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Abstract

Impurities and the choice of material for the vacuum chamber liner have
important effects on the space and time evolution of the plasma in two component
tokamaks. A one dimensional plasma transport program based on a set of fluid
equations is used to represent the behavior of the plasma parameters. The
equations are time dependent and include the effects of conduction and convection,
electric and magnetic field diffusion, ohmic heating, radiative losses, stripping,
neutral beam injection, neutral particle transport, recycle at the plasma boundary,
and liner sputtering. The important results relate to the role of the initial
plasma density and the initial impurity content, the type of impurity, the
material chosen for the vacuum chamber liner, and the effects of impurity
enhanced neutral beam attenuation. Neglecting this last item, the initial
liner impurity content is the dominant effect in determining the maximum Q
value. With 15 MW of injected power into a 2.5 MA plasma, Q values of 1 are
reached when the initial high Z impurity concentration is less than 0.17% and
when the initial plasma density is not greater than about 7 x 1013cm=3. Liner
sputtering and subsequent impurity radiation affects Q and the energy balance
only for times greater than about 500 ms. The effect is minimized by use of a
low Z liner. Including 1-27% oxygen together with enhanced neutral beam attenuation
caused by impurities alters this conclusion and makes achieving and sustaining
Q values near 1 difficult. The maximum initial oxygen concentration for which Q
reaches 1 is found to be only 0.5%. In addition, an instability is associated
with the impurity enhanced attenuation of the beam since edge heating causes the
mean energy of charge exchange neutrals striking the liner to increase. In turn,
this increases both the sputtering yield and the impurity reflux to the plasma.
The injected beam is further attenuated causing the plasma center to cool and the
Q to drop sharply. The instability limits the time period over which Q remains
near its maximum value and a low Z liner tends to minimize but does not eliminate
this problem. Controlling the sputtering and initial oxygen content is therefore
critical to sustaining Q values near or above 1 and the properties of molybdenum
as a metallic liner prove to be interesting in this regard.



I. Introduction

Impurities and impurity control is one of the most critical areas in
tokamak research and may prove to be the prime factor in the determination
of burn times in tokamak reactors. In present experiments, typical impurity
concentrations are 1-10% low Z contaminants, primarily oxygen, and 0.05 - 0.2%
high Z materials, generally iron.(l—A) Contaminants from the limiter, such as
molybdenum and tungsten, are generally present in amounts that are somewhat
less than 0.1%. The low Z impurities are present from the beginning
of the discharge and remain at a constant level throughout the experiment.

In the next generation of experiments and in larger, reactor size systems,
sputtering of the liner by fast charge exchange neutrals or by hot plasma
ions can be an important source of such impurities. In turn, these impurities
effect the power flows in a tokamak and the overall energy balance as well
as the penetration characteristice of neutral beams injected to heat or
sustain the plasma. The tolerable impurity levels which a D-T tokamak can
withstand while continuing to function as an ignition machine or as a high
amplification driven plasma device has recently been studied.(s) The tolerable
level of low Z impurities such as carbon is the order of 6% whereas for high Z
impurities such as iron, the tolerable level is no more than about 0.2% to
maintain an ignited plasma and 0.4-0.6% to allow a high energy amplification
factor. It was also noted that driven, two-component tokamaks can withstand

(5) (5,6,7)

somewhat higher levels of high Z impurities. However, such analyses
have been based on global descriptions of the plasma behavior and do not account

for important space-dependent effects or for the dynamical aspects of the plasma

burn.



(8)

Recent work on the two-energy-component tokamak, or TCT, has shown
that it is possible to reproduce in fusion power the energy injected into the
. 13 -3
plasma by neutral beams when the plasma nTE values is about 10" "cm "-8 and
the electron temperature is 4.5 keV or greater. In such a machine, fast
neutral deuteron beams at energies of about 150 keV are injected into a
tritium target plasma maintained at Te > 4.5 keV by the beams themselves.
Such a device can potentially be a more copious source of neutrons than

(9)

an ignited D-T plasma machine and is therefore an important candidate

(10)

for use as a materials and engineering test reactor and for use as the
plasma source in fission-fusion hybrids or fissile fuel breeding reactors.

In this paper, we investigate the effect of different vacuum chamber liner
materials on the plasma performance and neutral beam penetration characteristics
of such two component tokamaks. The plasma energy amplification factor, Q,
defined as the power produced by fusion (primarily beam-plasma fusions)
divided by the neutral beam power injected onto the plasma target, is chosen
as a primary measure of plasma performance. The maximum Q that might be
achieved and the time over which Q can be maintained near its maximum value
are both studied in detail. For definiteness, we consider a tokamak with
dimensions and magnetic field strength characteristics of the conceptual

(11)

TCT-Tokamak Fusion Test Reactor developed recently. However, the qualitative
results are generally applicable to two component plasmas.

In the next section of the paper, the space and time dependent fluid
equations used to simulate plasma performance are described. The overall
model includes the effects of impurity stripping and radiation, neutral beam
injection, and recycled neutral particle transport within the plasma. Also

discussed are the models used for the transport coefficients which are input

to the simulation equations.



The main characteristics of potential liner materials such as Fe and Mo
as well as the low Z materials like C and Be are reviewed in the third section.
Fe, Mo, and C have been used for the studies in this paper. In the absence
of a divertor, physical sputtering due mainly to charge exchanged neutral
particles is the source of impurities to the plasma during the flat top period.
Recent measurements on sputtering coefficients that have been used in this paper
are thus summarized in this section.

Several different aspects of impurities in tokamaks are considered
sequentially in the fourth section in an effort to isolate specific effects.
Impurities appear experimentally in the plasma during the first stages of the
current rise. The initial impurity concentration is varied first to study
the impact of these impurities on the time dependent Q. The actual plasma
history during the current rise time is not considered. We then study the
effect of various liner materials (Fe, Mo, C) on the time variation of Q
assuming the initial impurity concentration is 0.1%. The effect of impurities
on the attenuation of the deuteron beam is neglected, as is the presence of
oxygen. The effects of the initial oxygen concentrate are then included
together with the effect of impurities on the radial variation of the beam
energy deposition profile. The initial oxygen concentration is varied from
0.3% to 2% and the initial liner impurity concentration is varied from 0.1% to
0.3%. The reason for choosing these ranges of impurity content is discussed.
When all such effects are included together, estimates are made of the tolerable
initial impurity content which lead to Q values of about 1 and which allow high
Q to be maintained for periods of one second or more. Charge exchange spectra

which are important for sputtering studies are also presented.



The anticipated effects of alternate assumptions regarding plasma transport,
sputtering yields, and impurity diffusion on the general conclusions are
discussed in the last section. Two appendices are included to describe the
numerical procedure used to solve the fluid equations and to describe the
treatment of neutral particle transport.

