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A MONTE CARLO MODEL OP NKUTRAL PARTICLE TRANSPORT IN DIVERTED PLASMAS 

D. Hoifetz, D. Post, M. Petravic, J. Weishalt, and G» Bateman* 

Plasma PhyBlcs Laboratory, Princeton University 

Princeton, New Jersey 08544 

ABSTRACT 

The transport of neutral atoms and molecules in the edg* and divertor 

reqions of fusion experiments has been calculated using Monte-C-rlc 

terhninues. The deuterium, tritium, and helium atoms are produced by 

recombination in the plasma and at the walls. The relevant collision 

processes of charge <»xchanqe, ionization, and dissociation between the 

neutrals and the flovlnq plasma electrons and Ions are Included, alonq with 

wall reflection models. General two-dimensional wall and plasma geometries 

are treated In a flexible manner so that varied configurations can be easily 

studied. The algorithm uses a pseudo-collision method. Splitting ^lth 

Russian rculette, suppression of absorption, and efficient scorlmi techniques 

are used to reduce the variance. The resulting code Is sufficiently fast and 

compact to be incorporated into iterative treatments <̂ f plasma dynamics 

requiring numerous neutral profiles. The calculation y<-..Ms the neutral yat, 

densities, pressures, fluxes, ionization rates, momentum transfer rates, 

energy transfer rates, and wall sputtering rates. Applications have included 

modeling of proposed INTOR/PED poloidal divertor designs and other 

experimental devices. 

•Permanent address: Georgia Institute of Tecijiology, 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 tho fusion 

reaction D + T • He 3 + n must be removed for long pulse reactor operation. 

However, the helium removal technique must minimize the pumping of tritium. 

Thermal heat exhaust must Ue achieved without introducing impurities into the 

main plasma. Poloidal divertors and pump llmiters have been proposed to solve 

these problems [1]. 

The performance of divertors and pump limiters depends crucially on the 

transport of the neutrals created in the device. For example, a design study 

ii; for the IWTOF tokamak uses a single null poloidal divertor, shaping the 

magnetic field so thar the plasma at the edge flows into a divertor chamber 

(Fiq. 1a). In the Hivertor chamber (Fig. lb), the plasma flows along the 

fipM linps until it reaches the neutraliier plate, where an electrostatic 

sheath forma to keep ihe ion and electron currents equal. The ions are 

accelerated across the sheath and recorebine to form neutrals at the plate. 

The neutrals the', travel down the di-.'ertor and the pump, transporting mass, 

momentum, 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 technirrn*»«, which i& flexible erwjuyh to be applieo to a wide 

range of divertor problems. For a $iven particle, energy flux profile, and 

geometry, we compute '1) the conductances for hydrogen and helian down pumping 

channels or against the instreaming plasma, and the relative pumping 

efficiencies for hydrogen and helium, (21 the power loads and erosion rates at 

the chamber walls, and (3) the ionization and charge-exchange particle, 

momentum and energy 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 mode)inq. 

Section II of this paper 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 problem. In particular, the pseudo-col11sional method 

of tracking test fluxes is described. Test fluxes deposit scorings of 

ionizations and charge exchanges at each pseudo-collision from which neutral 

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 thr«e 

example calculations: for a vacuum, for an experiment conducted on the PPX 

experimental device, and for an INTOR design. 

Callen et al. [3] review our modeling results for advanced dlvertor 

design, as well as presenting a detailed comparison with the calculations of 

Seki et al. [4] . The code has been incorporated also into a self-consistent 

fluid model of divertor plasmas IS). 

II. 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 msecs, a time independent approach 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 esaily into a time dependent one. 
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A. Geometric and Plasma Parameter! 

Plasma zone boundaries and chamber walla vary two-dimensionally in the 

x-y plane, and are assumed to be infinite in the i-dlrection. They are 

described by piecevise linear 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 each 

zone individually before the calculation. The plasms flux on the walls, with 

the appropriate particle reflection and sheath Models, 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 important to our calculations and 

included in it are listed in Table I. Reactions such as 

e" * H2° •* H + + H + + 3e" , 

e~ + H 2
+ + H + + H* + 2e~ , 

have appreciably analler cross sections than competing reactions, an** <*> are 

not included. 

The cross sections for the reactions in Table I are computed from 

numerical fits in Freeman and .Tones [6! and Jonas 17] , and are used to compute 

tables of <ov> as a function of neutral energy E and plasma ion temperature 

T i # using Gauss-Hemite quadrature. 

