo slight to-
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roidal variations, which are neglected in this study.

The analytical treatment of the present time-dependent impurity trans-
port problem, which ignores recombination and charge-exchange as well as
impurity-impurity interactions, is given in detail in ref.[1]. It proceeds
basically in three steps. In the first step the drift-kinetic equation for
each ionization level is averaged over the velocity component vy and then
transformed into a set of transport equations by expanding the averaged
guiding-centre distribution functions in eigenfunctions of the B convec-
tion-collision operator similar to the method outlined in ref.{?l. In the
second step the transport equations for the expansion coefficients are de-
coupled in gzero order approximation assuming a collision-dominated scrape-
off plasma and a toroidally uniform impurity source function, which is even
in Yy The first two zero-order expansion coefficients A;qi,t} related to
the density (m=0) and the B particle flux (m=1) satisfy the following

equation written in Cartesian coordinates:

cross-field diffusion and convection source function
e afban® | ) Sm b
s v v =
= 3e. - D= 1% + VA Ve AV, A= Qo (1)

ionizaticn and convection losses lIB
time variation due to time-dependent surface and volume sources
o ; . - : L i :
Qm refers to stepwise electron impact ionization of the injected impurity

atoms, 3 . is the Kronecker symbol, U and ﬁ are respectively the frequen-

cy of 1m$$r1ty—hydrogen ion collisions and +he eigenvalues of the IIB con-
vection-collision operator, both determining the effective convection time
T:. Eq.(1) holds for each ionization level. It alsc applies to the sum of
all charge states (tuking \H: 0), if the charge-dependence of Dl.qLand 7:
is ignored. In the third step egq.(1) is solved by lLaplace transformation
with respect to the time (a different method was given in ref.[ﬁ]} using
the boundary conditions A”(feo,t)= 0, which at the torus wall g =4 yields
a boundary value somzwhat in between specular ion reflection and complete
ion absorption (an approximate solution satisfying A;(A,t)g'ﬂ has also
been derived). Due consideration is given to the continuity conditions for
density and 1B particle flux in the presence of plasma discontinuities at

the separatrix e =0, The solution contains the source function and the ini-
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tial condition A;(g,o}, which had still to be specified for a numerical eva-
luation, This was done for w=0 assuming a Gaussian injection pulse of mono-

energetic Ti-atoms leaving the torus wall in radial direction,
22
n (t) = N /(V t f&) exp(-(t-t,)"/t] (2)

where V = ‘E’kTw/mZ is the injection velocity. Assuming t,=2t_ (to save CPU-
time) the initial density could be set to zero with sufficient accuracy.

In a preliminary study we calculated the total density and the LB flux
of Ti-ions (summed over all charge states) taking the same values D =1m2/s.
V_L= 0 or 10 m/s and 'f’: with Z_o.= 5 for all ionization levels. Zopp= 5 is
appropriate in view of the short pulse duration (toz 40¢.s) and the plasma
parameters chosen (np: 2x1o12/cm3. :{Te,i.: 10 eV for the s,o0,l, and F.p=101 5/
cma. kTe,i= 100 eV for the core periphery) presupposing an injection ener-
gy kTw= 25 eV, which causes a fast penetration of 4% into the plasma core,

Fig.2 shows in normalized form the time evolution of the radial density
profiles and fig.3 the time-dependence of the ion-flux across the separa-
trix. Comparisons are made with 'T:::.'n in case the l|B forzes in the s.o.1.
are neglected. Corrections due to complete ion absorption at the torus wall
are also indicated. For injection energies in the range of 10 eV and above
the injected Ti-atoms cross the cold s.o.l. almost unaffected to be ionized
and accumulated 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.o0.l., where they are swept to a limiter or
divertor target. Later the density profiles are smeared out decaying to ze-
rodue to ion losses at the targets, the torus wall ‘and deep inside the plas-
ma core. A superimposed radial convection (=10 m/s) slightly shifts the
density profiles inwards or outwards according to the velocity direction.
For injection energies of the order of 1eV and below a density maximum
forms inside the s.o.l. (for the same plasma parameters), It moves towards
the plasma core in the decay phase of the injection pulse and reverses the

ion flux across the separatrix during an intermediate time interval,

[1] H.A.Claagen, H.Gerhauser, Report JUL-2115, KFA Jiilich (Febr.1967)
[?] H.A.ClaaBen, H,Repp, Nuclear Fusion 21(5), 589 (1981)
[3] G.FuBmann, Nuclear Fusion 26(8), 983 (1986)
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A KINETIC MODEL OF A SCRAPE-OFF LAYER WITH RECYCLING
R. Chodura

Max-Planck Institute fiir Plasmaphysik,
EURATOM Association, D-8046 Garching, Fed. Rep. of Germany

Abstract

A 1d particle model with a Fokker-Planck collision term is used to describe the energy
flow in a scrape-off layer with particle recycling. Hot particles from the core plasma and
relatively cold recycled particles from the target plate form a velocity distribution with
a low energy maxwellian bulk distribution and a tail in target direction of energetic
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 quantities
are determined by the 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 material walls, i.e.
limiters or divertor plates. Particles and energy, diffusing perpendicularily to the ma-
gnetic field out of the core into the scrape-off layer flow there mainly parallel to field
lines to the target plates. Plasma 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, for 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-
ticles. The hot core particles may have mean free path lengths for relaxation which are
comparable or larger than their path lengths from the place of their appearance in the
scrape-off layer to the target plate. The velocity distribution of these particles is thus
expected to be strongly non-Maxwellian. The relatively cold 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.
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Model

The numerical model is a 1d electrostatic particle-in-cell code for the plasma electrons
and ions including a Fokker-Planck representation of the velocity change by Coulomb
collisions [1]. 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
T; = T. = Ty near the symmetry plane x=0. Ions reaching the target plate at z = L
are redeposited as cold electron-ion pairs with 7; = T, = 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.
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Fig. 1: Schematic situation of a 1d scrape-off layer with recycling.

The code resolves the electrostatic Debye sheath. In a real scrape-off layer the sheath
thickness A, 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,

As € ALK L <A

where A, 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-
folding length 5 at a temperature T, = 10 (in arbitrary units). Ions reaching 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 Wi, = 0.4 is
withdrawn from background electrons. The source distribution determines the particle
flux T'. The other curves of Fig. 1 show density n and mean velocity V of ions and
electrons (which differ only in the sheath) together with the isothermal sound speed
C = [(T; + T.)/m;)"/?. At the sheath edge V=C. Electron and ion "temperatures®
(parallel and perpendicular to the flow direction, Ty and T respectively) are much
lower than T}, of source particles. The energy input of electrons or ions in the source,
Oy = %I‘hTh = %0.00233- 10 = 0.035 is mainly transported as heat flux ¢ = -
{v—V)*(vz — Vz) > in the pre-recycling region and is partly transformed in ionization
energy rate, convective 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
T)) and T, parallel and perpendicular to the flow direction for ion and electrons,
particle flux T', heat flux ¢, potential o and electric field E as function of z 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(v;) = [ [ dvydv, f(vs,vy,vs) at 4
locations x on a logarithmic scale. Source particles with their thermal velocity vip =
(T /m)‘f 2 have a mean free path length for energy transfer to bulk particles of the
same kind of Ay = 5 - 102, i.e. much larger than L. Since A  v%, only particles with

velocities v < 0.63v¢n, = 2.0 for electrons and 0.05 for ions can be thermalized to the
bulk 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 A~ 4.

TUVELUEN T OFSURIMUCLON B IEIVE b - o VELDELTY DISTRIDUTION F1XvE

[RUNE

Fig. 3: Ion and electron distributions F(v.) = [ [ dvydv.f(vz,vy,vs) at 4 locati-
ons x = 29.4, 59.4, 75.4, 79.8 and corresponding Maxwellians (dashed lines).

Only thermalized source particles contribute 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
(nn/n ~ 1073), mean velocity 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 ¢ and
temperature gradient VT is applicable. The potential drop Ao, over the sheath is not
noticeably changed by the tail in the electron distribution, i.e. eAos = 2.8T,, as in
the case of Maxwellian electron distribution, where T}, is the electron temperature at
the sheath edge. But the elctron energy flux Q., =< %mcvzvz > at the sheat edge is
significantly larger, i.e. Q. = 6.'sTes with 6, = 7.6, as compared to 6. = 4.8 for a
purely Maxwellian electron distribution [2].

/1/ R. Chodura, 12th Europ. Conf. on Contr. Fusion and Plasma Physics, Budapest,
Europhysics Conf. Abstracts 9F, Part II, p.472 (1985).