ITI. Fluid Model of Tokamak Plasmas

The tokamak discharge is represented by a set of fluid equations for
electrons and ions in cylindrical geometry with spatial dependence admitted
in the radial direction. These equations are time dependent and include the
effects of conduction and convection of energy and particles, electric and
magnetic field diffusion, thermal equilibration between electrons and ions,
ohmic heating of the electrons, and plasma radiation losses (bremsstrahlung,
synchrotron, line). TFurthermore, the numerical program based on these equations
takes into account energetic neutral beam injection and heating, amplification
of neutral beam energy by fusions of energetic deuterons as they slow down in
the tritium plasma, recycling of neutrals, sputtering of the liner, and the
stripping, radiation and diffusion of impurities.

The equations to be solved include ion and electron power balance equations,
the diffusion equation for ion density, Faradays Law, Ampere's Law and Ohm's Law.

They may be written as follows:
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Te (1) is the electron (ion) temperature (eV) Be is the poloidal magnetic
field (gauss), N, 4) is the electron (ion) density (cm_3), Vi is the ion
b
velocity (cm/ms), J is the toroidal current density (amp/cmz), E is the toroidal

electric field (volt/ecm), r is the radius (cm), t is time (ms), Xe (1) is the
’

electron (ion) thermal diffusivity (cmz/ms), n is the neoclassical resistivity

NC

(ohm-cm), D is the diffusion coefficient (cmz/ms), is the fraction of

Ypi, (e)

beam energy going to ions (electromns), U is the fraction of alpha energy

ai, (e)

going to ions (electrons), and f is the fraction of deuterons in the neutral

beam which undergo fusion as they slow down in a tritium target plasma.
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PB’ PS, PL’ and PR represent bremsstrahlung, synchrotron, line and recombination
radiation, respectively (watts), ch is the energy loss due to charge exchange
(watts), and S is the source of cold plasma (cm“3ms_l) due to a cold plasma

source or neutral particle reflux.

The neoclassical resistivity nNL is given by(lz)
457 Z
Lnh eff
= 0. -
r]NL 0103 3/2 (1.077 + Z )+ .29 Zeff) ohm-cm (9)
T f eff
e T
with fT =1-1{1.95 V/% + .95 (r/R)}/ (1 + v*) (9a)
~14 R3/2BTn LnA
vk = 6.92 x 100 Z_. > (9b)
St orBT
e
and Zn.Z?
Z = .
eff Da (10)

R is the toroidal major radius (cm) and %nA is the coulomb logarithm, fT is
the correction to the resistivity due to particle trapping, and v¥ is the ratio
of collision frequency to bounce frequency. The differential equations for the
plasma behavior are solved using a symmetric Cranck-Nicholson type method

in which the differential equations are linearized and transformed into an
implicit set of difference equations.(13)

The transport coefficients (D, X Xi) are treated implicitly and are

assumed to vary in functional form as the plasma changes in collisionality.

The high collisionality regime that is used reflects pseudoclassical scaling(14)

and, as the plasma heats, the transport is assumed to be caused by turbulence,

passing successively into regimes dominated by the presence of the trapped

electron modefls) trapped ion mode(l6) and the collisionless trapped particle
interchange mode.(l7) Transport coefficients based on estimates of the linear

l.(18)

growth rates for these modes has been summarized by Dean et a In the



trapped electron regime, the relationship between Xi and Xe is not known.
Rather than optimistically assuming Xy remains neoclassical in this regime,
we have taken Xi = € Xe where € is the local aspect ratio.

To allow for a general variation of the transport coefficients, the

general form

_ .81 .S2 S3 _S4 S5 S6 S7 S8
D, X, Xy = C Te T, ny B (Vn) (VT) Vg) - Te/Ti) (11)

is used in which the coefficients C and S1, S2, . , for D, ¥ , or Xy are deter-
e

mined by the dominant mode present. The exact form of the transport coefficients and the
method for differencing the resulting nonlinear terms are given in Appendix 1.

A three dimensional neutral particle transport model has been developed to
determine both the spectrum of charge exchange neutrals that impinge on the linear and
the loss of plasma energy due to charge exchange. A slab geometry is used since the
thickness of the region which neutrals penetrate is much smaller than the
plasma minor radius. 1In this model, the ions diffusing from the plasma and

the charge exchange neutrals are recycled at the plasma edge as cold H The

2
H2 molecules are assumed to dissociate in the outer plasma layer and give rise
to Franck-Condon neutrals of 5-10 eV which then penetrate isotropically into
the plasma. These neutrals are either ionized by electron or ion impact ionization,
suffer a charge exchange which isotropically produces a neutral at the local
ion temperature, or escape from the plasma. Particles converted to secondary
neutrals by charge exchange continue to be treated for up to 10 generations.
Details of this calculation are given in Appendix 2.

The charge-exchange neutrals which escape the plasma will cause sputtering

of the liner and will thus be a source of impurities. The sputtering coefficient

is energy dependent and we have used a fit to experimental data. This is

discussed in Section III.



For carbon or oxygen present in the discharge, a corona model is used to

determine the local distribution of these elements at various charge statesglg)

Furthermore, the diffusion of these heavy ions was followed by solving a

(20)

neoclassical transport equation. The corona and impurity transport models

were developed by Hogan.(Zl)

High Z impurities like iron or molybdenum were assumed to distribute
themselves uniformly in the plasma and to assume a charge state governed by
the local plasma temperature. Recently reported findings on the ST tokamak
indicate no selective accumulation of high Z impurities in the center of the
plasma even when high Z noble gases such as Xe are admitted during the discharge.(l)
The impurity concentration appeared to be fairly uniform. In the calculations
reported here, the initial impurity concentrations relative to the electron
density (nimp/ne) were taken to be constant but all impurities sputtered from
the liner during the plasma burn time are retained in the plasma. The impurities
(22,23)

are assumed to radiate according to the formula,

37.9n 2% 860 n z°
VA z

W=, (1+ +

(12)
B effneTe Z

n T 2 )
eff e e
Here n is the density (cmn3) of impurities in charge state Z and WB is the

. 3
bremsstrahlung radiation (watts/cm ),

_ -32 2 1/2 3
WB = 1.52 x 10 n, Te (w/em™) . (13)
R . (25)
Synchrotron radiation is taken as

_ 3 n
W =1.6 x 10 28(1 - 0.0305 & ) B5/2 \/—9 T2'1 (15)
S a T a e
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At low temperatures, eqn. (12) becomes inaccurate and in that case, the formula

(24)

of Hinnov has been used,

32
n

W=1.2x 10 o0 (14)

e

Which is approximately correct for impurities with three or more electrons
remaining. In calculations, the smaller value from eqns. (12) and (14) is
used.