A measure of the relative Importance of each reaction can be obtained 

from the reaction rates n<ov> whera n is a typical density chosen for the 

plasma ions <D*, t*, or He**} or electrons (Figs. 3», 3C). The dominant 

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

Ionization for neutral hydrogen is almost comparable to charge exchange at 
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1 " 40-60 ev, but it is much less at lower temperatures. This contrasts with 

the situation for neutral helium where ionization dominates helium-helium 

charge exchange for T > 4, eV. Helium-hydrogen charge exchange is important 

only at high temperatures (> 2 keV). 

the relative neutral/ion yield rates from H ° dissociations by electrons 
2 

are plotted in Fig. 4 as a function of electron temperature T e. For T e < 10 

eV, the dominant reaction is e + H° + 2H° + e, so that almost all dissociating 

hydrogen is atomic. Above ~ 10 eV, electron ionization followed by 

dissociation into H° + H • e, becomes important, and for T^ > 100 eV, half 

the hydrogen produced by dissociation la atomic. Also, since the velocity of 

the molecules is low (- 105cm/sec) 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 - 10 cm/sec). This results in about one-half of the 

hydrogen atoms that leave the wall as molecules being ionized very close to 

the wall. 

The ordering of reaction rates for hydrogen and helium la important for 

the relative transport of neutral hydrogen versus neutral helium in a 

plasma. It has been argued [4] that the plasma acr.s as a helium filter. 

Since hydrogen neutrals can charge exchange with the hot ions in the plasma, 

some of the energy lost by collisions with the wall can be recovered by the 

neutral hydrogen atoms, and thus Keep the mean free path for ionization 

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 helium with helium are smaller, and the percentage of helium ions 

in the plasma is small («• 5» of n e) compared with hydrogen (~ 90% of n e ) . 

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 ono-half of the mean free path for 

Ionization. Thus there will be about two charge-exchange collisions for sach 

ionizing collision. If we assume a simplified model with neutral hydrogen 

atoms resulting from charge-exchange collisions laotroplcally distributed, the 

directed motion of neutrals down the divertor duct will be lost. Charge 

exchange for hydrogen thus helps the transport of hydrogen neutrals down the 

divertor by restoring the energy lost by well collisions, but it also hurts 

the transport by randomizing the velocities of th.it neutral atoms. Further 

complicating the picture is the lower ionization rate of helium compared to 

hydrogen and the production of cold hydrogen molecules at the wall as 

described in Section II.C We have found in the INTOR case described in 

Section til that the net result of all these competing effects is that 

hydrogen and helium neutrals have similar transport rates at moderate plasma 

densities <~ 1 0 1 2 - <0 1 3cm" 3>. 

c. wall Reflection Models 

Two 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 9 is the 

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

coefficier^t is 

r-0.237 Jbl(E/o) + 0.19 , 9 < 40° 

*" ' I 1 , e > 40° ' 

with a - 2990., 2990., and 6290. for D°, T**, and He° respectively. The 

reflected velocity cosines (v (out), V (out), V (out)) vary from specular 
y. y z 

for 9 - 90°, to a cosine distribution in polar angle for 9 «• 0°. We used the 

formulas 

http://th.it


V^Cout) - [eoa 9 ain o + Bin 6 COB $ coa a ] oo« Z - Bin. 6»siii $«stn C, 

V (out) - [coa d'ain a * a m 6 coa 4 cos a ] Bin C + "in 6«sin $*coa C, 

V tout) • cos 6 COB a - s in 0 COB 4> ain a. 

where 

coa a - -V t in) 
z 

/ 2 2 s 1 / 2 COS C - V ( i n ) / ( V ( in) + V ( in) ) x * x y ' 

s in 9 - cos a •/$ , 

•nd 

» - 2im , 

£> T) being uniform random numbers between 0 and 1. The energy of the 

r e f l e c t e d neutral i s taken to be 

•{ 
( -0 .22 *> [K(in) /o] + 0.06 )/Rj , 6 < 40° 

E , O U t ) - < 0 .9B( i i» , 6 > 40° ' 

Hydrogen and helium not reflected is assumed to deaorb eventually (in 

steady state) aa molecules or atoms, mono-energetically at the wall 

temperature, and with a cosine distribution in polar angle. Molecules 

striking the wall do BO at low Telocity and are assumed to deaorb Immediately, 
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with the some cosine distribution assumed fir desorbed H and Be atoms. 

For our second model we use data from the MaRte-Carlo code HKRX&WB vhich 

computes trajectories of test particles striking a wall and scattering off the 

atoms in the crystalline lattice of the wall, ultimately coming to rest in the 

wall or escaping with a reduced velocity* For each apacias of incident test 

flux, assuming in our case a smooth amorphous wall of iron, a scattering 

distribution in computed which is a five-dimensional differential distribution 

P(v,9, *,E,a) v-2 dv sin 6 d8 d$, in terms of incident energy E, incident polar 

angle a, and outgoing speed V, polar angle 6, and azimuthal angle <|r relative 

tc the plane of the incident test flux and wall normal (Fig. 5). The fraction 

of incident particles reflected as a (unction of incident E and a is also 

computed. 