/2/ P.C. Stangeby, J. Nucl. Mat. 1288129, 969 (1984).
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DESCRIPTIOQ: OF IMPURITIES WISH ARBITRARY CONCLIITRATION
Ii THi SCRAPE-OFF TOKALAK PLASIIA

Igitkhanov Yu.L., Pogharov V.A., Pistunovich V.I.
I.V.iurchatov Institute of ilomic Znergy, iioscovi,USSR

ABSTRACT

4 2D-self-consistent model of impurity iom tronsport in the scrape-
off layer and in the divertor volums has been developed. In diffe-
rence from the previous models of test particles [1] y the concen-
tration of impurities in the divertor con be rather 1arge(§i}7 3:>/%
ond determine the perameters of the main plasma. The mein plasma is
described within the frames of 2D-hydrodynamiczi transport equati-
ons and it is consistent with the impurity problem: the plasma flow
to the divertor plate provides the impurity ion flux from the ple-
te due to sputtering, plasma electron and ion {ronsport coeffici-
ents as well as the longitudinal electiric potential depend on the
impurity concentration. The 20-moment Grad metnod is used to descri-
be the impurity ions. The expressions in the explicit form have

been derived for the transpori coefficient in the equations of mul-
13 fInd Aol hedmadimoniop, Jocotibing e lomgitudiiual diauspoid of
impurity ions for all charge states. The transversal transport for
all the components is simulated as a diffusive one with the anome-
lous (Bohm) transport coefficient. It is showmn that a thermal

force affectin a highly-ionized impurity ion veekly depends on its
charge state (in difference from the test-particle approximation),
when the relaxation of protons in e plasma is determined mainly by
the collisions with impurities. The last effect results in the
reduced pushing of such impurities by a thermal force in comparison
with the friction force due to the streaming plasma flow onto the
plate (this friction force remzins to be proportional to ZE).

This results in the possible impurity circulation within the dive-
rtor volume, with due regard for transversal diffusion, and in

the impurity localization near the divertor platea.

1. Igitkhanov Yu.L., Pistunovich V.I., Pozharov V.A. IAE
Preprint 4217/8.
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IMPURITY TRANSPORT AT THE PLASHA EDGE IN TOKANMAX

Krupin V.A., Yushmenov P.H.
I.V.Kurchatov Institute of Atomic Energy, loscow, USSR

The gencralized trensport in the Pfirsch-Schluter regime for
arbitrary perturbations in the impurity concentrations has been
derived., The Coulomb collisions at the plasma column edge are fo-
und to be so effective that longitudinal flows cannot equali-
ze the impurity ion density upon the magnetic surfece. As a re-
sult, a poloidal asymmetry in concentration observed in the ex-
periment emerges. Under these conditions the neoclassical theory,
assuming the smallness of perturbations upon the magnetic surfe-
ce ﬁ)ﬁ#a < £ ;turns out to be inapplicable. The calcula-
tion of dmpurity densities in the hydrodynamical approximation
with the account of a radial diffusive flux and ionization sour-
cesd is carried out in the paner. The neeeagity of tha Aiffneiva
flux account, which follows from the violation of the approxima-
tion ﬁ'/ko << ¢ y results in a rise in the order of equations
in comparison with the traditional approoch. Under these condi-
tions the Fiirsch-Schluter redial fluxes, generalizing the known
1coclascicol cxpressions, have been celeulated. Tne edditional
terms ere shovm in the expression for the flux to be important
in 1ile tranvient processes only. in equilibrium state with a zero
flux is described by an expression close to the neoclassiceal one.
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THE IMPURITY CONTROL LIMITER EXPERIMENT ON DITE
G F Matthews, G M McCracken, D H J Goodall, C S Pitcher*, P C Stangehy*,
J Allen, R Barnsley**, R C Bissel, § J Filelding, N Hawkes, J Hugill,
P C Johnson, L N Khimchenko***, A M Ternopol*ii#

Culham Laboratory, Abingdon, Oxon 0Xl4 3DB, UK
(Euratom/UKAEA Fusion Association)

* Institute of Aerospace Studies, University of Toronto, Canada
%% Department of Physics, University of Leicester, Leicester, UK
**%% Kuyrchatov Institute, Moscow, USSR

*%%*Physicotechnical Institute, Kharkov, USSR

1. Introduction

In this paper we present results from the impurity control limiter (ICL)
experiment which is installed on the DITE tokamak. Unlike a conventional
limiter the ICL is toroidally concave on the side facing the plasma. It is
designed so that the majority of the incident ions strike the back of its
carbon tiles which are at an angle of 35° to the toroidal magnetic field.
Impurities sputtered from these surfaces are directed towards the walls and
have a low probability of ionisation. Also, the ionisation which does occur
is strongly localised in the scrape—off layer (SOL) where impurities are
more likely to be driven back to the limiter. Quantitative predictions of
the relative importance of these effects have been made by-Matthews, et al
(1987) using a 2-D Monte-Carlo sputtering code. These calculations showed
that a significant reduction in the carbon impurity content could be
achieved in situations where sputtering from the limiters is the dominant
source of contamination.

2. The Experiment

The ICL consists of a 180° poloidal sector of 21 cm radius made from 9
poco—graphite tiles. Figure 1(a) shows a section through one of the tiles
and 1(b) the complete assembly. Twelve flush Langmuir probes are used to
diagnose the plasma local to the ICL. This information can be combined with
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Figure 1 The ICL (a) tile cross section (b) the assembly
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the measurements of line radiation from specific neutral impurities, made
with CCD cameras imaging the ICL, 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 ICL (Goodall, 1987).

The ICL can be withdrawn completely from the torus and two graphite rail
limiters located at the top and bottom of the machine driven into the same
radius for comparison. These rails are of conventional geometry with a 30°
chamfer at the leading edge. On a nearby port a rapid movement Langmuir
probe measures the plasma parameters in the shadow of the rail limiters.
Imaging of the rails with the CCD camera is also possible through a
tangential window on an adjoining octant of the torus.

3 Results
3.1 Global Behaviour
Comparisons are made between the rails and ICL in both helium and deuterium

plasmas. A standard ohmic discharge is described with a plasma current of
100 kA and a toroidal magnetic field of 2 T. In helium the ICL reduces the
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Figure 2 Radiated fraction PR/POH Figure 3 Electron density and
as a function of T, - temperature, at the ICL

radius, versus ﬁé.

total radiation (PR) to less than one half of that seen with the rails at
all densities. 1In addition, the loop voltage falls by 10%Z (Erom 2V to 1.8V
at 7, = 3x101%~3), consequently reducing the ohmic input power (POH)' The
radiated fraction PR/P0 , which is plotted in figure 2 as a function of line
average electron density W, is 45% lower with the ICL than with the rails
in helium plasmas.

In deuterium, where the disruptive density limit is alwost three times lower
than in helium, the ICL has a smaller effect on global parameters; it
reduces the total radiation by 20% and the loop voltage by 4% (from 2.3V to
2.2V at W= 3x101% ).
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3.2 Local Behaviour

In figure 3 the poloidally averaged electron density and temperature at the
leading edge of the ICL are plotted as functions of line average density.
These measurements are made with the Langmuir probes embedded Ln the ICL.
Helium and deuterium plasmas have very similar edge clectron density
profiles at a given line average density. However, the electron temperature
in deuterium falls much more rapidly with increasing line average density
than in helium, and in both cases the density limit is reached with the edge
temperature in the region of 10 to 15 eV.

The Langmuir probe measurements have been used as input data for the 2-D
sputtering code. This model calculates the energies of the incident ions
from the specified plasma conditions and determines the physical sputtering
yield (Bohdansky, 1984), self sputtering and chemical sputtering are
neglected (Pitcher, 1986). It then geunerates trajectories with the energy
and angular distribution specified by Thompson (1981) and computes the
ionisation of the sputtered atoms in each plasma cell. In the case of
carbon the photon efficiency (Pospieszczyk, 1987) is used to compute the CI
emission at each point and this is then integrated torodially along the
lines of sight. The results of this procedure are shown in figure 4 along
with the normalised radial distributions measured with a CCD camera fitted
with a CI (9050 A) interference filter. Theory and experiment are in good
agreement considering that there are no arbitrary parameters. As predicted,
the ICL pushes the CI source 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 equally to deuterium and helium
plasmas.
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Figure 4 Measured and predicted radial CI intensity distributions for rails
and ICL.
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4. Spectroscopy

A wide variety of spectroscopic data is available. Intensities of

Fe XVII(15A°) and OVIII(19A°) near the centre of the plasma are measured
with a Bragg rotor spectrometer (Barnsley, 1986). 1In the ultra-violet
region of the spectrum OVI(1037A°), OV(629.7A°), CV(2271A°) and CIII(1176A°)
are monitored. An analysis of this data using a 13}-D transport code
(Behringer, 1986), shows that the radiated power is dominated by oxygen and
carbon in all cases. Far from either limiter, a visible spectrometer is
focused on the wall and observes CII(4267A°), OII(4351A°) and CrI(4274A°).
When there is a change from deuterium to helium the wall influxes of carbon
and oxygen are reduced by a factor of 10.