The program also calculates the spatial distribution of energy and

. . S (26) .
particles as a result of energetic neutral beam injection. A pencil
beam approximation that is considerably less expensive to use is also

available.(27)

The alpha power generated by beam-plasma fusions which take
place as the energetic deuteron slows down in a target plasma containing
tritium is taken into account. The calculation of the fraction of beam and
alpha energy going to the electrons and ions, and of the plasma B, including
the pressure of the high energy particles, follows the procedure we have

(5)

discussed previously.
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IIT. Sputtering and Liner Materials for Tokamaks

The vacuum vessel or liner material in present day tokamaks is austentic
stainless steel. This metal is also projected to be the primary structural
material for the next set of large tokamak experiments and for the first
generation of tokamak reactors. The use of stainless steel results in the
presence of Fe, Cr and Ni in the plasma and these medium weight nuclei
constitute high Z impurities from the viewpoint of plasma radiation losses.
Such high Z atoms will enter the discharge during the burn time primarily
by physical sputtering. Further, the oxygen content with stainless steel

(1-3)

liners tends to be 1% or more and while such a concentration of 0 will

not lead to a strong increase in radiative losses, the resulting increase in

Zeff can have an important impact on neutral beam penetration. This is discussed

in the next section. It is thus desirable to reduce both the initial oxygen

content and the amount of high Z material sputtered during the plasma burn.
Although stainless steel is the structural material of choice, it is

possible to consider nonstructural liners of different materials mounted onto

the vacuum vessel or coatings on the stainless steel itself. One may thus

consider a number of attractive candidate materials and examine their impact.

Fig. la is a compilation of sputtering yield data from Rosenberg and Wehner(28)

as a function of atomic number for 600 eV He+. One notes that of the medium

weight nuclides, Mo and Nb, have about the lowest sputtering yield (due to the

electronic structure of these atoms) and that both have yields that are between

5 and 7 times less than the sputtering yield of Fe or Ni. Fig. 1lb is a
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compilation of sputtering yield data as a function of Z for H+ at 3.5 to 3.7 keV
(29)

from Kenknight and Wehner. The same systematics are observed as for He+
sputtering and the sputtering yield for Zr and Mo are between 3 and 6 times
less than that for the primary constituents of stainless steel. This data
would suggest that a refractory metal protective liner could be a useful addi-
tion for impurity control.

A further point is that Mo, unlike Nb, is an endothermic metal and will

(30)

not getter hydrogen or oxygen. Yoshikawa et al. have suggested the use
of Mo to permit rapid hydrogen recycle, which would in turn maintain the plasma
density. When the Mo is maintained at elevated temperatures (~500°C),
oxygen may also be removed from the surface and can therefore be pumped between
discharges. The use of Mo thus offers the potential to control the initial
oxygen content and to provide rapid recycle of the fuel ions. We have chosen
Mo as an alternate liner material for study in addition to Fe.

Carbon has a relatively low physical sputtering coefficient as seen on
Figs. 1 and 2 and it offers the advantage over Mo or Fe of being a low Z
material. The plasma can tolerate at least an order of magnitude more C than

(5)

For these reasons, a

(31,32)

Fe without serious degradation in plasma performance.
stand-off graphite liner has recently been discussed by several groups
. . . . . . (33,34)
although the question of chemical sputtering remains open. A preliminary study
indicates that the graphite must be operated either near room temperature or above

about 1000°C to minimize chemical reactions. We have chosen graphite as a

promising example of a low Z liner.
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Data for the sputtering yields of stainless steel, gold, molydenum,

and carbon as a function of incident energy are presented in Fig. 2. An

(35)

analytical fit has been developed by Cohen based on his own low energy

sputtering yield data normalized to the values of Behrisch at 5 to 8 keV§36)

The formula is

1/2
ts_ (eE)?E
ax [4

m max

S(E) = (16)

2 2
+
(EmaX 3 E)
and we have used this functional form to also represent the sputtering yields
from Mo and C, although this point remains to be confirmed experimentally.

The values used for S , E , and E are listed in table 1 assuming the
max’ ~max c
sputtering yield of tritium is three times that for hydrogen and 1.5 times

that for deuterium. The sputtering yield given by eqn. (17) is integrated over

a Maxwellian to account for the thermal spread of the charge exchanged neutrals.

As a final point, the use of a honeycomb surface on the liner offers the
possibility of reducing the sputtering yield by a factor of about 3 compared

(37)

with a smooth surface. Such a surface pattern can be achieved on most

metals by, for example, photoetching. The Smax value for Mo is chosen to be

five times less than stainless steel. If this reduction turns out experimentally
to be only a factor of 2.5 to 3, our calculations would then correspond to a

Mo liner with a honeycomb surface where the surface geometry lowers the yield

another factor of 2.
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TABLE 1

Parameters Used in Eqn. (16) for Sputtering Yield

of Tritium on Various Liner Materials

Material S E (eV) E (eV)
—_— max max c
Fe 0.024 6000 23
Mo 0.005 6000 55

C 0.015 6000 5
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IV. Results and Analysis

The two component tokamak analyzed in this paper has the same basic
characteristics as the conceptual design developed for the tokamak fusion
test reactor(ll) and the major parameters are summarized in Table 2. At the
initial stage, the plasma heats solely by ohmic heating. 1In the scenario
studied here, 100 A of 150 keV neutral deuterium are injected beginning 150 ms
after the ohmic heating phase. The 15 MW of beam power is equally divided
between injection parallel and antiparallel to the plasma current. While
this affords a concrete framework for the discussion, the main results are
generally applicable.

Three sequences of calculations have been performed to separately analyze
the effect of the initial ion density, the initial impurity content, and the

impurity enhanced attenuation of the injected neutral beam, on the space and

time dependent evolution of the plasma.

1. Initial Ton Density

The initial plasma density effects both the neutral beam penetration
properties, the beam slowing down time, and the losses due to conduction and

convection. For a fixed impurity percentage, the initial filling pressure also
11 o,
1) has found that for ;1@9 ~ 0.001 and

e
iron as the impurity, the initial central ion density must be less than about

effects radiation losses. Rutherford

8 x 1013cm_3 to avoid excessive radiative losses which would keep the central
temperature less than a few keV. We have not studied this particular effect
further.
Fig. 3 summarizes the results of a typical calculation in which the
initial ion density has the form
r 2
n,(r,t=0) = n.(0)(1 - 0.8(—) )
i i a
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Table 2

Estimated Parameters of the Conceptual TCT-Tokamak

Fusion Test Reactor(ll)

MAJOR RADIUS 248 cm
PLASMA RADIUS 85 cm
AXTAL TOROIDAL MAGNETIC FIELD 52 kG
PLASMA CURRENT AT q(a) = 3 2.5 MA
PLASMA COMPOSITION AT t = 0 TRITIUM
NEUTRAL BEAMS DEUTERIUM
NEUTRAL BEAM ENERGY 150 keV