Given Incident E and a, the three-dimensional distribution 

P E j a(v,9,*) v 2 dv sin 9 d6 d$. 

must be sampled. Now P tTdv sin 9 d8 d $ w i l l be highly peaked at p o i n t s , both 

for physical reasons and because of too few Monte-Carlo scorings for a smooth 

r e s u l t . Thus care must be taken in designing a fas t sampling algorithm which 

is economical in s torage . 

In our algorithm we f i r s t reduce the sampling of P v^dv sin 9 d9 d<{> to 

sampling consecut ive ly from the three one-dimensional d i s t r i b u t i o n s f 1 , C2, 

and f 3, defined by 

f E , a t v ) " H V t 1 ' ' 8 ' * B i n 9 d 9 d * ' 
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and 

a, u ar a O o 

These distributions are stored as follows. Each distribution is given by 

n data points x, <; x 2 < ... < x n. For 0 < £ < 1, if (i/n) < £ < |(1 + l)/n] 

set Xc » x^. Then we store x», for 4 " 0-l< 0.3, 0.5, 0.7, and 0.9, for each 

distribution of f 1, f 2, and f 3 forming the arrays p' ( £) , F 2 (n, 0 . and 
B i (X E» Q 

F?, (C.n, £) , using a - 0°, 20°, 40°, 60°, 80°, and E - 50, 100, 200, 500, and E, & 
1,000 av. Thus, the largest array needed, T , has sire 5 • 3124. 

For example. Table II gives F 1, F 2, and F 3, for E » 200 eV, a » 0°. The 

reflection coefficient Is 0.4320. If a reflection occurs, three choices of a 

uniform random variable on the unit Interval are made, say £ • 0.3, n - 0.5, 

and C - 0.9. Then v - F1<2) - 100 eV, COB 9 - F2C3,2> - 0.6497, and cos « * 

F^(5,3,2) a -0.5448 (*t is more convenient to store cos 0 and cos $ than 8 and 

J). For more general !;, n, and Z, we derive v, cos 6, and COB $ through 

linear interpolation of F , F , and F . 

Wall sputtering rates for various materials were fit from the data o c 

Roth et al. [8] . The angular dependence of the rate was assumed to be 

proportional to [cos (polar angle)]'" 5'. 

Ill, THE KONTE-CARLO ALGORITHM 

In cur time Independent calculation a profile consist3 of a set of test 

flux flights (Fig. 6). This section describes how these flights are 

initiated, flown, and integrated to yield the physical parameters of interest. 

A. Flivit Initialization 

Twc neutral sources are modeled, a volume source due *o recombination and 
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a wall source. For greater computational clarity Independent proflite *re 

made for each source. 

In the recombination profile each teat particle represents u 

Y(recomb)/N real particles per second, where v(recoab) - total recombination 

rate of the plasma [91 and N ia a suitable number of test flights (typice'.ly 

500 < N < 2,000). The initial position la selected from the 2-D distributions 

of recombination rates over the plasma region, and the initial velocity 

sampled from a 3-u Haxwelllan at the local ion tsaperature is shlfteti by the 

local flow velocity. 

The wall source of neutrals rones From Ions either flowing ln*-o the 

neutral lrer plate or diffusing to a j Id* Mall. Given a 1*0 ion flux 

distribution hitting the wall from a separata campul-atloi:, Initial positions 

at the wall are selected with each test particle now represent i.ig nu » 

Ylwtllt/N real particles per necond, where yfwall) io th* total flux on the 

walls, and N Again is the total number or teat flights. Initial energy in 

determined by assuming that the Initial Ion energy '.s Increased at the wall by 

a selected shaach potential and then attenuated by striking norma!, to the w*ll 

and reflecting or sticking, 

B. Fliaht Tr*rk<n<j 

Given the initial position P Q, velocity v and atomic species, wj are 

ready to begin the teat flight. We have a choice between twe tracking 

algorithms, the path length estimate- method and the pseudo-collision 

algorithm. The path .' -wigth astimatcr method ia based on path length 

estimators bimilar to that in [11J and is described in Fig. 7. The pseudo-

collision algorithm Is based on the idea of psejdo-colliaiona suggested to us 

l>y S. V. Putvinsky 110J. Our version ia flow charted In Fig. 8. 
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At the beginning of each profile, two 2-dimenaional arrays Rj(i,j) and 

Rj(i,J) containing plaana cone Indices in a fin*7 uniform rectangular grid are 

constructed (Fig. 9). Given a position P in the device, its coordinates 

<lpjp> In the reference mashes are easily computed, and its plasma *one 

coordinates I " R,(ip,j_>, J " l^'^p'^p' l o o k B < i ,JPr determining the plasma 

conditions at P. 

The pseudo-colllslonel algorithm uses this Information as follows. 