In helium plasmas the impurity concentrations deduced from the OVIII and CV
shows only a small reduction when the rail limiters are replaced by the ICL.
However, the lower ionisation states OII, OV, OVI and CIL, CIII indicate a
halving of the influx. This inconsistency cannot be resolved by a 1}-D
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 ICL 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 this view 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 associated
with the charge exchange flux which is found in ASDEX to be 5-15 times lower
in helium than deuterium (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 ICL and rails and its subsequent
ionisation is well described by our 2-D computer model. This aspect of the
problem is in accord with our predictions and is well understood.
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THE THERMAL PERFORMANCE OF THE IMPURITY CONTROL LIMITER GRAPHITE TILES IN
SIMULATION EXPERIMENTS AND IN THE DITE TOKAMAK

D H J Goodall, G F Matthews, G M McCracken, C S Pitcher* and D A Hughes

Culham Laboratory, UKAEA, Abingdon, Oxon. 0X14 3DB
(Euratom/UKAEA Fusion Association)
* Institute for Aerospace Studies, University of Toronto, Canada.

l. Introduction

The impurity control 1limiter (ICL) in the DITE tokamak is made from 9
individual graphite tiles which have a thin tapered leadin%lgdge shaped to
minimise the sputtering of impurities into the plasma « The cross
sectional profile is unlike that Ffound for typical limiters which are
designed to spread the incident heat flux uniformly over their surface.
Fig. 1 shows a single ICL tile with a JET limiter tile for comparison. The
maximum heat load for the ICL is at the leading edge unlike the JET tile
where the maximum surface temperature and erosion ar?zg)bserved in the region
shown in Fig. 1 on either side of the tile centre In addition to the
normal heat flux, the tips of the ICL tile are wvulnerable to runaway
electrons and a suitable graphite must be chosen to minimise this type of
damage.

Head load - B

Heat load

Fig- 1 (a) an ICL limiter tile (b) a JET limiter tile.
2, Choice of Graphite

From the many possible graphites, three types were selected for heat load
simulation experiments using a high power laser tzly)ch cou](\z)provlde ~ 1?5§W
continuously. These were a pyrolitic graphite , Poco and 5890PT .
The thermal properties of the pyrolitic graphite differs markedly from the
other two, having a thermal conductivity which is a factor of 3 higher in
one plane and only ~ 0.005 of this value orthogonal to the high conductivity
direction. Tests on rectangular samples with peak laser power density of
3.6 kw cm~ 2 for 5 sec showed least surface damage for the pyrolitic
graphite, but delamination occurred at low power levels when the initial
temperature was > 300°C. Surface damage and weight loss for the other types
were similar but with Poco performing slightly better than the 5890 PT
graphite.
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In addition to the rectangular samples, small triangular samples of Poco
graphite similar 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? over an area of 1 cm? for 0.5 secs, simulating the
expected heat load in DITE. No significant damage was observed under these
conditions.

To simulate runaway electron damage triangular samples were placed in a
vacuum chamber with an electron beam incident on the apex of the triangle.
The samples were moved through the beam at wuniform velocity. The
experimental arrangement enabled a large number of graphite types to be
compared including carbon reinforced graphites. Beams from 60-80 kV with
current densities up to 5 A cm™ 2 were used. Again it was found that Poco
graphite showed the least erosion at the apex of the samples and this
material was therefore selected to fabricate the ICL.

3. Thermal and Stress Analysis of an ICL tile

A 2D finite element analysis using the computer program PAFEC (6) was
undertaken to evaluate the temperature and stress distribution and to
calculate peak temperatures. A 216 element mesh is used in the computation
with very small elements at the tip of the tile, increasing in size towards
the base (Fig. 2). The analysis is
divided into two parts, a transient
pulse heating phase followed by a
cooling period equal to the pulse
length. Stress calculations are
made at the end of the heating
phase using the computed thermal
data. For the heat calculations,
an incident heat flux F(r) = ‘FD exp
Iy 4 = -2
(-5) is assumed where F; = 3 kiWcm

and A =l cm with radiative cooling
to 0 K and a tile base temperature
of 300K for both heating and
cooling cycles. The thermal
properties of 5890PT pgraphite are
used as these are known as a
function of temperature. Once the
incident heat flux is removed the
hot tip acts as a heat source which
conducts to the rest of the body
giving a peak temperature stress at
the end of the heating pulse. The
calculations show that the tip
reaches 2620K at the end of a 0.5

Restraints
sec pulse cooling to 1375K after a
further 0.5 sec. A large
proportion of the tile, however,
remains at the base temperature Fig. 2 The mesh and the temperature
with the maximum thermal gradient gradients after 0.5 secs

at the tip along the face OA. heating.
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For the stress calculations the same mesh is used with the tile base AB
constrained not to move in the x direction and the mid-point of AB
constrained not to move in any direction. The analysis is in two parts, a
plane strain and a plane stress boundary condition with zero displacement in
the Z direction orthogonal to the plane in fig. 2. Although this can cause
artificially high out-of-plane stress it is considered in practice this
would not occur in a finite object. The computations show that there is
some stress relief by the bending of the thin tip of the tile and that both
faces DA and OB are in compression with tensile stress in the tile centre.
The in-plane stresses calculated are considerably below the Ffailure stress
giving a high factor of safety.

4. The Performance of the ICL Ly

i R L _[\J
< | x ol
The local conditions at the ICL are £ o ,i/‘_"‘\\-‘_lon side |
monitored using integral Langmuir s5-—3 /’ % v —
probes and thermocouples and remotely B / B
4= —
by a scanning infrared camera and CCD Z A LY
cameras fitted with interference 3§ k oo B I N—
filters. The IR camera at the back of | € i o S x |
the ICL drive views the apex and part 5 ' Electron side

|

of the outer sloping face on both sides 1

of the tile immediately below the ., == == == == {b)

median plane tile. A similar view but {a)

centred on the tile immediately above 15 _’,i I_Eleclmn side —|

the mid-plane is obtained using a CCD F__ x ~

camera. A vertical view of the back of E P,

the mid plane tile 1s obtained by a 10——2 ° \ N

miniature CCD camera and a complete X Jon side

view of the ICL is available from a CCD = /gJ\\“-‘? ™

camera using a tangential window. All 2 & o\~ k

the CCD cameras could monitor CI, CII, 0.5ﬁﬁg / \;\__

CIII, OI, OII and H_ line emission. g 3{ o o Langmuir probes }emmn
[ x LR.camera " side

The Lansmuir probes are in pairs at | e | R camera ion side

¢  — 19

three different poloidal positions, and 0 2 4 3 8 10x10
at two minor radii. This provides in
addition to the local Te and o,
measurements the e-folding length for
the power to the ICL, Kp' from which
the power density at the 'tile apex can Fig. 3(a) The power density on

i, (m™)

be extrapolated. The nearest Langmuir ICL tiles above and
probe pair to the tile observed by the below the median plane
IR camera is on the electron drift side tile. (b) Intensity of
of the tile immediately above the €I tadiation above

median plane. Thus a comparison of the median plane, as a
heat Fflux above and below the median function of l1ine

plane can be made. average line density.

The ICL consists of discrete straight sided tiles forming a polygon which
does not exactly match the circular flux surfaces (l1). The maximum plasma




surface interaction therefore, occurs at the centre of the flat face 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 difference between the two sides of
the tile for the IR results at low density probably due to a contribution to
the power from supra thermal electrons and non-ambipolar current flow (7)
on the electron side. (Both the IR and CCD cameras show very localised
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 electron side of the
upper tile containing the probes is connected after 4 toroidal rotations to
the ion side observed by the IR camera. Fig. 3 shows that the power density
for these two positions is in good agreement both in magnitude and density
dependence. This 1is partly fortuitous since a sheath transmission factor of
10 has been assumed and non-ambipolar currents are ignored.

The CI line intensity at the upper tile for a helium discharge shows a
similar density dependence to the power density and also reaches a maximum
at 6 x 1012 m~3 (fig. 3b). There is also an asymmetry between the two
sides, with the ion drift side having twice the intensity of the electron
side which 1is again consistent with the mapping between the upper and lower
tiles.

8w ICL Damage

Slight damage was observed on the tiles above and below the median plane
tile and on the median plane tile itself. This damage consists of the
removal of about 1-2 mm from the original apex of the tile 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 Ffurther during normal density discharges and there was no
noticeable effect on the distribution of sputtered atoms as seen by the CCD
cameras.

