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A MONTE CARLO MODEL OF NEUTRAL PARTICLE TRANSPORT IN DIVERTED PLASMAS

D. Heifetz, D. Post, M. Petravic, J. Weisheit, and G. Bateman*
Plasma Physics laboratory, Princeton University

Princeton, New Jersey 08544

ABSTRACT

The tranaport of neutral atoms and molecules in the edae and divertor
regions of fuslon experiments has been calculated using Monte-Corle
techniaves. The deuterium, ¢tritium, and helium atoms are produced by
recombination in the plagsma and at the walls. The relevant cgollitaien
processes of charge exchange, 1{onization, and dissoclation between the
neutrals and the flowing plasma electrons and fons are included, along with
wall reflection models. General two~dimernsional wall and plasma geometries
are treated in a flexible manner so that varied configurations can be ecasily
studied, The algorithm uses a pseudo-collision methol. Splitting #ith
Russian rculette, sguppression of absorption, and efficient scoring techniques
are used te reduce the variance. The reaulting code is sufficiently fast and
compact to be incorporated into literative treatments <«f plasma dynamics
requiring numerous neutral profiles. The calewlatian viulde *he ncitral gas
densities, pressurea, fluxes, ionization ratea, momentum transfer rates,
energy transfer rates, and wall sputtering rates. Applications have included
modeling of proposed INTOR/FED polaidal divertor designs and other

experimental devices.

*Permanent addreass: Georgia Institute of Teci.nology, Atlanta, GA.
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I. INTRODUCTION

A key problem in the design of reactor-sized fusion experiments is the
control of particle and heat exhauet. The helium ash produced by the fusion
reaction D + T + He; + n muat be removed for long pulse reactor operation.
However, the helium removal technique must minimize the pumping of tritium.
Thermal heat exhaust fust Pe achieved without introducing impurities intn the
main plasma. Poloidal dlivertors amd pump limiters have been propesed tc solve
these problems 1},

The performance of divertors and pump limiters depends cruclally on the
transport of the neutrals created in the device. For example, a design study
{1, for the INTOR tokamak useg a sginqle null poloidal divertor, shaping the
magnetic field so that the plasma at the edge flows into a divertor chamber
{(Fig. 1la). In the divertor chamber (Fig. 1b), the plasma Fflows along the
field lines until it reaches the neutralizer plate, where an electrostatic
sheath forms to keep the ion and electron currents equal. The ions are
accelerated avross the sheath and recombine to form neutrals at the plate.
The neutrals the~ travel down the divertor and the pump, transporting mass,
momem um, and energy as they collide with the plasma and walls.

In this paper, we describe an algorithm developed to model this transport
using Monte-Carlo technimea, which {s flexible envuyh to be appiied to a wide
range of divertor problems. For a glven particle, eneérgy flux profile, and
geometry, we compute ‘1) the conductancfa for hydrogen and helium down pumping
channels or against the instreaming plasma, and the relative pumping
efficiencies for hydrogen and helium, (2) the power loads and erosion rates at
the chamber walls, and (3) the ‘onization and charge-exchange particle,
momentun and enerdy exchange rates in the plasma, and the neutral densities

and pressures in the exhaust channel. We also note that the techniques
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developed here are directly applicable to a wide range of questions outside of
tokamak model ing.

Saction II of this papar presents the physical models used in the
treatment of plasma profile and wall configurations, neutral-plasma reactions,
and neutral-wall interactions. In Section III we discuss the Monte-Carlo
algorithm. The overall approach is a standard one, and we note only these
aspects unique to our prohlem. In particular, the pseudo-collisional method
of tracking test fluxes is described. Test fluxes deposit scorings of
ionizations and charge exchanges at each pseudo-collision from which nautral
temperatures and densities are derived. A sub-algorithm efficiently models
wall reflections using Monte-Carlo data from the MARLOWE code [2).
suppression of test particle absorption and partial vectorization of the
computer code economize code operation. Finally, Section IV gives three
example calculations: for a vacuum, for an experiment conducted on the PDX
experimental device, and for an INTOR design.

Callen et al. [3] review our modeling results for advanced divertor
design, as well as presenting a detailed comparison with the calcu.lations of
seki et al. [4). The code has been incorporated also into a self-consistent

fluid mcdel of divertor plasmas [5].

I1. THE PHYSICAL MODEL
A basic assumption is that plasma conditions are constant throughout the
flights of the Monte-~Carlo test flights. For experiments in equilibrium for
> 100 mgecs, a time independent apuroach is then valid. However, when the
timescale of change is a few tens of microseconds, a time dependent approach
is necessary. We only describe here the time independent model. This model

could be modified easily into a time dependent one.



A. Gecmetric and Plasma Paramatars

Plasma 2zone boundariea and chamber walls vary two-dimensionally in the
x-y plane, and are assumed to be infinite in the 2z-direction. They are
deacribed by piecewise llnear approximations. A representative sample of
configurations which have been used is shown in Fig. 2.