Choosing the number of mean free paths |i • -log?, $ a uniform randan variable, 

0 < £ < 1, the teat flux is moved a distance u*X(mln), where Mmin) the 

shortest mean free path length In the entire ciiven plasma for a test flux with 

the velocity v. Assuming a wall has not been hit, the local mean free path 

length at the new position, Mlocal). It computed using th« reference arrays. 

The ratio p - \(minl/M local) represents the probability that a rea. collinlon 

occurs at the new point. If a test does not result in A collision, we nay a 

pseudo-collision has occurred, «nd we repeat the f -iceas cnooslng a new u, 

moving a distance u'Mmln) and so on until the teat flux hits a we!., leaves 

the device, or finally does undergo a plasma collision. 

Theae two algorithms have somewhat complementary diBinlvnTU-njen in 

tracking- A disadvantage of the path length estimator method ia the timr 

consuming geometric calculations required in coaputlng the points P, and 

distances d t (Fig. 7). An advantage of the pseudo-collisli.ial algorithm over 

the path length estimator alc;rithm la that the reference arrays contain the 

only detailed geometric calculation necessary, and the algorithm described 

above to compute then, is ouite efficient, computing 300 x 300 reference arrays 

in leas than 1 cpu second on the CRAY-1 and packing the arrays so as to reduce 

storage, fti :ac-j.-t si jseastric calculation is independent of the number of 

test fluxes flown. 
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A disadvantage of the pseudo-col l i s ion algorithm la that Main) must be 

computed. A table of K(mln) auat be aada at die s tar t of a aet of p r o f i l e s aa 

a function of neutral v e l o c i t y , epaciee , p leas* dens i ty , and temperature. 

Howpvir, the algorithm require a only that tha etap aire be no lonqer than 

Mmin), so smaller lengtha derived frcs\ worst case study of n< ov> rates remove 

the nc*ri f-r the large \Cmin) t a b l e . Underastlaiatlng Msiln) though means more 

teat steps to a c o l l i s i o n , reducing e f f i c i e n c y , so care oust be used in 

rhoonlng \(mln) . 

C. Tost Flux Weighting 

Both the path length eat lnator •ethod and tha pseudo-col 1 la ion. algorithm 

use the method of suppressed abaorptlon. At each c o l l i s i o n , the charge 

sxchanfirg probabi l i ty , 

P • \ ( c - x ) / \ ( local ) , ex 

is computed, where X(C-K) la tha local mean free path length due to charge 

exchange only. The test flux Is then "split" between lonliatlon and charge 

exchanqe hy reducing Its weight u to ? c_ x(* Thus, a test flux weight of uij -

(1 - P^x) w is ionised. 

If, however, u falls below a given adnlaun, this "splitting" is stopped, 

and a choice la uada aaong a pure charge exchange, continuing the flight with 

u unchanged, or pure ionization, setting w » 0, and ending the flight. 

After modifying u in the suppressed absorption algorithm, u ia scaled by 

a factor K » a\v[/<ar> to account for the charge-exchange crors sections being 

runconntant over the MaxwellIan distribution of Ions. Thus «n«rgy is 

conserved. we do not at preaent include any angular dependence in our charge 

exchange model. 

file:///Cmin
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D. Integration Methods 

Integrating flight a In the path length estimator mtthod is done as In 

[11), where the neutral density n,, and taaperetur* T 0 are computed fran t*e 

total tine spent by teat fluxes in the tones, lonitation and charge exchange 

rates are then computed froa n Q and T 0< 

our pseudo-collision algorithm computes ionization and charge exchange 

rates directly. For exaaple, the sun over all collisions In a zone, 

S(ion) » I HI. , give, the totil t<st flux weight ionized in thdt zone, ion 

Multiplying by the total msaber of teat fluxes N gives the ionization rate In 

ionizations/sec. Similar sums are made representing charge exchange rates, 

ionization, and charge exchange energies, exiting currents, power deposition 

and erosion rates at the walls. The neutral *~ .lty, nQ, is derived from 

N«S 'Vol • n -A <<W> , . , Ion e o e-ionize 

where Vol « zone volume and n - local electron density. Tr.e average energy 

E of a neutral being ionized 1* 

E - W<ion)/stion) , 

where 

W(ion) • £ » ! , 

the sum again being over all collisions, with E - energy of the colliding 

neutral. 
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one weakness of this scoring method Is that scoring events occur only »t 

coll' lions. To score at each pseudo-collision, we need only to modify the 

scoring method above by taking for 3(ion), for example, the sum 

S ' U o M * E p«u. , ion 

over all pseudo-collisions, whe'- 4^ is as above, and p » Mmlnl/M local) • 

real collision probability. On the Average, S'llon) - Sllon), bv, the 

variance In B" is less than that of S, for now a collision requiring n psoudo-

collislc-ns deposits n scores instead of 1. 