6. Conclusions

The power density observed at the ICL tiles was within the 1limits
anticipated for the stress analysis computations and confirmed that the type
of graphite selected from simulation tests is a suitable material for the
ICL geometry and the plasma conditions during the experiment. Some minor
runaway electron damage was observed but this did not affect the performance
of the limiter in the control of impurities.
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1. INTRODUCTION

A series of experiments designed to demonstrate the efficacy of the Resonant Helical
Divertor /1/ (RHD) concept in a tokamak have been completed. These proof-of-principle
experiments utilized a small scoop limiter and a simple modular coil set /2/ to produce an
m = 7, n = 2 RHD configuration for controlling the particle 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 fie ~ 2 — 3 x 10'® ecm~3, with an ohmic plasma
current (I,,) between 230 kA and 295 kA depending on ry. The results, for scoop limiter minor
radii (r¢), between 20 cm and the primary TEXT limiter at r = a = 26 cm (R, = 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 em full width, and
helium discharges at high toroidal magnetic field (By = 2.8T'). The neutral density (n,) 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
() 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 limiters, 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
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that particles must make many toroidal circuits before transiting an island and striking the
neutralizer. In high 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
radial 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 RHD operation. The increase in efficiency is so dramatic that additional
mechanisms must be invoked to explain the rapid circulation of particles around 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 D, = 10* cm?®/sec gives an average radial diffusive velocity
(vr)aigs = (Ar)gigs/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/cm radial island electric fields have been observed on
CSTN-11 /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 RHD.
2. FLUX CONTROL RESULTS FROM THE RHD DEMONSTRATION ON TEXT

In the demonstration experiments on TEXT a measure of the effectiveness of the RHD
is obtained from neutral density measurements behind the scoop limiter head. During the
steady state RHD period, a parallel particle flux T' o n;v) enters the scoop aperture, hits
the neutralizer and is collected for measurement 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 T'y.

The typical data signature of interest is a drop in the recycling light on the limiter face

with a corresponding rise in the scoop chamber neutral density as g, (E [ [1 + %’Y] ), the

safety factor on the scoop limiter face, nears 7/2. Here € = r¢/R, and y = 2(A—1)+(A—1)?+3
account for the reduced plasma size and toroidal effects with A = 8, + £i/2. These signatures
are consistently observed with 20 cm < r, < 24 cm and with the helical coil current (I;) phased
to produce a fundamental m/n = 7/2 island o-point on the limiter head. Figure 2 shows the
neutral density time response. Figure 2(a) shows n¥ for a hydrogen discharge with r; = 24 cm
while 2(b) shows nf® for a helium discharge with 7¢ = 22 ecm. As g increases through 3.3, nf
goes up by approximately a factor of two. §n,(g;) is clearly a resonant phenomenon. Given a
plasma density of #, = 4 x 10'? ™3 this increase in scoop neutrals corresponds to roughly
2.5% of the total plasma jons. A reduction in the recycling source at the face of the scoop
limiter accounts for an additional loss of fueling. Although the exact nature of this 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 aperture.

The combined effect of enhanced particle flux collection with loss of limiter face refueling
are shown in Fig. 3. A multi-chord FIR laser interferometer is used to obtain plasma density
profiles, n,(r), just prior to the I;; pulse (i.e., at t = 300 ms), and at four subsequent times
during the I pulse. Figure 3(a) shows the n, profiles during the RHD pulse at t = 345 ms,
465 ms, 390 ms, and 428 ms respectively. Shown in Fig. 3(b) are the time evolution of i, and
the H, light from the scoop limiter face. These results are from a hydrogen discharge which
had a nff response similar to that shown in Fig. 2(a). A n.(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 n.,, the central electron density, with relatively little change in the shape of
the n.(r) profile. One-quarter of 20% reduction in n., is accounted for with the increased flux
collection 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 RHD EFFICIENCY IN HYDROGEN AN HELIUM DISCHARGES

RHD induced neutral density increases in the scoop limiter chamber are observed for

both hydrogen and helium discharges. Typically the increase in the scoop efficiency is more
pronounced for helium, 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 nf® increase.
This may be compared with the results shown in Fig. 2(a) for hydrogen. Figure 2(a) shows
data for I; = 3 kA while Fig. 2(b) I = 5 kA. Allowing for differences in r; in these two cases
and the perturbation field intensity decay typical of our m = 7 coils there remains a slight
difference between the optimal Iy for hydrogen and that for helium discharges. The difference
in I'; may be related to a difference in the radial diffusion coefficients (D,.) for hydrogen and
helium.

As yet data on the radial diffusion coefficients (D, ), scrapeoff layer widths (A,), and
particle confinement times (73,) for these two species is incomplete. Relatively complete electron
temperature profiles have been measured and measurements of 7, in hydrogen and deuterium
have been regularly obtained. These 7, measurements indicate a m'/* /7/ scaling suggesting
that a factor of two increase in 7, from hydrogen to helium may be reasonable. All the data
now support a model which indicates that the flux steering capacity of the RHD configuration
depends strongly on D..

4. CONCLUSION
The effectiveness of the RHD concept for enhanced particle flux control has been demon-

strated on TEXT. Different RHD efficiencies have been found for hydrogen and helium dis-
charges. These differences are believed to be related to the diffusion coefficient, D,, as well as
variations in other discharge parameters. Correlations with other parameters are being investi-
gated both experimentally and with numerical particle transport simulations. Enhanced island
circulation velocity due to radial electric fields in the island and ExB drift can explain the
better than expected efficiency of the RHD on TEXT. The full potential of the RHID 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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1. Introduction

The deposition rate of deuterium and impurity fluxes have been studied by analysis
of rotating collector probes, exposed at TEXTOR in the scrape-off layer. Details of
the probe system were described earlier /1/. The collected deuterium was measured
by using the nuclear reaction D(*He,p)* He. Impurities were determined by Rutherford
backscattering analysis.

The TEXTOR discharges were additionally 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, but twice two discharges were overlayed in order to study the scaling
of deposited particles. A typical discharge lasted 3-4s, with a flat top current of 350-500
kA and a central electron density of 2-4-10'* atoms/cm®.

For the interpretation of the deuterium measurements we use experience from 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 effect would be the codeposition of deuterium
and carbon 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 time-resolved way are critically influenced
by the exposure time, and due to limited of measurements the reported results should
be considered as preliminary.

The impurities oxygen and metals were also detected on the probes. Oxygen was
only found in small quantities or less than cne 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. 1a, can be compared with the evolution of the density, Fig. 15, and the corresponding
change in central electron temperature, Fig. 1c. This behaviour is typical in a number of
shots, although in a few cases these features in the deuterium deposition was obscured by
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a "fine structure”. A slower increase in density, Fig. 1b, 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 deposition i Fig. 2a comes with
an increase in oxygen deposition, Fig. 2b, simultaneously with an increased deuterium
deposition, Fig. 2¢. 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 fluxes of metal impurities in the scrape-off layer. The
deposition mechanisms for 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 sufficient for definite conclusions concerning a
different e-folding length inside and outside ICRH, as was earlier shown in Langmuir
data /2/.

3. Discussion and Counclusions.

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 fluxes
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 deposition rate of deuterium to be
4-10"7 atoms/ cm? s, whilst calculations based on density and temperature measurements
with lithium beam experiments, give a deuterium flux at the probe position of 1-2-10'®
-2

atoms em™?. s7!. Kinematic particle reflection, 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 at 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 using a simple local saturation model /4,5/in combination e.g. with TRIM depth
profiles. Due to acceleration through the surface sheath, ions reaching the surface are
essentially monoenergetic with average energies E., = K - kgT,, where K is a factor
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between 3 and 6 /6/. In order to account for the influence of an energy spread ~ kpT. we
introduce an effective energy E.sy slightly higher than E,,, which would give rise to the
same saturation level in monoenergetic implantation as is observed for the actual energy
distribution. With electron temperatures T. in the range 15-20 eV /3/, deuterium should
saturate in graphite at 2-3:10'® atoms/cm?, which is far below the areal concentrations
measured 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 structure, the collected areal density of
deuterium , A, during a specified fraction of the discharge is measured and can be written
A =@ 1, where ® is the deposition rate and r the exposure time. For a single discharge
the areal density can be written A"} = A;.,. + A., 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 = Aimp +24.. The
relations between the collected areal densities in the two cases give A} — A = 4
or A® = F. A", 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 @, since Ac = b-®. - r, 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 increase A 4 in surface concentration on the probes is to be attributed to a raise of
T.,then AA= K- d;ﬁf -kp A]’_‘.(r). From the local saturation model or from experinllents
the factor d;:’;! can be estimated, and from measurements at TEXTOR, kg AT.(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.
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DEPOSITION AND EROSION AT THE OPEN AND CLOSED ICRH ANTENNAE OF ASDEX

R. Behrisch, F. Wesner, M. Wielunski', J.-M. Noterdaeme, E. Taglauer,
Max-Planck-Institut fir Plasmaphysik,
EURATOM Association, D-8046 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 /1/. 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, PIXE and Nuclear Reactions /4/ 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 L and
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 ASDEX (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 /2,3/.

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 center 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 deposition of Fe and 0. The bright stripes show clear
maxima of D-implantation.

The distribution of wall material (Fe + Cr + Ni) and of Deuterium on the
different Faraday rods is shown in Fig. 3. The concentration of both is
clearly larger in front of the plasma than behind. The maxima of metals

! Guest scientist from Institute of Nuclear Research, Warshaw - Poland




779

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 (Fig.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 /2/.

The small content of tantalum and tungsten is possibly an impurity
originating 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 plasma. 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 limiters.