The plasma density, temperature, and flow velocity is specified for sach
zone individually before the calculation. The plasma flux on the walla, with
the appropriate perticle reflection and sheath modesls, provides the source
flux boundary conditions for the neutral transport calculation.

B. Neutral-plasma React‘on and Hydrogen versus Helium Transport

The collision processes considered most impartant tc cur calculations and
included 1n it are ligsted in Table I. Reactions such as

e+ B,° o+ W'+ Et 437,

have appreciably amaller cruss sec:ions than competing reactions, an® su are
not included.

The cross sSections for the reactions in Table I are computed from
numerical fits in Freeman and Jones [6! and Jonas {7], and are used to compute
tables of <ov> as a function of neutral energy ED and plasma ion temperature
T;. using Gauss-llermite guadrature.

A measure of the relative lmportance of each yeaction can be obtained
fram the reaction rates n<ov?> wher> n is a typical density chosen for the

*, 1%, or He* )} or electrons (Figs. 3A, 3C). The dominant

plasma ions (D
reaction for neutral hydrogen at all energies is charge exchange (Fig. 3B).

Tonization for neutral hydrogen is almost comparable to charge exchange at
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T ~ 40-60 ev, but it is much less at lower temperatures. Thias contramts with
the situation for neutral helium where ifonirzation dominates helium=helium
charge exchange for T > 4 eV. Heliumhydrogan chargs exchangs is important
only at high temperatures (> 2 keaV),

The relative neutral/ion yleld rates from H‘z’ dissociations by electraons
are plotted in Fig. 4 as a function of electron temperature 're. For Te < 10
eV, the dominant reaction is e + Hg + 2HO + e, mso that almost all dissociating
hydrogen 1is atomie. Above ~ 10 eV, electron ionization followed by
dissoclation into H® + H* o« e, becomes important, and for Te > 100 eV, half
the hydrogen produced by disscciation 1is atomic. Also, aince the velocity of
the molecules ia low [~ 105cm/sec1 having been desorbed off a wall (see Sec.
II.C), the mean free path of the molecules is shorter than energetic hydrogen
neutrals (~ 3 eV, v ~ 106cm/aec). This results in about one-half of the
hydrogen atoms that leave the wall as molecules being ilonized very close to
the wall.

The ordering of reaction rates for hydrogen and helium is important for
the relative tranaport of neutral hydrogen versua neutral helium in a
plasma. It has been argquad [4] that the plasma acts as a helium filter.
Since hydrogen neutrals can charge exchange with the hot ions in the plasma,
some of the energy loat by collisions with the wall can be recovered by the
neutral hydrogen atoms, and thus keep the mean free path for Llonization
large. Helium atoms, however, would be "re-energized” by charge exchange to a
much less degree than hydrogen. This is because the charge exchange cross
sections for hellium with helium are amaller, and the percentage of helium ions
wn the plasma ls small (~ 5% of n,) compared with hydrogen (~ 90% of ngl.
Thus, the helium atoms would be expected to slow down by wall collisions and

might be ionized more rapidly than the hydrogen atoms.
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The situation is complicated, however, by the fact that the hydrogen mean
free path for charge exchange is about ona-half of the maan free path for
ionization. Thus there will ba about two charge-~exchange collisions for each
ionizing collision. If we assume a simplified model with neutral hydrogen
atoms resulting from charge-exchanges collisions isotropically distributed, the
directed motion of neutrals down the divertor duct will be lost. Charge
exchange for hydrogen thus helps the trinsport of hydrogen neutrals down the
divertor by restoring the energy lost by wall collisions, but it alsc hurts
the trangport by randomizing the velocities of the neutral atoms. Further
complicating the picture is the lower ionization rate of halium compared to
nydrogen and the production of cold hydrcgan molecules at the wall as
described in Section II.C. We have found in the INTOR case described in
Section fII that the net result of all these competing effects is that
hydrogen and helium neutrals have similar transport rates at moderate plasma
densities (~ 162 - 106% 3™y,

Cc. wWall Reflection Models

T™wo models for reflecting neutral atoms and ions from the divertor walls

are included. The first is similar to that of Seki (4] for iron. If 6 s the

incident polar angle (Fig. 5), and E the incident energy in eV, the reflecticn

coefficient ia

-0.237 An(E/@) + 0.19 , 8¢ 40°
s {

1 . 8> a0°

with a = 2990., 2990., and 6290. for D, T%, apd Be® respectively. The
reflected velocity cosines [Vr(out), Vytout), V:(ou‘c)] vary from specular
for § ~ 90°, to a cosine distrikution in polar angle for 6 ~ 0°, We used the

formulas
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v (out) = {cos O sin a+ sin 6 cos ¢ cos a] cos § - sin Gvain 4esin L,