Another weakness 13 that in regions containing no pl«r>».a, our sumB are 

zero since X{local) is infinite. To confute the neutral density here, we 

assume a "pseudo-plasma" present, consisting of pseudo-ions <|> whose reaction 

with an a to?., reaction (10) Table I, leaves the atom unchanged in every 

aspect. We assume the local reaction rate of (10) to be a constant fraction 

of the total (rail) local plasma reaction rates. Neutral density temperatures 

and pressures can then be cumputei as above, with the electron quantities 

replaced by the appropriate pseudo-ion quantities. Even in plasria regions 

this method of computing neutral temperatures gives the true neutral 

temperature, since <ov> for reaction (10) is a constant fraction of the total 

local <ov>. I 

%. Variance seduction Techniques 

Most collisions occur near the plate, resulting in a wealth of scorings 

there, compared to very few in regions far away. To improve the variance in 

these distant regions, we use a standard splitting/Russian roulette algorithm 

[121. Using larger zones in regions far fraa the plate also increases the 

number of scorings per rone away frou the plate, while keeping most resolution 
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near the plate where it 1* needed due to the larger gradients in the 

ionizatiop/eharge exchange rates there. Suppression of absorption, described 

above, increases the number of scorings in the more distant tones by keeping 

test fluxes alive which otherwise would be killed off by Ionization. Finally, 

our technique of scoring at each pseudo-collision is an improvement over 

recording the scores only at collisions. 

F. Optimization and Performance 

Improvements in efficiency ft the programming level by factors of 2-3 on 

a vectorizing machine, such &a the CMl-1, can come from modularizing the 

particle tracking algorithm shown in Pig. 8 and performing each segment in 

loops over 64 or 12B teot fluxes. The arrays containing test flux data are 

merged at each step, discarding the test fluxas as they finish their 

flights. we have found that the added overhead cost of merging is small 

compared to savings gained from vector1 nation. The mergers are not easily 

vectorized, bit they consist mostly of assignment statements, while the 

ex̂ jenpive calculations in particle tracking are now done in vectorized loops. 

Par'ormance on the CRAY-1 requires B-iO CPU sec/i,000 test fluxes for a 

typical INTOR calculation, with 500-2,000 text fluxes used for a typical 

profile. The program consists of ~ 4,000 of FORTRAN IV executable statements 

and uses - 40,000 decimal words of array storage. 

IV. EXAMPLE CALCULATIONS 

A. The Vacuum Case 

We modeled the case of molecular flow through a tube of rectangular cross 

section with width b >> than height a and length 1. Clausing [13] has deduced 

values f?r <a » B#/QI,F whers Q^a " incoming current and Q. » current exiting 

the far outlet. Table III Hats his values of x along with Qf/Qin computed by 
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us for 1/a varying from 0.2 to 100, using 10 taat particle* and assuming a 

cosine distribution in the polar angle to tha wall of velocities of reflecting 

particles. 

H. The FOX Scoop Experiment 

A "pump-limiter divartor" experiment has been carried out on the PDX 

experimental device at the Princetor Plasau* Physics Laboratory [»4|. Figure 2 

shows the scoop design, where plasma enters a 2 » 5 x 22 cm chamber mounted 

near the discharge edge with axis parallel to the field lines, am) the density 

of the neutralized gaa is measured at the end of the plenum. 

For lenslties of 1-5 x 1 0 1 2 partlclaa/ca the mean free p;«th lengths are 

longer than the tube, and the neutrals are not expected to have a strong 

nffect on the plasma. At densities above 10 * parcicis/cn , the neutrals 

interact with the plasma and would be expected to affect the plasma, as the 

plasma significantly tetards the flow of neutrals back to the main pxaama. 

The neutral pressure in the pumping chamber is plotted in Fig. 10. The 

pressure varies as n T , while the particle flux at the plate acalea as 

n/T. The slower dependence of the pressure on T (-T '*) is due, possibly, to 

the larger role of electron ionization (-spared to charge exchange ,'Flg. 3b) 

as T e increases 10 to SO eV. More of the neutrals are Ionized at th* higher 

temperatures and thus are not reflected down into the plenum chamber. The 

experimer. ;al neutral pressure rises more ae n than n, indicating that the 

ef.fect of the neutrals on the plasma must be important. 

1. The Proposed INTOP Design 

plasma source rates, the effects of the plasma on helium and hydrogen 

pumping, the heat loads en the divertor walls and ne -.iralizer plates, and the 

erosion rates for the neutralizes plate and divertor walla were computed for a 

variety of INTOR node! poloidal divertors and diverted plasmas (Fig. 1). 
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The first geometry of the dlvertor chamber coraidered has similar to that 

shown in Fig, tb but with a ractangulcr instead of hyperbolic throat. Cases 

were studied with the density having a Gaussian profile of 8.8 x 10 1 2 cm"3 at 

the center falling to 1.1 x 10 1 2 en" J at the channel walls, and central 

toaperature of 2S0 ev, varying with ths same Gaussian profile as the 

density. The pumping speed of the pump is approximated by that of a thin slot 

[13] 

3.63B K-ab«(2j) 1 / 2 Jt/BS'J , (3.1) 

where K is ths Clausing factor in Table III, T la in degrees Kelvin, M - 5 the 

atomic weight of DT, the pump length £ « 40 cm, and the f'.dth b - 25. 