The amount of Ti, Cu and Ag, measured on the carbon limiter blocks is
much larger than at cother areas of the torus, thus indicating sources in
the direct neighbourhood: the TiC-coated Faraday screen, copper blocks
of the limiter 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 U shows schematically the relevant particle fluxes for
both cases. During tokamak operation electrons and ions follow
predominantly 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 (D*) 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 D-ions
during the glow discharges. The profiles shown in Fig. 3 can also be
explained by this shadow effect.

In order to explain the surface' composition shown in Fig. 1, glow and
tokamak discharges have to be taken into account. Since D-ions at plasma
cperations would be shadowed from the screen by the limiters, the almost
homogeneous D content, implanted with 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 limiters can
be due to an additional ion implantation in tokamak discharges.

The small Fe + Cr + Ni content on the 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, which is largely
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reduced due to the shadowing limiters. But the maxima at the sides of
the screen roda (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). In this case a special
ion accelerating process by ICRH just in front of the active antenna
area would have to be assumed Lo explain the erosion.This would be in
agreement with the increase of antenna material impurity observed at
ICRH operation in JET /5/. The Fe+Cr+Ni maxima at the outer limiter
sides are comparable with the deposition on carbon limiters previously
used in ASDEX /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 the Faraday
screen support.

SUMMARY

The measured surface 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
operation and glow discharge conditioning. Scme results also indicate a
special ion accelerating process during ICRH just in front of the active
part of the antenna.
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DETERMINATION OF CARBON FLUXES IN THE LIMITER SHADOW OF TEXTOR BY
ANALYSTS OF CARBON NEPOSITS ON STEEL TARGETS

P. Wienhold, F. Maelhroeck, H. Bergs3ker®, R. Schweer,
H.G. Esser, J. Winter

Institut fiir Plasmaphysik, Kernforschuagsanlage J'ilich GmhH,
Ass. EURATOM/KFA, N-5179 Jiilich, FRG

* Research Institute of Physics, Ass. EURATOM/EFN,
5-10405 Stockholm, Sweden

1. Introduction
The inner wall of TEXTOR is coverad with an amorphous hydrogen-contai-
ning carbon layer /1/. Mevertheless, the C concentration in the plasma
does not exceed ~ 1% of the average electron density a_ /2/. It origina-
tes from the graphit= limiters /3/ and from the carbfnized liner whera
hydrocarbons are formed /4/ (Frank-Condon atoms and charge exchange neu-
trals).
The Stockholm-TEXTOR probe has heen used to measure time resolved the
carhon fluxes in the scrape-off layer (SNL) /5,6f/. The C deposition oc-
curs mainly during the flat top phase and is practura1lylgnnstant guring
the discharge. The C flux density is then about 2 x 107 €
The RBS-technique is time consuming. Therefore, a cnmp1enentary metnod
was used to determine carbon impurity fluxes in the SIOL from the thick-
ness of carbon deposits on steel targets. This method can be used hecau-
se the transparent deposits exhihit interference colours from which
their thickness, hence the areal density of carbon can be deduced. We
report here on preliminary experiments made hetween september and novem-
her 86 to test the applicahility of this method during typical TEXTOR
experimental series.

2. Experimental situation at TEXTOR

The four main limiter segments (ML, r = 46 cm) and the two poloidal pro-
tection limiters (PL, r = 48.3 cm) of the ICRH-antennae were made of
graphite; the inconel liner (r = 55 cm) was covered with an amorphous
deuterated carbon layer (a-=C:D). Liner and limiter temperatures were 150
and 200 9C, respectively. Polished stainless steel targets (8 cm x 6.5
cm, 1 cn thick) were positioned with their edge 2.5 cm above the plasma
and oriented perpendicular to the toroidal direction.

In total, four targets have been exposed to between 33 and 184 dis-
charges under different plasma conditions. The results are almost iden-
tical, and we focus here on target 2. 70 discharges were made with the
fo]]gwing ariﬁpterﬁ for most of the discharges: L, = 350
kA, n 3 , By = 2.6 T, average duration = 3.2"s. A few
shots were made at p1asma currents of 480 kA and 287 kA and at different

(2.0, 1. T). Five discharges ended disruptively. [CRH-power hetween
150 and 500 kW was coupled in by minority heating (3 % 3He) in 52 dis-
charges.
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3. Results and discussion

A11 targets showed similar radial deposition profiles as measured from
the interference colours. But much less material was deposited on the e-
drift side. (compare fig. 1 and 2). The material has been identified as
deutarium containing carbon (a-C:D) hy the absolute determination of the
C and N concentrations at AFI, Stockholm using RBS - and MNRA - techni-
que. ‘
The target 2 results (e-drift side) are shown in fig. 1. The measured
areal densities A are plotted as a function of the radial positions r; r
= 48,5 cm corresponds to the tip of the target. Three curves are shown:
C (carbon) and N (deutarium) as measured hy RBS and NRA respectively and
CE determined from the colour pattern /7,8/. All three increase with in=-
creasing distance from the liner reaching at r = 49 cm a maximum which

corresponds to about 120 nm. The Re[ T T T T T T T A Te
circular edge (radius 5 mm) was s F //1 420
not covered. The ratio D/C is 0.4 3L = ___7/ 1
+ 9.1 as in a-C:D layers formed by 2 — I_410
RG-discharges in CD,/D, mixtures 0] R = = e |
J1/. BRecause of the goog agreement, “Lm_s’/* 1
between the C and Cp curves the
other targets were inspected via
their colour patterns only.
The deposited layers are much
thicker on the i-4rift sides. The
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integrated amount is about 10 times larger than on the e-drift side. The
radial dependance found on target 2 is given in fig. 2 [squares). Obh-
vious is the shadow effect of a protruding stiffening ring (SR) at r =
52,5 cm and at a toroidal distance of ahout 25 cm from the target. The
fact that the deposits ohserved on the e-drift sides are thinner may re-
sult from a shielding effect of the upper segment of the main limiter
which is 1.37 m apart only, compared with 9.2 m in the i-drift direc-
tion.

The maximum value reaches A50 nm at r = 50 cm, i.e. 4 cm in the SOL.
Taking into account the 70 discharges of ahgut 3 s duration, this value
carresponds to a deposition rate of 2 x it C-atoms/cm? s which agrees
well with the results from the Stockholm-TEXTOR probe. Surprisingly, at
r=52cm, i.e. 6 cm in the SOL, the deposition is still one half of the
maximum value,

We will show in the following that this carbon originates most pro-
hably from the carbonized liner and not from the plasma. Assuming that a
flux
r, =8 x lﬂgn/s of neutral deuterium reaches the wall /9/ and tEat hy-
dﬁocarbuns (mainly methane) are formed with f yield Y = 3 x 107° /10/,
Chy will enter the SOL at a rate of 2.4 x 10 9!5. These molecules pene-
trate radially inward with thermal vzlocities until they become innized
by collisions with plasma particles and follow henceforth the toroidal
field lines (plasma diffusion is neglected here). Taking into account
the ionization cross sections for collisions with electrons and protons
given by W.D. Langer /11/ and the measured profiles of electron density
n, and temperature T, in the SOL /12/ (top of fig. 2), the jonization
rate of methane can bé calcylated as a function of r if ng = Ny and Ti =
T. are assumed. If the CH, ions were to fly along field lines, their
f?ux density at the probe is then the I, curve plotted in the figure
(dots). It shows a maximum at nearly the Same position than the deposi-
ted layer and an extinction at the plasma edge (ML). The quantitative
agreement is, as shown below, somewhat fortuitious.

Similar jon profiles in the SOL have heen calculated for discharges
where ICRH-power was coupled in (~ 300 kW) and with Tower current (285
kA) using the corresponding measured distributiana3of Ny and T.. But,
for a detached plasma (I_ = 285 kA, n_ = 2.6 x 10"~ cm ), the maximum
of I', is shifted to r = 4? cm and the d%creasing tail ends at r = 42 cm,

i.e, 4 cm into the plasma.

Not all ions reach the target in their original form: further disso-
ciative collisions gccur. An estimation based on the model of Langer for
the depletion of CH, to C using the measured TEXTOR parameter is given
in fig. 3. It shows the average distances 1 covergd in toroidal direc-
tions hy an ion CH before it dissociates into CH as a function of
the radial distance” from the plasma center. ExceptnTA the very vicinity
of the liner, where ne and Te are low, most of the carbon should reach
the target as c* unless it escapes radially by known reactions as % It
seems likely, therefore, that the layers are formed by codeposition of
carbon and hydrogen ions rather than by hydrocarbons, whereby the re-
sults show that the ratio D/C does not exceed 0.4. Taking the above men-
tioned losses of carbon in the form of C%, the agreement found in fig. 2
is only by a factor of two. It is still satisfactory if one conciders
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the uncertainties in the assumptions, rw , Y and on the cross-sections.
4. Conclusions
The observations show, that the material which has heen collected on
steel targets in the SOL of TEXTOR is amorphous carbon (a-C:N) and sug-
gest that it originates mainly from the methane released at the carboni-
zed liner. Most likely the layers ara formed hy codeposition of carbon
and hydrogen ions.
The thickness profiles of the deposits and also the ahsolute deposition
rates can he understood when this assumption is made, although the ori-
gin of the difference hetween the deposition rates observed on the ion
and electron drift sides is still somewhat unclear. It might be due to
the shielding by a neighbouring segment of the main limiter. The deposi-
tion rate presents a maximum of 2 x 1010 C/emz s at a radial position 4
cm into the SOL. These results agree well with observations with the
Stockholm- TEXTOR probe. On the e-drift side of the target, only about
1/10 is depositad.