NEUTRAL BEAM INJECTED POWER 15 MW
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with ni(O) =7 x 1013cm-3. For this case, a carbon liner is assumed and the
neutral beam deposition profile is calculated assuming Zeff = 1. The central
ion temperature rises quickly and exceeds 10 keV after about 500 ms. Although
the electron temperature is greater than the ion temperature at early times,
it does not reach as high a value because the beams deposit a larger fraction
of their energy in the ions as Te increases. The thermonuclear amplification
factor, Q, exceeds 1 after about 375 ms but begins to decrease slowly from its
maximum value after about 600 ms. This decrease is related to the ion density
increase resulting from the injection of deuterium. While the tritium density
remains constant, the ion density increase causes the slowing down time and
the probability of beam plasma fusion to decrease. The electron and ion tempera-
tures peak and also begin to drop because the same amount of injected power
(15 MW) is now distributed over more particles. This also contributes to the
decrease in Q. Maxwellian fusions become relevant as the deuterium content
increases but they are not sufficient to offset these other effects. The
chronology of events outlined here is found in all the calculations, including
those where inpurities play a more detrimental role.

Fig. 4 shows results for the same discharge scenario but with ni(O)
initially at lOlacm—B. In this case, the average electron temperature does
not exceed 2.5 keV and the maximum Q is about 0.85, or 20% less than in the
previous case. If the initial 0.17 impurity content had been made up of
Fe rather than C, the average temperatures would not have exceeded 1 keV,

(11)

as found by Rutherford. As a consequence of these results, the initial

ion density is set equal to 7 x lO13 ions/cm3 for the following studies.
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2. Liner Sputtering Effects on TCT Performance

The effects of different liner materials is summarized in Fig. 5, again

without including the effects of impurities on the beam deposition profile.

The initial impurity content is 0.17% of the average

electron density and the impurities are distributed with the same initial profile
as the ions and electrons. All cases reach a Q of about 1 at 500 ms but the

Fe liner case shows Q beginning to drop more rapidly after about 600 ms. This
is caused by the more rapid increase in iron content as compared to molybdenum
and is related directly to the difference in sputtering yields. (See Fig. 2).
Interestingly, the average electron temperature is approximately the same with
C, Fe, or Mo liners (~3.5 keV). The reason is that radiation losses are not
dominant and the sputtering yields do not dramatically increase the impurity
level during the one second period. In the worst case considered here (Fe)

the maximum impurity content increases from 7 x lOlOcm—3 to only 1.2 x 1Ollcm_3
in 800 ms. The increase in the case of a Mo liner is much less.

One can conclude, neglecting the effects of impurities on beam penetration,
that physical sputtering significantly effects a TCT plasma of 2.5 MA rating only
for times greater than one second. The impurity influx is slow because, at
the beam energies used, the central core of the plasma is preferentially
heated and plasma near the edge remains relatively cold and in the pseudo-
classical regime. This keeps the recycle of neutrals relatively low. Note
again that sputtering is due to charge exchange neutrals and not to plasma’
particles diffusing across the plasma boundary.

The effect of impurities on the neutral beam deposition profile can alter
this conclusion. The ion impact ionization cross section is the most important

for trapping deuterons at 150 keV. When impurities are present in a plasma,
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this cross section is proportional to Zeff.(38)
The neutral beam deposition profile at two different times is shown in
Fig. (6) for the case of an iron liner with the initial impurity concentration
equal to 0.1%. At 200 and 350ms, the profile remains peaked at the center.
At the later time, 750 ms, the profile is flatter and peaks at about two thirds
of the plasma radius. The central peak is dramatically reduced.
The central peaking at early times occurs because the plasma is not yet
hot enough to significantly strip high Z impurities. As a result, the Zeff

remains close to 1, as seen in Fig. ( 6a). The stripping level of a high Z
T 1/2

impurity has been taken as Z = ( ——— for Te in eV. The maximum Z

13.6 eff

of about 2 is obtained later in the discharge and causes the flatter beam
deposition profile shown at 750ms.

The ion temperature profile at 700ms with and without the effect of impuri-
ties on beam penetration is shown in Fig.(7 ). The temperatures within 10-15cm of
the plasma edge, where charge exchange is most important, is substantially
higher by 0.5 - 1 keV when the effect of impurities on beam penetration is
included.

The time history of the main plasma parameters for this case is shown in
Fig. ( 8). The Q value reaches about 1 at 500ms but quickly begins to decrease
and is less than 0.8 at 700ms. A comparison with the results in Fig. (5),
shows that for times less than 500ms, the major plasma parameters are about
the same. The reason is the iron is not yet highly stripped. However, in
the later stages, the beam deposition profile has become flatter and the outer
regions of the plasma are preferentially heated. If the trapped electron mode

is present, preferential edge heating leads to higher particle diffusion rates,
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and a larger charge exchange neutral flux to the liner. The enhanced sputtering

increases Ze and causes the beam to attenuate even closer to the edge. This

ff

leads in turn to an even larger particle flux from the plasma, a further
increase in sputtering, and so on.

Thus, there is an instability related to impurity enhanced attenuation
of the injected neutral beam which leads to rapid cooling of the discharge and
terminates with the Fooling of the plasma edge by excessive impurity influx
and radiation. This instability limits the time period for which Q remains
near its maximum value and for the case at hand, Q exceeded 0.9 for only about
200ms.

When the initial iron content is higher, the overall effect is slightly
different. The maximum values of Q and average electron temperatures are
given in Table 3 for three cases where the initial impurity content is 0.1%,
0.2% and 0.3% iron. The maximum Q drops by 15-20% each time the initial Fe
content increased by 0.17. Of course, the maximum Te also decreases. On
the other hand, the instability leading to enhanced sputtering is somewhat
less severe in the latter two cases (0.2 and 0.3% Fe) because the electron
temperatures are lower and the particle leakage rate is less. This can be
seen in Fig. (9 ) where the iron impurity content is plotted as a function of
time. For times greater than about 600ms, the iron concentration actually
becomes largest for the case which began with the smallest initial impurity
content.

It therefore appears that the maximum initial iron content which allows

Q to reach about 1 is 0.17. This result would be the same for a molybdenum
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Table 3

Variation of Maximum Q and Maximum T with
=

Initial Fe Impurity Content

INITIAL T‘;‘ax nax
Fe Content (keV) Q

0.1% 3.3 1.0

0.2% 3.1 0.85

0.3% 2.7 0.70



22

liner because radiation losses are insensitive to the type of high Z impurity
(24)

at the electron temperature levels reached. However, since the sputtering
yield of molybdenum is three to five times less than that for stainless steel,
the instability provoking enhanced sputtering will not be as severe and Q

. max . . . . .
can remain near Q for longer times. We investigate this later in the paper.