Assuming 12 such pumps in the device, a pump width of a • 8 cm provides 24,^00 

l/sec of pumping for the whole torua. 

The relative pumping speeds v.ith the plasma of three such cases varying 

the throat dimensions are listed in Table IV. The rttio R « Qt)ump'''Qplasma' 

the neutral current of neutral particles returning to the main plasma divided 

by the neutral current leaving the bottom of the pump, ts given for 0, T, and 

He. \&c Is the ratio of tie geometric (Formula 3.1) pumping speeds of the 

pump and the return cnannel to the main plasma. 

The ratios of the Monte-Carlo calculations of the various R's to the 

geometric R y a c reflect the effect of the plasma reducing the neutral backflow 

from the neutraliaer pxite 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 SO x 40 helium case. 

He note that three three cases scale .'n a reasonable way. As we make the 

channel shorter, or wider, relatively met-e .'•articles return to the main 

plasma. Applying the formula (3.1) to the 80 * 30 and SO x 30 cases, the 
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ratio R should raduca by a factor of 0.81 «a tha channal langth la 

decreased. Tha actual traduction la about 0.19 Cor hydrogen and 0.44 for 

helium, indicating tlut the plasm appraclably ratarda tha nautral backflow to 

the main plasaa. Sinca lengthening tha channal inertaaaa tha ionization and 

charge exchange "optical depth" of tha divertor channal, it la not surprising 

that the geometric acallng underestimates tha affect, 

Hcvever, since widening the channal for a glvan langth does not increaae 

the optical dupth of the channal, one would expect in this case that tha 

geometric scaling In formal* 3.1 will be closer to the diver tor result. It 

predicts a reduction in the t.Mo by a factor of 0.69 from the 50 * 30 case 

compared to the SO x no c a n . This la fairly cloaa to tha Monte-Carlo rasulta 

(0.49 for D, 0.56 for T, and 0.S2 for Ha), indicating that one can use the 

geometric scaling for estimating the effecta of varying the channel width. 

One interesting feature of these three casea was that in each case 

relatively more hydrogen than heliua was pimped, vlth ^H/SHS ranging from 2.36 

to 3.12. ?his apparent contradiction with tha results of Sakl et al. (4] led 

us to compute a fourth case to reproduce their results which were for & 

rectangular channel 100 cm long and 30 cm wide with a 20 cm wide plasma '47.St 

D +m 47.5% T + , and 5% He**) with a uniform density and temperature of 250 eV. 

Their pump model, reflecting a fixed fraction entering the pump coen<"5 

Instead of tracking test fluxes In the puap, and their neutral reflection data 

were used also by us. However, our more detailed treatment of molecules was 

retained. 

The backflow B - [r p u a l,/(r p l a i q l | a + r p u n p ) ] in their calculation varied 

from 0.7 to 0.46 for OT, and from 0.7 to 0.23 for Be as the density varied 

from 8 * i o 1 2 cm" 3 to 1 0 1 2 cm - 3. Thus their helium enrichment varies from 1 

to 2. in particular, their result for a density of 3 x 1 0 1 2 c"~ 3 has an 
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•nrichunt of nHm/ng • 1.13. Our case at that density, yields backflovs of 

0.66 for D, 0.69 for T, and 0.55 for He. This gives us « helium de-«nrJchment 
o t "na^H " 0 - 8 1 , However, considering the uncertainties in the wall 

reflection modela, the different atomic physics, and differences in the coda, 

this discrepancy probably iu not significant. 

Another aet of INTOR calculations was carried out for a more realistic 

hyperbolic geometry (Fig. 1b). Typically, the hydrogen ionization sources are 

peaked at the neutralIzer plate (Pig. 11a) Lulling gradually toward the 

divertor throat, and the molecules are ionized at the edge of the plasma (Fig-

lib). Neutral impurities, such as iron, are produced by sputtering at the 

neutralizer plate and walla. Since the neutral impurity atoms are low energy 

(- 3 eV) and heavy (A » 57), their mean free path is short, r J they are 

ionised close to the wall (Fig. 11c). 