It is important to note that the jonization of the methane molecules
by collisions with electrons and deuterons in the SOL should lead to a
screening effect: most of the carbon released (as methane) from the 1i-
ner does not reach the confined plasma, since the resulting ions, follo-
wing the toroidal field lines, end upon the limiters or other obstacles.
The screening seems less effective in case of a detached plasma: the lo-
wer electron temperature in the SOL does not lead than to a full ioniza-
tion of €Ny during its transit hetween Tiner and confined plasma.
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RADIAL AND POLOIDAL DISTRIBUTION OF IMPURITIES AND DEUTERIUM
DEPOSITED ON THE FT LIMITER DURING OHMIC DISCHARGES

G. Maddaluno
Associazione EURATOM-ENEA sulla Fusione, Centro Ricerche Energia Frascati,
C.P. 65 - 00044 Frascati, Rome, Italy

A.P. Martinelli
Max Planck Inst. fiic Plasmaphysik, EURATOM Association, 8046 Garching F.R.G.

INTRODUCTION

In a machine with limiter operation, such as the Frascati Tokamak
(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 working
gas [1]. In turn the surface composition and topography of the limiter are
changed, erosion-redeposition phenomena taking place because of the plasma
flux. The knowledge of the radial and poloidal distributions of impurities
and deuterium deposited on the limiter can be of great importance for un-
derstanding the complex plasma-limiter interaction, particularly with re-
gard to the observed asymmetries of the scrape-off parameters [2].

In this work the stainless steel full poloidal limiter of FT [3] was
equipped with six graphite targets in order to study the spatial distribu-
tions of impurities and deuterium within larger radial and poloidal ranges
with respect to previous investigations [4,5].

EXPERIMENT

Three 15¥10%2 mm® graphite (grade EK98, Ringsdorff) targets were mount
ed on the ion side and three on the electron side of the stainless steel
limiter support and poloidally distributed all around the limiter circumfe-
rence, as shown in Fig. 1.

The collecting surfaces of the
targets were oriented perpendicular-
ly to the toroidal magnetic field.
The reliable measurement point clos-
est to the plasma edge was at r-a =
1.3 cm, where a = 20 cm is the plasma
radius.

All the targets but one were ex-
posed to 623 ohmic discharges in the
April/May 1986 experimental period;
once, when the limiter was temporari-
ly extracted after 494 shots, the tar
get mounted on the bottom ion side
(1T in Fig. 1) was removed. The main
plasma parameters were I = 300%600
kA, B, = 638 T, n_ 0.7:2P7x101% cm-3.

' The foroidal fifld was parallel to
Fig. 1: Schematic view of the main the plasma current. After removal
poloidal FT limiter showing the po from the limiter the targets were sur
sition of graphite targets. . face analysed by SEM, PIXE and NRA. ~




787

RESULTS
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I Metal Deposit Analysis - The

O c metal coverage (Fet+CriNi),
§ = S, averaged over the seven experi
mental points radially measur-
ed by PIXE on each of the six
graphite targets, was found to
be 3+5%10'% atoms cm-2 (more
than a thousand monolayers)
with no large poloidal or di-
rectional (electron vs ion

side) differences (Fig. 2).

< The chromium concentra-
tion on all the targets was
e 3 = . about twice as large as in the
a? 90° 180 270 360" stainless steel used as limit-
Poloidal positan (degrees) er (AISI 316) and wall (AISI
304) material. The target sub-
Fig. 2: Radially averaged poloidal distri- jected to fewer discharges
bution of metal and deuterium deposited than the other ones showed the

on the graphite targets. same amount of metal deposit.
With respect to the radi-
al distribution of metallic impurities, a concentration continuously de-
creasing with the distance from the plasma edge was found in the inner part
of the limiter on the electron side (target 3E), with an e-folding length
of ~ 1 cm, and, less clearly, on the ion side (Fig. 3). In the other parts
of the limiter the radial distribution was almost uniform, with a smooth
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maximum at intermediate positions between the top and bottom of the targets.

Deuterium Analysis - Higher radially averaged deuterium concentrations were
measured on the ion side (8+9%x10'® atems cm-2) than on the electron side
(~ 3x10'% atoms cm-2) by the D(3He, p)?He nuclear reaction on the targets
which had been subjected to an equal number of discharges and showed simi-
lar impurity distributions (Fig. 2).

Unlike metallic impurities, lower D concentration by a factor 2+3 was
found on the target 11 with respect to the other targets facing the ion
side.

The radial distribution was rather uniform (Fig. 3), with shallow
maxima and minima occurring at different positions, but the target 4E show-
ed a D concentration clearly increasing with the distance from the plasma.

DISCUSSION

The general pattern observed in the metal deposit (as well as in the
deuterium concentraticn) is the result of several hundred both normal and
disruptive discharges. The evaluation of impurity fluxes in the scrape-
off from the measured concentrations is to be carefully considered because
of the different impurity amounts released in such a large number of dis-
charges.

Erosion action of the plasma and nonlinear dependence of the deposit
thickness on the number of discharges can also lead to misleading results.
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]_m19 = In effect a nonlinear de-
3E - pendence is inferred by com
7 paring target 11 with the
other ones.

Moreover the metallic
impurities collected by de-
position probes mounted on
the limiter sides are large
ly the result of local rede
position close to the ero-
sion area.

According to the meas-
ured values of density and
temperature in_ the FT
scrape-off [6] (n_ ~ 1x1012
em-3, T = 15 eV%at 152 cm
outside® the plasma edge)
and the calculated ioniza-
tion rate coefficients (i.e.
o <ov> ~ 1x10-7 cm® s-1 for
% 3E e : ; ; a Cr atom [7]), a particle

. ! L L sputtered from the limiter
1 15 19 23 2] side with an energy of a
r-almm) few eV has a mean free path
Fig. 3: Metal and deuterium concentration on for electron impact ioniza-
the graphite targets as a function of the tion as short as ~ 1 cm.
radial distance from the plasma. See Fig. 1 Therefore it has a high pro
for the poloidal position of the different bability of being ionized
targets. and of returning to the
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 redeposition owing to their shorter
ionization mean free path. Therefore the large Cr/(FetNit+Cr) ratio observed
on all the targets is probably due to preferential Cr evaporation from the
neighbouring hot zones of the limiter.

The decrease of metal deposition with increasing distance from the
plasma as found on the inner targets (especially on the electron side)
could be related to a poloidally asymmetric radial profile of energy flux
to the limiter. A minimum density (and energy) e-folding length has been
found in the inner part of the poloidal cross section of Alcator-C by Lang-
muir probes [2].

Particle and energy fluxes 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 [8].

On the other hand, longer energy and particle e-folding lengths cause
the release of metal impurities which are ionized in the scrape-off and di-
rectly collected by the limiter and overlap the impurity outflux from the
main plasma. The result could be a nearly constant deposit as observed on
the targets apart from those on the inside of the poloidal cross section.

With respect to the working gas concentrations, the deuterium implant-
ed in the targets within ~ 1 p from the surface (the depth range of NRA ana

Fe +Ni+Cr ( Atoms.em™2)

2+10

Deuterium {Atoms « cm™ 2}
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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 deute-
rium is not trapped in the metal layer, but is retained in the graphite
substrate or in co-deposited carbon. Carbon is known to trap ~ 40 times as
much hydrogen as stainless steel within the range of ion implantation [9].

The measured D concentration (~ 3:9x10® 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 %n five of the 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 deposit could account for the increase of deuterium
with the distance from the plasma.

CONCLUSTONS

Radial and poloidal profiles of impurities and deuterium deposited on
the FT limiter during about 600 ohmic discharges were investigated by sur-
face analyses (SEM, PIXE and NRA) of six graphite targets mounted on the
SS limiter support.

Metal (Fe+CrtNi) concentrations as high as 5%1018 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 profile of impurities was rather flat apart from on the
inside of the poloidal cross section, especially on the electron side
(AFe+Ni+Cr ~ 1 cm), perhaps as a result of asymmetry in the density and
energy scrape-off lengths.