Vy(ou!:) = [cos 0+ain a + sin 0 cos ¢ cos a] ein C + sin Gemin 4ecos C,
Vztcmt) = cos Gcos a - sin B cos ¢ ain a,
whare

cof g = -V (in) ,
z

2 2,172
cos = Vv (in)/(V, (in)" + v, tin) )

sin § = cos & Y ,
=nd
¢ = 2m ,

£ N0 being uniform random numbers between 0 and 1. The energy of the

reflected neutral is taken to be

(-0.22 M (E(4n)/d] + 0.06 )R, . B < 40°
E{out) ’{ 0.9E(in) , 8> a0°

Hydrogen and helium not reflected is assumed to desordb eventually (in
steady state) as molecules or atoms, mono-energetically at the wall
temperature, and with a cosine distribution in polar angle. Molecules

striking the wall do sc at low velocity and are assumed to desord immediately,

B .
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with the same coaine distribution assumed fr degorbed H and He atoms.

For our sgsecond mode)l we use data from the Monte-Carlo code MARLOWE which
computes trajectories of test particles sptriking a wall and scattering off the
atomg in the crystalline lattice of the wall, ultimately coming to rest in the
wall or escaping with a reduced velocity. For each spacies of incident test
flux, assuming in our case a smooth amorphous wall of lron, a scattering
digtribution in computed which is a five-dimersional differential Aistributiaon
P(v,0,0,E, a@ 2 dv sin 6 d6 dd, in terms of incident energy E, incident polar
angle «, and outgoing speed V, polar angle 6§, and azimuthal angla ¢ relative
tce the plane of the incident test flux and wall normal (Fig. 5). The fraction
of incident particles reflected ag a function of incident E and ¢ is alsec
computed.

Given ircident E and a, the three-dimensional diatribution
P, ofv. 0,8 v2 dv sin 9 A8 do,

must be sampled. Now P vzdv sin 6 d8 d¢ will be highly peaked at points, both

for physical reasons and because of too few Monte=~Carlo scoringa for & smooth

result. Thus care must be taken in designing a fast sampling algorithm which
is economical in storage.

In our algorithm we firet reduce the sampling of P v2av sin 9 a8 d¢ to

2

sampling consecutively from the three one-dimensional digeributiong f‘, £=,

and f3, defined by

1
fe V) = /! Py o(v/8,9) sin 046 do,

2

e o9 = f"g,a“’o'a"” as ,



-10=

and

3
Ex’a( ¢} PE, a(va'eo' ® .

These distributions are stored as follows. Each distribution is given by
n data poirts xq < %5 € ... € w,. For 0 < <1, 4if (i/n) € § < ({1 + 1) /n]

pet Xg = X;. Then we store Xpe for £ = 0,1, 0.3, 0.5, 0.7, and 0.9, for each

2
El

r: LG ™ E) , using a = 0% 20° 40° 60° 80°, and B = 50, 100, 200, 500, and
v

1,000 ev. Thus, the largest array needed, F; < has size 55 = 3124,
’

diatribution of f1, f2, and 7 forming the arrays [-‘; |::( g ., F a( n &) , and
r

For example, Table II gives r’, Fz, and Fa, for £ = 200 eV, a = 0°. The
raflection coefficlent is 0,4320, If a reflection occurs, three cholces of a
uniform random varilable on the unit interval are made, say § = 0.3, n = 0.5,
and { = 0.3, Then v = F'(2) = 100 ev, cos 0 = F?(3,2) = 0.6497, and cos ¢ =
£3(5,3,2) = -0.5448 (it ig more convenient to store cos O and cos ¢ than O and
$). For more genaral £, 7n, and [, we derive v, cos 6, and cos ¢ through
linear interpolation of F’, Fz, and E-‘J.

Wall sputtering rates for various materials were fit from the data of
Roth et al, ([8]. The angular dependence of the rate was assumed to be

proportional to [cos (polar angle)](“‘s).

III. THE MCONTE-CARLO ALGORITHM
In cvr time independent calculation a profile congists of a set of test
flux tlights (Flg. 6). This Becticn describes how these flights are
initiated, flown, and integrated to yield the physical parameters of interest.

A. Fli. .t Initialization

Twc neutral sources ares modeled, a volume source dus *o recombination and
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a wall source. For greater computational clarity irndapsndert profiles «re

made for each source.

In the recombination profile each test particle ropresanta W, -
y(tecomb)/N real particles per second, whare y(recomb) = total recombinatisn
rate of tha plaama (9] ard N ia a sultable number of ¢est flights (tvpicelly
500 ¢ N ¢ 2,000). The initial posjtion ls selected frum the 2-D diatr‘butionna
of recombination rates nver the plasma reg.on, and the initial velacity
sampled from a 3~0 NMaxweliian at ths local icn tsmperature is shiftec by the
local {low wveloacity.