The energy deposited on the walla and neutrslizer plates was computed for 

a variety of sample plasmas with temperatures varying from 14 eV to 439 eV, 

and with the density scaler' appropriately from 1.85 x 1o 1 3 cm"3 to 10 1 1 cm - 3 

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

vary greatly (Fig. 12a). They peak at the sepaxatrix at ~ 400 watts cm - 2 and 

fall off rapidly. The erosion rates of the divertor plates and walls were 

calculated also for a 500 eV, 10 1 2 cm"3 diverted plasma. The erosion rate of 

tl» ion plate peaks at 26 cm/year at the separatrix for a 100* 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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TABU I 

ft} a0 • B* * H* • M° 

(2) + H° + H* • 2e 

<J) + "5 -» aH° + « 

(4) + -I + H° + H* + 2e 

(5> +• < * »; + 2e 

(Sa) + - ; + 2H° 
(5b) • »; + H° + H* + * 

(6) Ke° + He* + H." • He c 

(7) He° + H.** * He** + H*° 

(8) H«° + K* •» « • • * *° 
(9) e + He° + He* * 2e 

MOl * + atom + * + atom 

Neutral-Plasma Reactions Included In our Hodel. H i s hydrogen, deuter ium, or 

t r i t i u m . We aasurte t h * t If H 2 ° i» Ionized In react ion (5>, then the H2* 

produrcG i s d i s s o c i a t e d Instantaneously by react ions (Sa) or ( 5b ) . Equation 

10 i s the pseudo- reac t ion of neutrals with pseudo-lone <(, uaad to compute the 

n e u t r a l dens i t y and temperature. 
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TABLE II 

B - F1<$)(eV) 

57.3 100. 127.5 150.8 

coa 9 - F*< n, 5) 

F3(2,n,5) 

F3<3,T,,£) 

F3u,n,y 

168.5 

0.5104 0.6931 0.8096 0.8926 0.9672 
0.4843 0.6617 0.8009 0.8869 0.9654 
0.4753 0.6497 0.7727 0.8681 0.9609 
0.4646 0.6475 0.7642 0.8642 0.9522 
0.3343 0.5088 0.6313 0.7533 0.8867 

c o s + - F 3 (C, 
F 3 d r n - 5 ) 

ruV 

-0.9460 -0 .5096 -0.0494 0.5299 0.9293 
-0.9224 -0.S758 0.0270 0.5498 0.9519 
-0.9481 -0.6291 0.0147 0.5343 0.9507 
-0.9501 -0.5564 0.0380 0.5548 0.9442 
-0.9594 -0.5536 0.1303 0.6682 0.9567 

0.9510 -0.6303 -0 .1349 0.5591 0.9501 
•0.9448 -0 .6107 -0 .0077 0.4643 0.9378 
• 0 , y j 6 2 -0 .4654 0.0031 0.5703 0.9513 
0.9322 -0 .5519 -0 .0030 0.5741 0.9734 
•0.9388 -0 .5297 0.1150 0.5879 0.9400 

•0.9308 -0.5249 0.1161 0.6025 0.9511 
0.9346 -0.6454 -0.0176 0.4700 0.9325 
•0.9448 -0.5862 -0 .0408 0.6021 0.9694 
0.9341 -0.5364 -0.0625 0.5133 0.9494 
•0.9474 -0.5254 -0.0254 0,5714 0.9646 

•0.9095 -0.54S2 0.0054 0,5^60 0.9142 
•0.9395 -0.6243 -0.0676 0.«"jtl6 0.9630 
•0.9670 -0.S826 -0.0809 0.5839 0.9256 
0.9401 -0.5702 0.0194 0.5559 0.9450 
•0.9376 -0.4852 0.0458 0.6537 0.9589 

F*<5,1>0 

•0.9343 -0.6085 -0.0343 0.S889 0.9491 
•0.9199 -0 .5429 0.0075 G.6042 0.9324 
•0.9343 -0 .5448 0.0822 0.6140 0.9716 
•0.9217 -0 .4109 0.1232 0.6503 0.9696 
-0.9243 -0 .4775 0.0642 0,6172 0.9532 

Results from MAKLOWE code for incident energy E =» 200 eV, polar angle of a 
0°. The fraction of incident particles reflected is 0.4320. 
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TABIX 1SX 

*C1 *MC "fc 

0 . 1 0.9525 0.9527 o.":oa 
0 . 2 0.9096 0.9090 1.0003 

0 . 4 0.8362 0.8360 0.0004 

0 . 8 0.7266 0.7263 0.0004 

1.0 0 6848 0.6847 0.0005 

1.5 0.6024 0.6023 0.0005 

2 ,0 0.5417 0.5423 0.0005 

3 . 0 0.4570 0.4575 0.0005 

4 . 0 0.391!* 0.3904 0.0005 

5 . 0 0.3582 0.3565 0.0005 

10.0 0.245? 0.2411 0.0004 

SCO 0.07B2 0.0799 0,0003 

100.0 0.0461 0.0473 0.0002 

Ratios Cf/Q l n of the molecular current Q ( leaving the far end of A tube of 

rectangular cross section a by b and lenTth Jl, b >> a, b >> i., to the current 

entering, Q i n, as computed by our algorithm (K^) and by Clausing <K C 1) t1j]( 

for V» » 0.1 to 100. The standard deviation a^ in the calculation of K M C is 
l KMC (' " K M C ) / ' M ' t / 2 ' " h e r e H " 1" 6 test currents. 
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TMLE IV 

I a 
(cm) 

V°t E "vac c • (2 p V / Rv„ 
(cm) 

a 
(cm) D " T He 

E "vac 
or : "«• 

1 

80 30 2.6? 3,63 0.56 3.12 0.16 2 0 , • 1 \.' 