3. Role of Liner Sputtering and Oxygen on TCT Performance

In present tokamak experiments with stainless steel liners, the oxygen

%.(1—3) Such

concentration 1is typically 1-27 and can be as much as 10
concentrations of low Z impurities will have an important effect on neutral
beam penetration and on the consequences which follow from enhanced sputtering.
We consider first the case where the initial oxygen content is 2%, the liner

is Fe, but there is no initial iron impurity content. The initial Ze is about

ff

2 and is the same as the Zeff produced by 0.1% Fe when the impurity is fully

stripped.
The neutral beam deposition profile and the value of Zeff are
shown as a function of radius in Fig. (10) at 350ms and 700ms into the discharge.
In contrast with the earlier case (see Fig. 6), the beam deposition profile.
is relatively flat at both 350ms and 700ms. The reason is the oxygen is

readily stripped (Te ~600eV is required) and the full Ze is developed quickly.

ff
The consequence is the early time heating of the outer plasma regions which
produces greater conduction and convection losses. Thus, as shown in Fig. (11),

X s found (~3.1 keV) and the maximum value of Q is 0.77.

a lower value of Tem
These values are lower than in the case where oxygen is neglected and the initial
iron content is 0.1% (see Fig. (8 ) or table 3). The lower values cannot be

explained simply by the lower average electron temperature achieved (3.1 keV

versus 3.3 keV). 1In fact, the plasma heats more slowly because of the enhanced
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beam attenuation and the maximum Q is reached at about 1000ms rather than 500ms.
At such late times, the ion density has increased, the slowing down time for
the beam has decreased, and the resulting Q value is lower. This effect was
discussed earlier in section IV-1.

The results for a low Z carbon liner and 2% initial oxygen content are
also shown on Fig. (11). (Since oxygen and carbon radiate similarly once
stripped, this is essentially equivalent to beginning with 2% C and a carbon
liner.) The Q value is now a slowly increasing function of time and reaches
0.85 at one second. Radiative losses are not a significant factor in the
overall plasma power balance.

It is of interest to determine the maximum initial oxygen content which
leads to Q ~ 1 with a metallic liner. Molybdenumis used for reasons which will
be discussed shortly and it is found that 0.5% initial oxygen content allows Q
to reach 1 (see Fig. (11)). At this oxygen concentration, the neutral beam
at 150 keV penetrates adequately, heats the center and yields a maximum
space averaged electron temperature of 3.6 keV.

4. Be,F, and the Neutral Flux to the Liner

Two parameters of special interest in beam driven tokamaks are the poloidal
beta, 86’ and ', the ratio of the pressure excited by the high energy beam

injected particles to the background plasma pressure. The expression for I is

2
3 P Y

T, + T
(ni i ne e)

where np is the number of suprathermal ions given by IB TSD' IB is the beam

injection current, T is the slowing down time, and WB is the injection energy.

SD

For the simpliest case where the beam injected power balances all losses, the

expression for T is
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where T is the overall energy containment time. An average gamma, |

B , defined

in terms of the average energy of the superathermal ions, WB, is sometimes

used. Since W, = 1/2 W_, it follows that I = 1/2 T.

B B’

86 and T are plotted as a function of time in Fig. (12) for the case of
0.5% initial oxygen content and a Mo liner. Be is slowly increasing over
the period of the calculation and reaches a relatively low value of about
0.8. T increases sharply just after the beams are turned on because the back-
ground plasma pressure is lowest there. However, the maximum value is 0.45
and this too is reasonable from the viewpoint of beam induced instabilities.(39)

Fig. (13) shows the variation with time of the different contributions
to the overall plasma energy balance. Radiation and charge exchange losses,
although increasing sharply with time, are on order of magnitude less than
the conduction and convection losses. These last two terms also increase
sharply with time because of the transition from the pseudoclassical scaling
at early times to the trapped particle regimes as the plasma heats up.

The energy spectrum of neutral particles incident on the liner is an
important quantity, particularly to those concerned with plasma wall interactions
in tokamaks. Fig. (14) shows this spectrum at two different times, 300ms and
970ms. One can see that at the later time, particles with energies from 100eV
to 4000eV can contribute to liner sputtering and that the maximum wall flux
of ~lO15 particles/cmz—s occurs at low energy, as expected. In addition, the
flux of particles with energies greater than 1 keV is less than about 4 x lO14
particles/cmz—s. If the transport scaling had remained pseudoclassical,

the fluxes at long times would be lower with maximum values similar to the

results in Fig. (14) at 300ms.
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5. A Special Case

A molybdenum liner may be advantageous because its sputtering yield is

lower than that for stainless steel, it is compatible with a vacuum environment,

it has excellent high temperature properties, and it is endothermic with
respect to its interaction with hydrogen and oxygen. As discussed by

Yoshikawa et al.(30)

and reviewed in Section III, the use of Mo at about 500°C
should permit rapid recycle of hydrogen while allowing control of the initial
oxygen content.

To examine the impact of a liner with such properties on the performance
of a two component tokamak, we have studied a space-time history for the TFTR
plasma at 2.5 MA in which the initial oxygen content is 0.3% and the initial
molybdenum content is 0.07%. 15 MW of 150 keV deuteron beams are turned on at
150 ms after the ohmic heating phase, as in all previous cases. We have carried
the calculation out to an equivalent discharge time of two seconds. The
results are given in Fig. 15.

The maximum Q is 1.13 at 950 ms and the Q value is maintained above 0.9
for 600 ms. The average electron and ion temperatures reach maximum values
of 4.0 keV and 5.0 keV, respectively. The slow decrease in both Q and Te
is caused primarily by the buildup of deuterium in the plasma rather than by
liner sputtering. The time interval of 600 ms when Q exceeds 0.9 is quite

large compared with all previous cases and points to the importance of controlling

the initial impurity content when a metallic liner is employed.
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V. Conclusions

Impurities and the choice of liner material can have important effects on
the space and time evolution of a plasma in two component tokamaks. Three
sequences of calculations have been performed to separately analyze the role
of the initial plasma density, the initial impurity content, the effect of
impurity enhanced attenuation of the injected neutral beam, and the choice of
liner material. Stainless steel (iron), molybdenum, and graphite have been
studied as potential liners. The source of impurities during the discharge is
physical sputtering by charge exchange neutrals and the specific TCT device
used as an example has parameters typical of next generation tokamak
experiments (Ip = 2.5 MA). The results, however, are generally applicable to
two component devices.