The wall source of neutrals comes from iona either flowing in*o the
neutrallzer plate or diffumsing to a 3ide wall. Givan a 1-D ton flux
distribution hitting t<he wall from a separate computatio:n, initial positions
at the wall are pselected with each test particle now representing o, =
yiwzll}/N real particles per pecond, where vyiwall) ig the total flux on the
walls, and N again is the total numbar of :=est flighta. Inltial enecrgy in
determined by assuming that the initial lon ensrgy ‘s increased at the wall by
a selected sheath potential and then attenuvated by striking normai to the wall
and reflecting or sticking.

B. Flight Tracking

Given the initial poaition PB,, velocity v and atomic apecies, wa are
ready to begin the test flight. We have a cholce between Uwe tracking
algorithms, the path length estimaty- meched and the pseudo-collisicn
algorithm. The path longth aestimatcr method ia based on patk length
estimators pimilar to that in {1} and is described in Fig. 7. The pasudo-
collisjon a.'gorithm is based on the idea of pmeido-collisions suggested to us

by $.» V. Putvinsky [10). Our versiran ia flow charted in Fig. 8.
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At the beginning of each profile, two 2-dimensional arrays Ry(4,3) and
Rz(i,j) containing plasma rone indices in a fine: uniform rectangular grid are
constructed (Fig. 9). Given a position P in the device, its coordinaAtes
lipjp) in the reference meshes are sasily computed, and its plasma zone
coordinates I = R,ltp.jp), J = nzlip,jp) looked up, determining the plasma
conditiona at P.

The pseudo-collisional algorithm uses this information as follows.
Choosing the number of mean free paths n = -logf, £ a uniform random variabls,
0 < § <1, the teat flux is moved a distance u-Aimin), whera X(min) the
shortest mean fres path length in the entire aiven plasma for a test flux with
the velocity V., Assuming a wall has not been hit, the 15cal mean free path
length at the new position, A(local), is computed using the referencc arrays.
The ratio p = A(min)/A(local) represents the prcbabilivy that a rea. collinior
occurs at the new point. If a test doss not result in a collisiun, we B2Y a
pseudo-collision has occurred, =nd we repeat the , “acess choosing a new u,
moving a distance upsi(min) and so on until the tem: flux hits a wal., leaves
the device, or finally does undergo a plasma collisian,

These two algorithms have somawhat complementary disadventages in
tracking. A disadvantage of the path length eatimatcr method {8 the time
consuning geometric calcurations required in computing the points P, and
distances d, (Fig. 7). An advantage of the pseudo-collisitaal algorithm over
the path length estimator alg:rithm 18 that the reference arrays contain the
only detailed geometric calculation neceseary, and the algorithm described
above to compute ther. is mquite eft!cient, computing 300 x 300 reference arrays
in less than 1 cpu second on the CRAY-1 and packing the arrays so as to reduce

storage, Tha smount of geomeeric caliulation 15 independent of the number of

test fluxes flown.
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A disadvantage of the pssudo-collision algorithm is that Al(min} must be
computed. A table of A(min) must be made at che start of a set of profiles as
a function of neutral velocity, species, plasma deneity, and temperature.
Howeyar, the algorithm requiree only that the estep sire be no longer than
Almin), so smaller lengths derived from worst case study of n<ov®> rates remove
the need fsr the largs \(min) table. Underestimating Aimin) though means mors
teat ateps to a collision, reducing efficiancy, 8o care nuat be used in
chooring \min).

€. Test Flux Welghting

Roth the path lenyth estimator method and the pseudo-collision algorithm
use the method of suppresssd absorption. At Jach collision, the charge

=chanring probabliity,

P = A(e-x)/\(local) ,
cx

1§ computed, where Ai{c-x) ia the local mean free path length due to charge
exchange only. The test flux is then “split” batwaen ionization and charge
exchange by reducing its weight w to Prexs Thus, a test flux weight of w =
(1 - pP._,) wis ioniged.

1f, however, w fallis balow a given minimum, this “splitting”™ is stopped,
and a choice is made among a pyre charge exchange, continuing the flight wlth
w unchanged, or pure ionization, setting w= 0, and ending the flighe.

After modifying w in the suppressed absorption algorithm, w ia acaled by
a factor x = o|lv|/<or> to account for the charge-exchange crors sections being
ronConatant over the Maxwellian distribution of fons. Thua enarqy ig
conserved. We do not at present include any angular dependence in our charge

ex<hange model.
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D. Integration Msthods

Integrating flights in the path length estimator method 1s done as in
[11), where the neutral density n, and temperature T, are computed from the
total time spent by test fluxes in the zones. Ionization and charge exchange
rates are then computed from n, and T,.

Cur pseudo-collision algorithm computes lonization and charge oxchange
rates directly. Por example, the sum over all collisions In a zone,

S{ion) = T “on give. the tofal tist flux weight ionized in that =zone.