50 30 0.S3 0.70 0.2S 2.44 0.11 5... 

50 40 0.26 0.39 0.13 2.36 0.075 4 . < ,.-
100 30 1.94 2.20 1.229 1.68 

R e l a t i v e pumping r a t e s for D, T r and He in r e c t a n g u l a r d i v e r t o r s , " • v c r m r 

t h r o a t s a re I by n cms, and pumps are 8 cm by 40 cm. Qp and V, >'<• t tie 

c u r r e n t s l eav ing the pump and t h r o a t r e s p e c t i v e l y . E Is the r a t i o . '„• f-n 

DT over Q_/Q f for He. 
P *-

is the ratio of pump to throat o- -. lurtanr-'i 

computed for a vacuum using equation (3.1), and C is 0 n/Q c over R,.,. • 
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PIGURE CAPTIONS 

":q, la. polMdal cross sect ion of proposed DTTOR Riloidal Dlvertor 

conf igurat ion . 

f l q . lb. Schematic of the IHTOR dlvertor operation. 

F n . 2. Cross s ec t ions of various geometries modeled. 

Fl q. 3fl . II* W> For 

o 
1 - H • * 

H 
» H • o 

H i n - n - 1 m ,o 1 3 

2 - e" • H° + H • 2e" , n -
H 

n 
e 

• L I « » o 1 5 

3 - e" • 
o 

He • He * 2e~ , n - n 
e 

- 1 . 1 - , o n 

o 
i - H* • 

•> - He° • 

He 
* 

H 

* 

• 

He 

* 
He 

• 

• 

o 
He 

H° 

t n 

. n 

* n 
He 

n 
• 

H 

-

" . O S 

1 n 

1J 
10 

wheri» H • D / T , 

a n * T , - T e 

E 
o 

H 
- 1 « ' V E o 

He 
6 » V 

Fio. lb. Hydrogei and helium charge exchanging p r o b a b i l i t i e s , T. » T 

r i 4 . 1c. n <ov> for 

e" • H° 2 * H2* • 2e" 

2 - e • H j • 2 H " • P 

J - e" • H ° 2 • H ° » H* • 2 e " 

4 - e" • H 2 • 2H U 

5 - e" • H% • «" » « ' i «" 

Fig. 4. H° and H* y i e l d fract ions fro" H° 2 d i s s o c i a t i o n . 

Fig. 5. Coordinate system for MARLOWE wall r e f l e c t i o n data. 

Fig. 6. Sample Test Flux F l ight . K t r i t o n Ion s t r i k e s the 

neutra l i t er p l a t e , r e f l e c t s as a T° atom, s t r i k e s a wa l l , 

deaorbs as a TT° molecule, d i s s o c i a t e s , undergoes a further 

sequence of plasma/wall c o l l i s i o n s u n t i l I t s weig 1" i s l e s s 
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than a set •inlBun (here 10" 6), where a pure Ionization 

occurs ending the flight. 

Fig. 7. Tracking a test flux flight using the path length estimator 

methods Start at position P Q with velocity v and set ;i * 

-Log( £), % a uniform random number , 0 < £ < i. Compute P, 

and uj » dj/M local) until 7 ; 1 ; 1 ^, say at P rhen 'he 

collision point Is at P where 

n-1 
d = X( local) (,i - T. », 

1-1 ' 

F i q . 8 . Flow ,,-hart of the psou'lo-eol 1 ision algorithm. 

Fie. 9. '"onat rucrlon of the pseudo-collision algorithm referen-e 

arrays. 

Fin. 10. Ca1. -ulation of neutral pressure in plenum of Pt>X sr > p 

experiment {14]. 

Fig. l id . Ionization rate profl-e for »* production lr sample "'O • 

112,^ cm INTOR divert^r . 

Fia. l ib. Ionization rate profile for n * product inn !••. sample T'l « 

112.5 cm INTOR ^ivertor. 

Fig, l ie . Ionization ratf profile for Fe* production In Bamp'• ?'• rm 

70 cm INTOR divertor . 

Fig. 12a. Power loads at the neutralizing pi .te for the TNTOH divert.>r. 

Figs. I^b-c Erosion rates of iron neutralizing plate and divertor walls 

for a 500 eV, 102 e n - 3 diverted plasma (100* duty cycle) . 
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Fig. la 
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