For the first problem, it is found that the initial ion density has a
significant effect on the Q value when the amount of injection power is held
fixed. The maximum central ion density for which Q reaches 1 is about 7xlOl3cm—3
The reason is that the injection power essentially balances all losses. As such,
the overall energy balance in the presence of rapid transport caused by trapped
particle scaling leads to lower average electron temperatures when the density
of particles increases. In a similar vain, it is also found that Q begins to
drop at relatively long times (t > 500ms) because the neutral injection produces
a slow buildup of deuterium in the plasma and an increase in the total ion
density.

Should the scaling be pseudoclassical in large tokamaks, this result
would change. In particular, the energy confinement would be much better so

that, as the initial density increases, the plasma temperature would increase
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more slowly but would nevertheless reach the values required to achieve Q gbout 1.
Impurities have an important effect on the attenuation of the injected
neutral beam. As Zeff increases, the beam deposition profile shifts from being

peaked on axis to being either relatively flat or actually peaked near the
plasma edge. When this effect is neglected, one finds a rapid increase in
Q and maximum Q values near or above 1, regardless of the liner material
(Fe, Mo, or C). The reason is the plasma center heats significantly while
the edge remains relatively cool. A cool edge minimizes physical sputtering
and it is found that the impurity influx over a one second period would not
significantly effect a TCT.

However, properly accounting for the effect of impurities on the neutral
beam energy deposition profile significantly alters this conclusion. Beginning
with 0.1% liner impurity but no oxygen in the plasma, the Q value is found to
increase sharply once the neutral beams are turned on and to reach a maximum
value near 1 in about 350 ms. This is because at early times, when Te is
relatively low, high Z impurities are not fully stripped and Zeff

is close to 1. As Te increases, Z increases causing more of the neutral

eff
beam to be attenuated in the outer regions of the plasma. Such enhanced
attenuation results in higher temperatures in the edge region where the neutral
density is highest. 1In turn, this leads to higher energy charge exchange
neutral particles incident on the liner, increasing both the sputtering yield

and the impurity reflux to the plasma. Such a sequence of events is unstable

since it leads to a further increase in Zeff near the edge and a more rapid
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attenuation of the neutral beam. The instability is terminated by rapid cooling
of the central region, a sharp decrease in Q, and finally the cooling of the
edge due to an excessive impurity content. One practical consequence of this
instability is the limit it places on the time for which Q remains near its
maximum value. For the specific case we have studied, Q exceeded 0.9 for only
200ms and dropped rapidly after that. We also find that the maximum initial
high Z content for which Q reaches 1 is about 0.1%.

Compared to a metal liner, a low Z liner does not produce quite as
severe a problem because the Zeff associated with a given impurity concentration
is lower. As such, the beam penetrates more effectively and the problem of
excessive edge heating is minimized.

Oxygen is an important contaminant in present day tokamaks. When we
include an initial oxygen content of 2% together with a stainless steel liner,
the plasma is found to heat more slowly because the oxygen strips quickly and
acts to attenuate the injected beam. When the liner is a low Z material, the
plasma heats slowly but does reach a somewhat higher Q value because radiative
losses and beam attenuation are not as severe. In general, the largest initial
oxygen content for which Q reaches 1 with a metallic liner is found to be
only about 0.5%. This may in fact be difficult to achieve experimentally.

In this connection, a molybdenum liner may have special advantages be-
cause its sputtering yield is lower than that for stainless steel, it is
compatible with a vacuum environment, it has excellent high temperature properties,
and it is endothermic with respect to interactions with oxygen and hydrogen.(30)
This last property should permit rapid recycle of the hydrogenic fuel while

allowing control of the initial oxygen content.
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The space-time simulation of such a case (0.3% 0 and 0.07% Mo at time zZero)
shows that the maximum Q exceeds 1 and that Q is greater than 0.9 for 600 ms.
This is a long plateau time compared with all previous cases and points to
the importance of controlling the initial impurity content when the vacuum

chamber or its liner is metallic.
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Appendix 1

Transport Coefficients

The transport coefficients are chosen under the assumption that as the
plasma becomes more collisionless it will pass spontaneously from neoclassical
ion scaling and pseudoclassical electron scaling into regimes dominated by
the trapped electron mode, trapped ion mode, and finally the trapped particle
interchange mode. The neoclassical ion and pseudoclassical electron transport

coefficients are multiplied by constants so as to match the transport

coefficients observed at Oak Ridge.(21) The diffusion coefficients (D) and
the thermal diffusivities (Xe’ Xi) take the following forms:(ls)
Neoclassical Ions, Pseudoclassical Electrons ;
X =7.8x 10--5 n Z QnA/BzT 1/2 (A1)
e eff e
-4 Amr Hz ninl
X; = 2.2 x 10 (iTT) 5 (A2)
B
- 1
D=2.2x10" nz __ fah/BoT /2 (A3)
eff e
Dissipative Trapped Electron Mode 1 ;
2o ¢ 32V VIT 5/2
Xo = 6 x 1077 () 55 = (A4)
n BT Zeff
X, =D = (2 x ¥ (A5)
i R e

Dissipative Trapped Electron Mode-2 (lower frequency regime of trapped electron

mode) ; 1/2 n VT Z

_ T e eff
Xo = 062 () A (a(r)/Ve) ——375
BT Te

(A6)
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-p= (&
X; =D =@ xx, (A7)

Trapped Ion Mode ;

2
20 R @/?

D=¥; =X>2x10 5 1 (a8)
ne(l + Te/Ti) Z s B

Collisionless Trapped Particle Interchange Mode;

T () 5/4
D=y =% =10 &— X __ (Vn/n)l/2 (A9)
e i /3 BT R3/4

Here Am is the ion mass and BT is the toroidal magnetic field (gauss).

Clearly, the transport coefficients can be expressed in the form given
by eqn.(ll). By expressing q and Aq interms of B and AB, and the gradients in

terms of the appropriate differences, the transport coefficients represent

nonlinear functions of the seven dependent variables (Te, Ti’ E, B, J, Ni’ Vi)‘
13
Following the method of Widner and Dorys ) the equations are linearized and time

derivatives are evaluated half a step forward to create an implicit tridiagonal
set of linear equations which can then be solved at each time step by a matrix

inversion. For example, consider an equation of the form
Yl F(Te, Ti’ J, B, E, n,, Vi) (A10)

where F is a non-linear function of the seven variables. This is written as

—€ = 172 4 Fh (A11)

N + .
where ¥ is the former value of F and FN 1 is its new value. The last step is to

N+
evaluate F 1 as

N 9T N 3T N
N+1 N oF e oF i oF 0J
- F e ok y 1 or. 2 Al2
F F + at((aTe Y (BTi Tt (aJ seF e )y (Al2)

where the derivatives of F with respect to the other dependent variables are

taken at the previous time and the time derivatives are evaluated implicitly.
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Appendix 2

Neutral Model

A three dimensional model has been developed to aid in these studies.
Since the neutrals can penetrate only a small distance into the plasma
compared with the plasma minor radius, a slab geometry serves as a good
approximation. The azimuthal angle is included and the transport is
azimuthally symmetric.