The overall deuterium concentration was higher on the ion (8+9%x10!€
atoms cm-2) than on the electron side (~ 3x10'® 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.
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EROSION OF A-C:H FILMS AND REDEPOSITED CARBON LAYERS
BY ATOMIC AND ENERGETIC HYDROGEN

E. Vietzke, V. Philipps, K. Flaskamp,*P. Wienhold,*H.G. Esser
Institut fiir Chemie 1 (Nuklearchemie),*Institut fir Plasmaphysik
Kernforschungsanlage Jilich, Ass. Euratom-KFA
D-5170 Jilich, FRG

Introduction

Deposition of amorphous hydrogenated carbon films [a-C:H films] on the
first wall is used in several fusion devices 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
carbon films have been investigated in simulation experiments to evalu-
ate their chemical reactivity by thermal and energetic hydrogen impact.
In addition, hydrogen saturated carbon surfaces have been prepared by im-
planting energetic hydrogen until 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 also helpful for understanding the
recycling behaviour of the hydrogen species in devices with carbon walls.

Experimental

The a-C:H films with a typical thickness of 100 nm are prepared in the
TEXTOR tohamak by a radiofrequency assisted glow discharge at a substrate
temperature of 200°C (more details in [4]). Redeposited carbon layers
used in this experiment were taken from a stainless steel tube which was
exposed to the scrape-off region of the TEXTOR plasma. During plasma
operation of 300 discharges a carbon layer has been built up with a
thickness up to about 1 ym at the end of the tube (about 2 cm behind the
limiter edge). The thickness has been estimated from the interference
colours [5]1. A1l three types of carbon samples were exposed later either
to a beam of thermal hydrogen atoms or energetic ions (typical fluxes
1016 HO atoms/cm?sec and 10" H* ions/cm?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 yields of the different carbon materials are shown in
Fig. 1. The yields found at the a-C:H films and the redeposited layers
are determined by a complete eroding of the film from the substrate and
a scaling of the atom flux to the thickness of the films. The most
striking effect is the fact that the erosion of the a-C:H films by ther-
mal hydrogen atoms reaches yields close to 10! C/HY which is about two
orders of magnitude larger than on pure graphite.



791

However, this remarkable difference levels off when the graphite surface
is saturated with hydrogen. The erosion increases in this case drasti-
cally and reaches values only a factor three smaller than for the film.
As can be seen in fig. 1 the erosion due to energetic ion impact is only
about twice that of the thermal atoms and similar to erosion of pure
graphite with ions. It has to be noted that the differences in the
erosion yield of the a-C:H films and the redeposited carbon layers which
are also shown in fig. 1 is probably due to a temperature excursion of
the redeposited layers during the plasma exposures which results in a
partial annealing of the reactivity.

At temperature above about BOOK, the amount of produced hydrocarbons due
to thermal hydrogen impact decreases during the exposure due to a thermal
annealing of the film structure. An evaluation of an erosion yield above
800K remains therefore doubtful. Summarising the results, the differences
in the erosion of a-C:H films and redeposited carbon layers 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 have to select. We have furthermore to conclude that the
chemical erosion of the low energy 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 with an a-C:H film (open bars). Beside the main
reaction product which is the radical CH; a wide spectrum of higher hydro-
carbons is formed. The main other species are C,H, together with the
radicals C,H; and C,H; as well as CjHy species where a detailed identi-
fication remains more difficult. Taking into account the experimental
uncertainties, equal product distributions are obtained on the redeposi-
ted carbon layers as well as on the hydrogen saturated graphite.

When energetic hydrogen ions are used to erode the different graphite
substrates, the observed jon spectrum is changed. The main product is now
the saturated CH, molecule, the amount of the CoH, species are reduced
(roughly by a factor of three) and the formation of higher hydrocarbons
is negligible small.

A remarkable behaviour is observed when 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 in form of an HD molecule. Recent experiments have shown that
this small mixing is typical for "hard" a-C:H films which are produced
when the impact energy is sufficiently high [7]. "Soft" films (produced by
impact energies below 100 eV) show z significant enhancement of the mixed
molecule formation.

In the extreme case that no mixed molecules are formed and that the
maximum erosion level of 107! C/H® is reached, about 40 7 of the
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impinging deuterium atoms are released as deuterocarbonmolecules. The
recycling way of the low energy Frank-Condon-atoms proceeds so to a sig-
nificant amount via the production of low energy hydrocarbon molecules.
These molecules have low velocities and their way when they penetrate from
the walls to the plasma has to evaluate. The transfer of 40 % incoming
hydrogen atoms to a hydrocarbon molecule (in the maximum) can also act

as a way to pump away the hydrogen when the molecules are redeposited be-
fore the hydrogen atoms are stripped. We have to assume furthermore, that
the redeposited molecules can build up carbon films containing more then
0.4 D/C. This has already been demonstrated by producing "soft"
polymerlike carbon films [8]. Only about 5 % of the incoming hydrogen
atoms are necessary to transfer the bonded hydrogen in the film to a
hydrogen molecule when the film is eroded away. The remaining 55 % of the
incoming atoms may recombine to molecules or directly be reflected. All
these numbers have to be used with caution due to uncertainties of the
assumptions of the model used.

Summary

- The chemical reactivity of the a-C:H films against thermal hydrogen
atoms impact reaches yields of 10~! C/H and is similar to that ob-
tained by energetic ion impact

- The observed redeposited carbon Tayers show a similar chemical
erosion behaviour as the a-C:H films

- Thermal hydrogen atoms react on a-C:H films, redeposited carbon as well
as hydrogen saturated graphite producing CH; and a wide spectrum of
higher hydrocarbons. When these carbon films are irradiated with ener-
getic hydrogen ions, the methane formation becomes dominant.

- From the viewpoint of the chemical erosion by thermal atomic and
energetic hydrogen there are no large differences between a-C:H films,
redeposited carbon as well as hydrogen saturated graphite.

- The chemical erosion of the Tow energy Frank-Condon-atoms have also to be
considered in all devices where graphite or other carbon materials are
used.

[1] J. Winter, J. Nucl. Mat. 145-147 (1987) 131

[2] J. Roth, J. Ehrenberg, K. Wittmaack, et al., J. Nucl. Mat
145-147 (1987) 383
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[6] E. Vietzke, K. Flaskamp, V. Philipps, J. Nucl. Mat. 145-147
(1987) 443

[7] E. Vietzke, V. Philipps, K. Flaskemp, to be published in
Journal de Physique

(8] C. Angus, P. Koidl, S. Domitz, Plasma Deposition of thin films,
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GRAPHITE EROSION IN CONTACT WITH A HYDROGEN PLASMA AND
A COMPARISON TO ICN BEAM EROSION DATA

X Bohdﬂnsky+), R.W. Conn++), D.M. Goebeltt)
Y. Hirnoka++), W.K. Leung++), J. Rotht)

+) Max-Planck~Institut Flir Plasmaphysik, EURATOM Association
D-8046 Garching/Miinchen, Fed. Rep. of Germany

++) Center for Plasma Physics and Fusion Engineering,
University of California, Los Angeles, CA 90024, USA

Introduction

Graphite bombardment by energetic hydrogen ions 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, carbon
impurities in a tokamak plasma are not influenced by the temperature
of a carbon limiter /2/. Ion flux dependence of the chemical
sputtering, metal impurities at the limiter surface and redeposition
of sputtered species were considered as the main reason for this
discrepancy.

In this work chemical sputtering and its temperature dependence is
investigated by an ion beam (flux 1.5 10 cm ¢ sec” ') and in contact
with a plasma (flux 1.5 1018 em™? gec™l). The plasma experiment also
shows the importance of redeposited carbon layers created at certain
plasma parameters for the net erosion yield.

Experimental

Chemical sputtering with D+—ions of 50 eV, 100 eV and 200 eV was
measured in the IPP high current ion source /3/ and in the plasma
generator PISCES /4/. The graphite temperature was varied between RT
and 900°C. The sputtering yield was gained by the weight loss method
/3/ and the target temperature was measured elther by a thermocouple
(plasma experiment) or by an imfrared pyrometer (beam experiment). The
targets were cleaned in an ultrasonic bath and outgassed well above
the operating temperature before each test.

Results and discussion

In Fig. 1 yield data for 100 eV D+ at normal incidence gained by beam
and plasma experiments are compared. Redeposition is avoided also in
the plasma experiment by a proper choice of the plasma parameters /4/.
The corresponding ion fluxes for beam and plasma experiments are 1.5
1015 em~2 sec~! and 1.5 to 1018 cp=2 sec‘l, respectively. In the beam
experiment two different types of graphite (Pyrolytic and POCO
graphite) are tested. The same POCO graphite samples are tested also
in the plasma experiment. For temperatures up to 3009C the beam data
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are higher by a factor 1.5 which may be explained even by the
uncertainties in the data 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 explanation
may be seen in the different bulk structure (dense and porous) for
pyrolytic and POCO graphite. However, also for the high ion flux the
yield data depend on the graphite temperature.

The lowest yield values are measured at the highest temperature of
9009C investigated in these experiments. This is more significant for
lower ion energies as shown in fig. 2. In this figure yield data
versus target temperature are given for three different p*t-ion
energies (50 eV, 100 eV and 200 eV) measured for POCO in PISCES. The
extrapolations (dashed lines) point to the expected values for
physical sputtering as methane cannot be formed at these temperatures.