Multiplying by the total number of test fluxes N givea the ionizationr rate in
ionizations/sec. Similar sums are made representing charge exchange rates,
ionization, and c¢harge exchange energias, axiting currents, power deposition
and erosion rates at the walle. Tha neutral 4~ _ity, n,, is derived from

NS5 Vol = n i <>
a0

ton e~ionize’

where Vol = =»one volume and L local electron density. The average cnergy

Ei of a neutral being ionized is

El = W(ion)/s(ion) ,

where

W(ion) = [ mi!-: .

the sum again being over all collisicns, with E = energy of the colliding

neutral.
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One weakness of this scoring method is that scoring events occur only at
colliwinns. To ascora at each pssudo-colligion, we need only to modify the

acoring method above by taking for S{ion}!, for exampls, the sum

s'{ion) = T PRy
over all pseudo~colliajons, wher-~ o iw as above, and g = Amin)/A(local} =
real collisisn prabability. ot the average, sS'{ion) = 5Stion), . the
variance in S' is less than that of 8, for now a collision requiring n pseudo-
collisions depnsits n scores instead of 1.

Another weakness is that in reglons containing no plaesa, Our sums are
zero since Alocal) 18 infinite. To comrute the nsutral density here, we
assume a "pssudo-plasma® presont, consisting of pseudo-ions (| whose reaction
with an atom, reaction (10) Table I, leaves tha atom unchanged in every
aspect.. We assume the local reaction rate of {(10) to be a constant fraction
of the total (real) local plasma reaction rates. Neutral density temperatures
and pressures can then be courputeld as above, with the electron quantities
réplaced by the appropriate pseudo-ion quantities. Even in plasmna ragions
this method of computing neutral tamperatures gives the true neutral
temperature, since <ov> for reaction (10) ig a constant fractiaon of the total
local <ogv>. ‘

E. YVariance Reduction Technlques

Most collisions occur near the plate, resulting in a wealth of scorincs
there, compared to very few in regicng far away. To improve the varlance in
thege distant gegions, we use a standard splitting/Pussian rouletie algorithm
[12]. Using larger zones in regions far from the plate also increasges the

number of scoringas per zone away from the plate, while keeping most resolution
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near the plate where it is needed due to the larger gradients in the
ionizatior/charge exchange rates there. Suppression of absorption, described
above, increases the number of scorings in the more distant rones by keeping
test fluxes alive which otherwise would be killed off by ilonization. Finally,
our technique of scoring at eact pseudo-collision is an improvement over
recording the scores only at collisions.

F. Optimization and Performance

Improvements in efficiency #% the programming level by factors of 2-) on
a vectorizing machine, such &s the CRAY=1, can come from modularizing the
particle tracking algoritim shown in Fig. 8 and performing each gegment in
loops over 64 or 128 teuwt fluxes. The arrays containing test flux data are
merged at each atep, discarding the test fluxes as they finish thelr
flighcs. We have found that the added overhead cost of merging 1s small
rompared to savings galned from vecturization. The mergers are not eanlily
vectorized, bit they consist mostly of assignment statements, while the
enpenrive calculations in particle tracking are now done in vectorized lnops.

Par“ormance con the CRAY-1 reguires 8-10 CPU gec/1,000 test fluxes for A
typical INTOR calculation, with 500-2,000 text fluxes uczed for a typical
profile. The program consists of ~ 4,000 of FORTRAN IV executable statements

and uses ~ 40,000 decimal words ~f array storage.

IV. EXAMPLE CALCULATIONS
A. The Vacuum Case
We modeled the case of molecular flow through a tube of recta..gular cross
section with width b >> than height a and length &. Clauaing {13] hHas deduced
values for « = Qt/Qin' where Oy, = incoming current and Qe = current exiting

the far outlet. Table III lista his values of x along with Q/Q;, computed by



-17-

us for L/a varying from 0.2 to 100, using 108 test particles and assuaing a
cogine distribution in the polar angle to the wall of velocities of reflecting
particles.

A. The PDX Scoop Experiment

A "pump-limiter divertor™ experiment has been carried out on the PDX
experimental device at the Princetor Plassa Physics Laboratory [14]. Figure 2
shows the scoop design, where plasma enters &4 2 x 5 % 22 cm chamber mounted
near the discharge edge with axis parallel to the field lines, and the density
of the neutralized gas is measured at the end of the plenum.