The source of cold gas into the plasma is controllable (by regulating the
pressure of the gas surrounding the plasma) but in these calculations, the
ions which diffuse from the plasma and the escaping charge exchange neutrals
are recycled as cold (.03 eV) H_, molecules.

2

The H2 molecules enter the plasma and undergo Franck-Condon dissociation
in the outer plasma layer, giving rise to an isotropic source of neutrals in

the 1 to 5 eV range,
- + -
H2 +e~>H + Ho 1+ 2e . (A13)

where the barred quantities represent energetic particles. This reaction
requires 30 eV and thus serves to cool the electrons at the plasma edge. The
ions and electrons produced in this process are taken account of in the density

balance.
The neutrals that are produced in this way can enter the plasma and may

undergo either electron or ion impact ionization or charge exchange:

P +e-H +a+e : (Al4)

+ —
+H > H +H +e (A15)

H +H-+>H +H (A16)
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The impact ionizations are accounted for in both the density and energy
balance (an energy of 13.6 eV is required for ionization). Charge exchange
effects only the energy balance, and creates a secondary hot neutral. These
second generation neutrals are considered to be monoenergetic at the local
temperature and isotropic. They also can undergo either impact ionization,
charge exchange, or escape from the plasma. Generally, 10 generations of
neutrals are followed.

The cross sections used in these calculationa are taken from Riviere
and <ov> is calculated by averaging the monoenergetic neutrals over a Maxwellian
ion distribution at the local plasma temperature.

In formulating the problem mathematically, we assume that the outer region
of the plasma is divided into a number of layers of equal thickness (h), the
center point of which corresponds to the grid points of the main spacial mesh.
The neutrals produced by charge exchange are assumed to originate from the
center of each layer considered. This given a source S(K) for each generation

th .
of neutrals coming from the K~ layer. Within layer I, the attenuation of

the source from layer K which is in the solid angle dQ is then given
by
I-1 I
- di _.h 1 1 h 1 1
6AKI - S(K)4ﬂ{exp[ cose[ 21 L A 11- exp[- cosB [ t L -1 AL7

ZAK

K j=K+1 7j j=K+1

where h is the thickness of each layer, Xj is the attenuation length defined

by Xj = ;yég%;——— » V(X) being the thermal velocity of the neutrals created
i tot

in the K layer, nj the density of the jth layer, and <0v§Ot the total cross

. . th .
section for jonization and charge exchange.in the j layer. The total attenuation

of all neutrals that takes place in layer I is then given by AI:
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m/2
Ap = i [ Ayq sinb do (A18)
K¢l o

The integration is carried out by means of Gaussian quadrature. The fraction

<ov>,
ion

of neutrals which are ionized is o AI and the fraction which are

<Cv> tot
CX

charge exchanged is Py AI. This last quantity serves as the source for
tot

the next generation of neutrals.
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Figure Captions

1 - a. Sputtering yield in atoms per ion for 600 eV He+ as a function
of atomic number. +
b. The measured sputtering yield for H in the 3.5-3.7 keV range
as a function of atomic number.

+
2 - Sputtering yield in atoms per ion for D incident on gold, 304
stainless steel, carbon, and molybdenum. The solid lines represent
a fit based on eqn. (16).

3 - Time history of the plasma parameters in a TCT with I, = 2.5 MA
with 15 MW of injected power at 150 keV. The central and average
temperatures, the average ion density, and the energy amplification
factor, Q, are shown as a function of time. The initial ion density
is 7 x 1013cem—3.

- . e e . . . 14 -3

4 - Similar to Figure 3 except the initial ion density is 1 x 10" cm ~.
Note the drop in Q, Te(0o), and T{(o) compared to the case where
the initial ion density is 7 x 1013cem=3.

5 - The effect of various liner materials on the major plasma parameters
in a TCT. The effect of impurities on the attenuation of the
neutral beam is neglected. The sharp increase in ﬁimp for Fe is
due to its higher sputtering yield compared to Mo.

6 - Zoff and the neutral beam attenuation profile in the plasma at
various times. The beams are turned on at 150 ms.

7 - The election and ion temperature radial profiles at two different
times. In the upper figure, the effects of impurities on beam
attenuation has been neglected.

8 - Time history of the plasma parameters in a 2.5 MA TCT with an
iron liner. The sharp drop in Q after 500 ms is due to the influx
of impurities which prevents the beam from penetrating adequately
into the plasma.

9 - The average impurity concentration as a function of time for several
initial impurity concentrations.

10 - Zeff and the neutral beam deposition profile in a 2.5 MA TCT plasma
with a 27% initial oxygen content and 0.17% Fe content.

11 - Time history of the plasma parameters in a TCT as a function of
the initial oxygen content and the type of liner. Note that with
the low Z liner, Q is slowly but continuously increasing over the
1 second period.

12 - Different contributions to the power losses from the plasma as a function
of time for the case of 0.57% oxygen and a Mo liner. The losses
are dominated by conduction and convection when trapped particle

instabilities are assumed to govern the plasma transport.
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Figure 13 -~ The poloidal beta and T as a function of time in the TCT. T is
approximately twice T.

Figure 14 - The flux of neutral particles incident on the liner of a 2.5 MA
TCT as a function of neutral particle energy at two different
times during the model discharge.

Figure 15 - Q, Ti, and Te as a function of time in a TCT where the initial
oxygen content is low (0.3%) and the liner is molybdenum which
has a low sputtering yield.



SPUTTERING YIELD

SPUTTERING YIELD

40

1.0 I I I I T T ]
_ 0. 600ev He' (REF. 28) i
L Be 4
0.3+ —

Si
0.1 _
T cC ]
0.03H ]
n AIJ» -

0.0l 1 | | | | |
0 10 20 30 40 50 60 70
Z

Aln I | I I T | .
- b. 3.5-3.7 kev HY (REF.29) 7
0.03— Ag —
- _

O] Al

®
0.0l — -
- Mo -
L Zr -

0.003 ! | 1 | ; |

0 0 20 30 40 50 60 70

ATOMIC NUMBER

FIGURE 1



¢ HYNO14

(A3) NOI LN3QIONI 40 A9Y3N3

41

O el Ol 0l Ol
LA LLLELEL L [T T T T T [T T T T T ¢mu_

00l [ 002]| nv )

08 [091] oW

- Ge |02 [SS « )

i sl |al | o i

o +Q I4H .
- (A®) SATOHS3YHL Q3LVWILS3 3 o

=

) ONNO, Q739dNIdo

- O NO,d HOSIHHIAg v

. on > + REC P

- n 3
- D~y — VNOLH puoyuna© 3 ol

. N'
§ s~ (IALLYT13N)