For temperatures above 900°C an increase in the erosion yield by
radiation enhanced sublimation has been measured in beam experiments /5/.
However, this effect may be small for ion energles below 100 eV /6/.

The net erosion yield is reduced in plasma experiments by redeposition
if the ionization length for methane is smaller than the plasma
dimensions (in PISCES 10 cm). This is shown in fig. 3. Erosion yields
for 100 eV H'-ions are given for the same flux but two different
ionization length (5 cm and > 15 em). Although the ionization length
is still larger than the diameter of the graphite sample ( % 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
limit. However, the surface structure changed significantly due to the
redeposited layer.

According to the plasma parameters of scrape-off layers in tokamaks
(n-‘1012 cm—2 sec'l, Te - 10 eV) high redeposition take place at the
graphite limiter /7/ and this effect may mask the chemical erosion
effect.

Conclusion

The chemical sputtering yield of graphite is not significantl

reduced at typical ion fluxes to a carbon limiter ( - 1018 cn=2 sec™l)
compared to the data pained by beam experiments (flux - 1019 cm™2 sec™l).
Also at the high Flux the yield depends on the graphite temperature.
Such a temperature dependence of the carbon impurities in the main
tokamak plasma has not been observed /2/. It is proposed that methane
formed in the chemical sputtering process is ionized in the scrape—off
layer and redeposited at the limiter. Therefore impurities cannot
penetrate into the main plasma. At temperatures above 800° C the
erosion yiel is low and reaches values expected for physical
sputtering.




796

References

/1/ J. Roth, J. Bohdansky, Nucl. Instr. Meth. in Phys. Res. (1987)
in press

/2/ c.S. Pitcher, G.M. McCracken, D.H.J. Goodall, G.F. Matthews,
P.C. Stangeby, Nucl. Fus. (198%) in press

/3/ J. Roth, J. Bohdansky, W. Ottenberger
IPP (Garching) 9/26 (1979)

/4/ D.M. Goebel, R.W. Conn, J. Nucl. Mater. 128/129 (1984) 249

/5/ J. Roth, J. Bohdansky, K.L. Wilson
J. Nucl. Mat. 111/112 (1982} 775

/6/ J. Roth, W. Moller, Nucl. Instr. Meth. in Phys. Res. B 7/8
(1985) 788

/7/ C.S. Pitcher, G.M. McCracken, P.C. Stangeby, J. Allen,
S.J. Fielding, D.H.J. Goodall, G.F. Matthews,
J. Nucl. Mater. 145-147 (1987) 539

SPUTTERING YIELD

X
,| D*1100ev) ¢ 5" b
2 B
10 /:’ N 7
o \_ % ]
C / 'A'b\ %8 ]
A
-31_/{ /. L D\n\"\ |
\ W]
F o \ 1 Fig. 1 cChenical sputtering yield
p Versus temperature Ffor
10 - \‘ e 100 eV D* ions and two
F 7] types of graphite
= Pyrolytic 7]
o Poco }Beum ]
I = Poco Pisces 4
10—3 1 1 I 1

0 200 400 600 8OO 1000
TEMPERATURE (°C)



SPUTTERING YIELD

SPUTTERING YIELD (x 10

797

Fig. 2
P |
- ey
o - MBI
1 1 L | -
" i i o R §in
TEMPERATURE ('C)
[ T T =
L LROSHS REGIME I).. « 18emi
o WY DROCARBON REDLIVISITION RECGIV th, Semy
-
2 . il
=
Fig. 3
- L 5o L3 o
(=]
a
- o (=]
vy Thymgen T
& s 4 !
1 v e 1 S =
L an A L) 80N (1T

TEMPERATURE (""C)

Chemical sputtering yield
of POCO graphite versus
temperature for D ions
of three different
energies

Chemical sputtering yield
of POCO graphite versus
temperature for 100 eV

H' ions in the erosion
and redposition regime




798

CARBONISATION OF T-10 TOKAMAK LINER FOR THE ECRH EXPERIMENTS.

S.A.GRASHIN, Yu.A.SOKOLOV, G.E.NOTKIN, V.M.CHICHEROV

KURCHATOV INSTITUTE OF ATOMIC ENERGY, MOSCOW, USSR

V.H.ALIMOV, I.I.ARHIPOV, D.V.DOGOMOLOV, A.E.GORODETSKY, S.Yu.RHYBAKOV
AP JZAKHAROV

INSTITUTE OF PHYSICAL CHEMISTRY, MOSCOW, USSR

In 1985 T-10 tokamak was rebuilded and its vacuum chamber was sub-
stituted by new one. After that the amount of metal atoms in a plasma
trenendously rised. High level of heavy impurities led to desruption of
the high density discharges. As a consequence we failed to ~investigate
high density regimes during the last ECRH experiments in spring 1986[1)

To reduce high Z dimpurities influx from the waill material in
plasma we~used the carbonisation of inner surface of T-10 liner. Beside
of standard procedure developed at TEXTOR and JET 50 Hz discharges
in pure methane as a method of carbonisation were under study. To con-
trol the carbonisation procedure a set of samples both of metal and
8ilicon was introduced into tokamak vessel and a systematical analysis
was made on saaples by surface physics techniques as AES, SIMS, EIXE,
ESCA  and RHEED. The films formed by carbonisation were highly
amorphous and possessed of differentw.kdnds of structure and composition
depcending upon the procedurc of deposition.

Thz cffect of carbonisation un level of metal impurities in plasmz

under high power ECR heating is under investigation.

1. V.v.Alikacv, A.A.Baedasarov et.al | 11th Int. Conf. on Plasma

Foays,. and Contr. Fusion. Kyoto. Japan 1986 IAEA-CN-47/A-11-4.
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ASYRIIETRY IN PCTENTIALS AID NON-ANBIPOLARITY OF PLASIA
FLUXES ONTO THE LILITSR SUAFPACE IN T-10 TORALIAK.

Vershlcov V.i., Chankin ALV.

I.V.Kurchatov Institute of Atomic Energy,lloscovw,USSR

The limiter in T-10 has a few Langmuir/ileat flux probes located
on both ion &nd electron sides. The pair of probes, closest to
the plasma column, is set at o distance 4.6mm from the plasma
column surface; the next pair is located at a distance 40mm from
the plasma column. It is shown that the difference of floeting
potentials on both sides of the limiter is about 50 V for the
near-plasma probes; for other probes it is about & few volis.

L difference in the current density to the ionland eleciron sides
of the limiter surface corresponds to a current through the
limiter equal to the Spitzer ong for the measured plasma parame=
ters. An averoge fleaiing potentiel for bulh newr-plasma probes
is about =30 V, an averaoge poteatial on other probes is positive
ond equal to & few volts. Such o potentiel distribution should
result in the ambipolarity of the total flux of charged particles
" from the plasma to the limiter. Both the agymmetry in floating
potentials ¢nd an averecge polentinl for the ﬁlasma—close probes
are proportionazl to.TcL/ﬁ;, vhere JT is the plasma current, C/
is width of a scrape-oif layer,;}; is the plasma clectron density
averaged over ihe plesma colwin diameter. The reletionship between
the non-ambinolar flux to the liniter end the asyumetry in heating
of the ion &nd electron aides, measured vith infrcwed techmigue,

is dincussed.
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BURI OF UHIPOLAR
WICROARCS Il THD SCRATE-OIY TOALK PLASHA

Yu.L.Igitlkhanov
I.V.Kurchetov Institute of Atciic Energy,lloscov,USS5R

ABSTRACT

The model of a steady-state arc spot burn in the scrape-off toka-
maX plasme due to the non-uniformity of the surfaces (first wall,
limiter etc.) is proposed. The principal difficulty in the theory
of unipolar arc burn.L1;]under a2 magnetic field is related with
the impossibility of providing the arc current short circuiting
vwith the current from plasma without uszing additional mechanisms
of transversal electron spread from the spot. The role of such a
mechanism can be played by the so-called surface conduction rela-
ted with the electron spread upon a non-uniform surface. The cur-
rent provided by this effect turns out vo be disiributed viithin

a thin surface layer. Spreading from the spot areo across the sur-
face, electrons enter the adjacent magnetic field lines end redu-
ce the potentials there. Thus the current commutation erea on the
surfece is increased end the condition for a sieady-state arc burn
is provided. Some estimetes show that the reflection of 1% of
elecirons oniy from ad uuneven suriaee pouviGes & miuiwel cawvrent
necessary for the cathode spot existence for typicel paremeters
of screpe-off plasmas. The treatment of a surface up to a degree
of roughness equal to 10-4cm resvlts in the reduction of screpe-
off conduction and in the impossibility of sustaining the steady-
state burn of a unipoler erc.

REFERENCL.Z
1 G.Il.llc Craken et al. GLiI, p.492, 1977.
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