For densities of 1-56 x 1012 partlcln/cma the mean free prth lengtha are
longer than the tube, and the neutrals are not expected to have a strong
uffect on the plasma. At densities above 1013 patticxe/cm3, the neutrals
interact with the plasma and would be expected to affect the plasma, as the
plasma significantly :etards the flow of nesutrals back tc the main gpiasma.
The neutral preggure in the pumping chamber 1s plotted in Filg. 10. The

0.94 T0.26, while the particle flux at the plate acales as

pregsure varies as n
n/T. The slover dependence of ths pressure on T (-'l“/“) is due, pomsibly, to
the larger rale of electron ionization riai ured to charge exchanges !Fig. 3b)
as T, increases 10 to 50 eV. More of the neutrals are lonized at the higher
temperatures and thus are not reflected down into the plenum chamber. The
experimer. :al neutral pressure rises more as n? than n, indicating that the
effect of the neutrals on the plasma must ba important.

C. The Proposed INTOP Deaign

Plasma source rates, the effects of the plasma on helium and hydrogen
pumping, the heat loads on the divertor walls and ne scralizer plates, and the

erosion rates for the neutra.izer plate and divertor walls were computed for a

variety »f INTOR model poloidal divertors and diverted plasmsas {Fig. 1}.
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Tha first geometry of the divertor chamber corsiderad was similar to that
shown in Fig. tb but with a rectangulcr instead of hyperbolic throat. Cases
ware atudied with the density having a Gaussian profile of 8.8 x 1012 a3 at
the center falling o 1,1 x 1012 "3 at the channel walls, and central
tudperature of 250 eV, varying with the psame Gaussian profile as the
density. The pumping speed of the pump is approximated by that of a thin slot
[13]

3.638 K-ab'(;)vz Mmae: , (3.1}

where K is the Clausing factor in Table I1I, T is in degrees Xelvin, M = 5 the
atomic weight of DT, the pump length % = 40 om, and the idth b = 25,
Assuming 12 such pumps in the devica, a pump width of a = 8§ an provides 24,200
i/sec of pumping for the whole torus.

The relative pumping speeds w.th the plasma of three such cases varying
the throat dimensions ares listed in Table IV. The rztio R = qump/Qplasma'
the neutral current of neutra) particles returning to the main plasma divided
by the neutral current leaving the hottom of the pump, is given for 0, T, and
He. Ryac is the ratlo of tie geomctric (Formula 3.1) pumping speeda of the
pump and the return chnannel to the main plasma.

The ratios of the Monte-Carlo calculations of the varicus R's to the
geometric Ry,. reflect the effect of the plasma reducing the neutral backflow
from the neutralizer p:ate to the main plasma and in raising the effective
pumping speed of the pump. The ratios vary from a value of 20.3 for the 80 x
30 hydrogen case to one of 1.7 for the 50 x 40 helium case.

We note that these three cases scale ‘n a reasonable way. As we make the
channel shorter, or wider, relatively mcce narticles return to the main

plasma. Applying the formula (3.1) to the 80 x 30 and 50 x 30 cases, the
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ratio R should reduce by a factor of 0.81 as the channel! length is
decreased. The actual reduction is about 0.19 for hydrogen and 0.44 for
helium, indicating that the plasma apprsciably retards the neutral backflow to
the main plasma. Since lengthening the channel incriasea the ionization and
charge exchange “optical depth® of the divertor channel, it is not surprising
that the geumetric ecaling underastimates the effect.

Hevever, since widening the channel for & givan length does not increase
the optical depth of the channel, one would expect in this case that the
geometric sealing in formmla 3.4 will be closer to the divertor resule. It
predicts a reduction in the r.%ioc by a factor of 0.69 from the 50 x 30 case
compared to the 50 x 40 case. This is fairly close to the Monte-Carlo results
(0.49 for D, 0.56 for T, and 0.52 for He), indicating that one can use the
geometric scaling for estimating the effects of varying the channel width.

One Linteresting feature of these three cases was that in each case
relatively more hydroge: than heliwum was pumped, with Ry/Ry, Tanging from 2.36
to 3.12. This apparent contradiction with the results of Sekl et al. [4] led
us to compute a fourth case to reproduce their regults which were for a
rectangular channel 100 cm long and 30 cm wide with a 20 cm wide piasma (47.5%
ptm 47.5% T', ana % re't) with a mulform density and temperature of 250 eV.
Their pump model, reflecting a fixed fractica entering the pump coening
insiead of tracking test fluxes in the pump, and their neutral reflection data
were used also by us. However, cur more detajiled treatment of moléecules was
retained.

+

The backfiow B = [rbump/[ )] in their calculation varied

Iblanm Emmp

from 0.7 to 0.46 for DT, and from 9.7 to 0.23 for He am the dengity varied
from 8 x 1072 ™3 to 10" ™. thus their helium enrichment varies from 9

to 2. In particular, their result for a density of 3 x 1012 o™} has an

noacL

AL
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snrichmant of Bu./nIi = 1.13. Our case at that density, yields backfloss of
G.66 for D, 0.69 for T, and 0.55 for He. This gives us & helium de-enrichment
of Bpe/Bg = 0.81, Rowever, considering the uncertainties in the wall
reflection models, the different atomic physics, and differences in the code,
this discrepancy probably iu not cignificant.