'S'S NO,H NIHOD ¥ ~

ny 'S'SNCSH HOSIMH3g O A

: VIVQ TVINIWINIAXI -
m ITEN R B ligv a0 1 —_:_ [ I _.:___ 1 i . Ol

(NOI/SWOLV) +@ HO4 QT3IA 9NIM3ILINGS



42

€ H4NdId

M «

n <

Ol

Gl

(Aay) L

(o8sw ) JNIL
006 004 006 oo¢ 0]0]]
_OIxy I _ I ~ _ _ _ J _
20
-
Oo1xg PO
¢l
90}
el —
o 01%9 80k
3, el
E e
Ol
X I
m_O_ l 2l
v+
P
- wo 01xg2= (0=4)W'y
Ol X8 = 0] ﬁndc wo
= X = u
¢l = m_O_ L =(0)
NOGMVD ‘¥3INIT
| 1 I 1 | 1 | 1 |




43

VARCE IR K

(o9sw) JNI L

006 00L 006 00¢ 00l
0 T [ ] | ] T T T _ T T T [ T T ] _ 0
20 d —Z
L
AN NO -
d3aNdNnl
¥ 0 SWV38 — b
90 9 —9
(0)°1 -
\\ 7
@ ——
80 —8
o7
dwi
Wy OIX v =(0=}) U
o' e o . ol
O=4 10 mqu v_o_ = (0)'u
NOBYVI M3NIT
| l ] I ] 1 1 1 ] i i I | I I | |

(A3%) L



44

¢ HaNo1d

(o8sw) JNIL
000l 008 009 010} 4 0072
_ _ . _ d _ _ _ .
OIxXgG - -
ol
_ 20k
OI%L . — S
Z1 o . —_— —_
3 - YO —_— - —
d\/ OZ\ : \
o olxek - dw - NO
3, 0 . d3NyNL
o i 5oL SWv3g
OIXI'I -
1
- wo_l
:O_xm._..l o
Ol
|- -
I 2k °
Q1= 3 ;
L - E_:
: _
I | wo Qjx2=(0) 'u
vl (W2 O1xL=(0)
o i SUGIHIPUOD (DU
- o+ s1au1T D 10 ‘oN ‘a4 yim (4) Wy PUD* (1)D " (4) L
1 | 1 | 1 l f |

'

(AY)



45

I I T I T l
IRON LINER

INITIAL CONDITIONS

I3 -
ni(0)=7xIOcm3
n

BEAM DEPOSITION PROFILE

imp -
=10°
Ne
700 ms
=
/——300 ms
] ] ! | ] | |
20 40 60 80

RADIUS (cm)

FIGURE 6




T (keV)

T (keV)

46

! ! | ! | ! 1}
IRON LINER

TEMPERATURE PROFILES NEGLECTING
IMPURITY EFFECTS ON BEAM
ATTENUATION

TIME = 700 msec

20 40 60 80

TEMPERATURE PROFILES INCLUDING
IMPURITY EFFECTS ON BEAM

ATTENUATION

1 l 1 l 1 l i

20 40 60 80
RADIUS (cm)

FIGURE 7




47

20

vO

90

o'l

gl

vl

008

009

8 HaNdId

(oesw) ANWIL
00t 002

pauin|
swpag

lu

0" S

< Wo_ 0IX. =(0) v

SNOILIONOD TVILINI

d3NIT NOYI

—

| 1 ] ] ]

o)

(A%) 1



48

6 H4NOId

(ossw) JNWIL
009 00t 002

1
O=4 0 _Wd 01X, =(0)u

dNIL SNSY3A  NOILVHINIONOD ALli¥NdWI

H3INITT NOY!

G2

o¢

(W9 Ol) NOILVYINIONOD ALI¥NdWI



Z ot

49

INITIAL CONDITIONS

OXYGEN CONTENT = 2%
IRON CONTENT =0.1%
n,(0) = 7x10¥cm™

700 msec

\—300 msec

[=}

BEAM DEPOSITION PROFILE

Z 700 msec

| | | I

o

20 40
RADIUS (cm)

FIGURE 10

80




50

20

vO

90

80

ol

2l

vl

000l

008

IT d409T4

(o8sw) IWIL

009

010} 4 00¢

T

0%2" 19U 8 —— = ——

0%2 48U ) cmm e e =

0 %S0 * 13uIm oW

¢ WO _0Ix2 = (0)'u

SNOLLIONOD VILINI

(AoY) 21

o]

2l



POWER (k watts)

51

4
8 -
7 -
6 ]
5 Ui .
4 —
3 -
2 -
3
106 —
8 .
7= N
6 -
5 -
41— —
3 4
2k Fe -
F.e — electron conduction losses
107 -
o Pci — ion conduction losses ,
8_
7+ _ :
s Rie ~ electron convective losses j
5 Pii ~ion convective losses -
- .
o / Frqq —radiation losses N
// ch - charge exchange losses
24 / -
IOl | I 1 | 1 |
200 400 600 800
TIME (msec)

FIGURE 12



52

000l

€T HINo1d

(d8sw) 3JNWIL
008 009 oot 002

_ | _ _ _ | _ [ _

n eme e g

b
,'
"
"lll,l

— ,,

NO
d3nNynt

SWv3d

%G'0 = LINJLNOD O TVILINI

wo X ) = (0)
(W2 01X = (0)u
d3NITT O

Swl snsIBA T pup mm.

20

b0

90

80

o'l

_ _ _ | | | _ _ _



NEUTRAL PARTICLE FLUX FROM PLASMA (PARTICLES/cmZ/S)

53

oL I [ T | T ] | | _
4f- -
3l NEUTRAL PARTICLE FLUX FROM PLASMA |
VERSUS NEUTRAL ENERGY
2 —
Iols INITIAL CONDITIONS
g: n; (0) =7x|0|3cn-\3 ]
7 . -
6 /970msec 0.5 % OXYGEN _
5l ¥ Mo LINER |
4 —
3 —
300msec
2r “/// n
14 ]
1O o} -
8 _
7 .
61— 1
5 _
4~ -
3__ —
2r- -
13
10 ] | ] | ] l L
0 1000 2000 3000 4000

ENERGY (eV)

FIGURE 14



54

20

vo

90

80

0l

A

6T HYNOTd

(99sw) JWIL
0002 006! 000l 00S
— 1 T T T T ] T T T T 1 T T T
/ —
—12
9
l— _
-~ \\
= \\\\‘ —b
III’ \\\
£ o
—8

o’\\ —ol

% L0°0 - (J8ul)oN |
% ¢ 0 - usbhxo

WO 01X, = (0)'u
SNOILIONOD TIVILINI
[ R T N T R N R SR A R N D |

(A3Y) L