Another set of INTOR calculations was carrinrd out for a more realistic
hyperbolic geometry (Fig. 1b). Typically, the hydrogen ionization sources are
peaked at the neutralizer plate (Fig. 11a) falling gradually toward the
divertor throat, and the molecules are ionized at the edge of the plasma (Fig.
11b). Neutral impurities, such as iror, are produced by Bsputtering at the
neutrallzer plate and walla. Since the neutral impurity atoms are low energy
{~ 3 eV} and heavy (A = 57), thelr mean free path is short, & 1 they are
ionlzed close to the wall (Pig. 11c).

The energy deposited on the walls and neutraligzer plates was computed for

A variety of sample plasmas with tamperatures varying from 14 eV to 439 eV,

013 o3 -3

em™? to 1071

and with the density scaled appropriately from .85 x 1 cm

to maintain constant energy flux. The power on the neutrallzer plate did not

2 and

vary greatly (Fig. 12a). They peak at the separatrix at ~ 400 watts cm”
fall off rapidly. The erxosion rates of the divertor plates and walls were
calculated also for a 500 ev, 10’2 cm™3 diverted plasma. The croslon rate of
tha ion plate peaks at 26 cm/year at the geparatrix for a 1008 duty cycle

(Fig. 12b). The erosion rates of the divertor walls are much lower, falling

rapidly with distance from the neutralizer plate (Fig. 12c).
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TABLE 1
1) a° «at - u* + u°
(2) e + m° + 5" + 20
(2 . + Hy + am° +a
{4) e + ng + B + gt o+ 2e
(5) . * Wy - Hy + 20
(sa) e + Hy » 20°
() e . H) + H® +ut v
(6) He® + He' + Ha' + ge®
{7} He® + gatt + Ho** + He®
(8) ue® +xt N -
(9) e + He® + net + 2@
(10} ¢ + atom * Y + atom

Neutral-Plasma Reactions Included in our Model. H im hydrogen. deuterium, or

tritium. We assume thet if H,® is lcnized in reaction (5}, then the '
produccd iz disgociated instantaneously by reactlons (Sa) or (5b). Equatjon
10 is the pseudo-reaction of neutrala with pseudo—ions ¢ usad to compute the

neutral density and temperature.



Results from MARLOWE code for incident energy E = 200 eV, polar angle of a =

o°.

57.3

0.5104
0.4843
0.4753
D.4646
0.3343

-0.9460
-0.9224
=0.9481
-0.9501
-0.9594

-0.9510
-D.9448
-0.9362
~-0,9322
-0.9388

~-0.9308
-0.9346
-0.9448
-0.9341
-0.92474

-0.909%
=-0.9395
-0.9670
~-0.9401
=0.9376

-0.9%343
=-0.9199
-0.9343
-0.9217
-0.9243
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TABLE II

E = Fl(Z)(e¥)

100.

127.5 150.8

cos § = F2{n,E)

0.6931
0.6817
0.6497
0.6475
0.5088

cos

-0.5096
-0.5758
-0.6291
-0.5564
-0.5536

-0.6303
~0.6107
-0.4654
-0.5519
=-0.5297

-0.5249
-0.6454
-0.5862
-0.5364
-0.5254

-0.54%2
-0.6243
=-0.5826
-0.5702
-0.4852

~0.6085
~0.5429
-0.5448
=-0.4109
-0.4775

n.a0%6 0.8926
0.800¢ 0.8869
0.7727 0.86a81
0.7642 0.8642
0.6313 0.7533

b= FLnE
F3(1, nE)

-0.0494 0,5299
0.0270 0.5498
G.0147 0.5343
¢.0380 0.5548
0.1303 0.6682

(2,16

-0.1349 0,5591
~0.0077 0.46453
0.00M 0.5703
-0.0030 0.5741
0.1150 0.5879

Fa{aa . £}

o. 1161 ¢.6025
-0.0176 0.4700
-0.0408 ¢.6021
-0.0625 0.5133
-0.0254 0,5714

FHa, n k)

0.0054 0.5960
-0.0676 D.4546
=0,080% 0.5839

0.0194 0.555¢9

0.0458 0.6537

s, n B

-0.0343 0.5889
0.0072 9.6042
0.0822 0.6140
0.1232 0.6503
0.0642 0.6172

168.5

0.9672
0.9654
0.9609
0.9522
0.8867

0.9293
0.9519
0.9507
0.9442
0.9567

0.9501
0.9378
0.9513
0.9734
0.9400

0,9511
0.9325
0.9694
0.9454
0.9646

0.9142
0.9630
0,.92586
0.9450
0.9589

0.9491
0.9324
0.9716
0.9696
Q0.9532

The fraction of incident particles reflacted is 0.4320.
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TABLE 11X

Ya K1 e %
0.1 0.9525 0.9%527 9,n202
0.2 0.9096 0.9099 1.0003
0.4 0.8362 2.8360 D.00D4
0.8 0.7266 0.7262 0.0004
1.0 0.6848B 0.6847 0.000S
1.5 0.6024 0.6023 0. 0005
2.0 0.5417 0.5423 0.0005
3.0 0.4570 0.4575 0.00D5
4.0 0.3999 0.3964 0.0005
5.0 0.3582 0.3565 0.0005
10.0 0.2457 0.2411 0.0004
6.0 6,0782 0,0799 0.0003
100.90 0.0461 0.0473 0.0002

Ratios Qf/QLn of the molecular current Q! leaving thes far end of a tube of
rectangular cross section a by b and lenqth &, b > a, b >> £, to the curreant
entering, Q. as computed by our algorithm (Ky.) and by Clausing (K.y) [1:],

for /a = 0.1 to 100.

The ~tandard deviation Gy in the calculation of Ko is

[Ryal1 = X )/M) /2, uhere M = 10® test currents.

S
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TABLE IV

] s 2,/ E Rvac €= Rp B Ryae
(cm) {cm) T ~nr Yo ) oW T T

I

!

———— ', —

80 3a 2.67 3,82 0.56 j. 12 Q.16 28, ¢ I LI

1
50 30 0.53 0.70 0.2% 2.44 0.1 5.0
50 40 0.26 0.39 0.13 2,36 0.075 4. ) T
100 30 1.94 2,20 1.229 1.68 ; !

|

Relative pumping rates for D, T, and He in rectangular divertors. =~ .vertor
throats are { by a cma, and pumpa are B cm by 40 om. Qp and ©, e the
currents leaving the pump and throat respectively. £ im the ratio p we fo1

DT over Qp/QL for He. Ryac

is the ratic of pump to throat c:nfurtanc: g

computed for a vacuum using equation {3.1), and C is Qp/Qt over R, . .
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Fig, 1b.
Fig. 2.
Fig. Jla.
Fia. .,
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Fig. 4.
Fig. 5.
filg. 6.
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PIGURE CAPTIONS
pPolnidal croes section of proposed INTOR Poloidal Divertor
confiquration.
Schematic of the INTOR divertor operation.
Crosa sections of various geometries modeled.

n{ > For

. - 1
1—H°<-H + H oHo,n-n’ - 1 u|03
H
2-6 +8° o n + 27, nemn -t oxp"?
- + - 13
31 - + He + He + 2e L ~ 1Y w1
-3 (4 - o 13
4 - He + He » He * He , N = n ‘.ﬂ".05 = 10
He
. “ L)
‘a—Heo*H + He ?Ho,h'n‘ -1 x 10
H
where W = D/T, Eo- k) -Te. E 0-6 ¥ Ter
and T, -~ T, H He

Hydrngen and helium charge exchanging probabilities, Ty " Ter

n <av> for
1 -e °H°24H2'2e*
2-1."!{"2-2"0*1-'

Q

3 - e 0H°2-H + 1 v 2e7

4 - +u*, » M0
S-e +H, » HO+» K" @

assuming n, = 1,1 x 10”.

e
H® and H® yield fractions from H®; dissociation.
Coordinate system for MARLOWE wall reflection data.
Sample Test Flux Flight., A triton ion strikes the
neutralizer plaie, reflects as a T° atom, strikes a wall,

desorbs as a TT® molecule, dissoclates, undergoes a further

sequence of plasmas/wall collisions until its weig~ ip less
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'. .
] than a set minimum (heve 10'6), where & pure ionization
: occurs ending the flight.
Fig. 7. Tracking a test flux flight using the path length estimator
method: Start at position Po with velocity Vv and set . =
-Log(£), &§ a uniform random nuyeher , 0 < § < 1, Compute P,
and g difkllocal) until 7 ay 2 u, say at P Then * he
collierion point is at P_. where
n=1
d(_ = \iocal) (4~ T w,o b
i=1
Fig. 8. Flow chart of the pgeudo-collision algorithm,
Fia. 9. ronstrucnion of the psesudo=collision algorithm reference
arraysa.
Fia, 10. ’al~uilation of neutral pressure in plenum of PDX ac > p
experiment {13].
Fig. 1la. Innization rate profi.e for 0° production in sample 0 «
$12.5% om INTOR davertor.
Fiag. 11h, lonization rate profile for !\2' productinn i+ sample 70 «
112.5 am INTOR Aivertor.
Fig, 1le, Ionization rate profile for Fe'' productisn in samp!: 25 om ~
70 on INTOR divertor.
Fig. 12a. Power loads at the neutralizino pl.te for the INTOR Aivert.r.
Figs. 1°b-c Erosion rates of iron neutralizing plate and divertor wa'ls

for a 500 eV, 02 cn™3 diverted plasma (1008 duty cycle!.
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