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ABSTRACT

Two dimensional! calculations ot impurity transport in a high recycling divertor
scrape-ott region have heen made with an updated version of the 7ZTRANS Monte Carlo
computer cade. The calculations use plasma parameters for the Ooublet 3 divertor, as
computed hy the Planet Fluid Transport Code. The effects of electric field, particle
drift velocities, and thermal forces are included inm the calculations. For all
impurity species studied, it is found that dimpurity transport is dominated hy
trictional forces, over most of the scrape-off region. Light impurities, however,
impinge substantially closer to the divertor plate center than do heavy impurities,
which tend to impinge at the outer plate boundary.

INTROOUCTION

Compared to hydrogen, impurity transport calculations may involve numerous charge
states and more complicated wall interactions and thermal forces. Monte Carlo
calculations for trace impurity transport in a fixed background hydrogen plasma can be
an etficient means of computing impurity transport. A previous study(l) for the INTOR
divertor showed the apparent utility of this approach. Recent analysis of a high-
recycling divertor regime has been performed, when drift motion 1is taken into
account, This has been done for the Doublet 3 tokamak using the latest version of the
Planet 2-D Plasma Fluid Code.(z) In general, the drift motion results in much higher
flow velocities than previous computations showed.(3) An updated version of the

ZTRANS impurity transport code has now been used to study the impurity transport
properties of such a regime.

The initial ZTRANS model is described in Ref. (1). Code modifications for this
study have included the effect of £ x B drifts, a revision of the effective collision
frequency, and the inclusion of an ion thermal force term that removes the need for a

disparate mass approximation. The - =1idity of the ZTRANS model has also been verified
by a comparison with a detailed kinetic equation solution code.(4)

The analysis has examined the transport of a variety of 1light and heavy
impurities, all assumad to be present in and diffusing cut of thes plasma. The present
results should be regarded as somewhat preliminary since more work is needed on better
matching the Planet data and grid structure to the ZTRANS computational algorithms.

General trends, however, related to impurity mass differences and to the near-sonic
plasma flow speeds are evident,



ATRANS MODEL

The ZTHANS code computes the transport ot individual impurity atoms and 1vns n 4

tixed hackyround hydrogen plasma, The code essentially solves an approximation ot the

mmpuraty kinetic eyguation, valid ror time scales ol t»t1., where t. 15 the Tmpurity-
plasma collision time. The specified plasma parameters are the densities Ne, M,
temperatures T, T plasma parallel tlow velocity Vi, and the potential ¢, An

orthoyonal coordinate system, { Xu , XR' XP), is used where Xn is the coordinate
alony the (net) magnetic field line, and Xp and Xp are perpendicular to the fiel:.
Since in a tckamak the toroidal field is typically much greater than the poloidal
field, xn is approximately coroidal, and Xp and Xp can be defined as approximately
'n the radial and polnidal directions respectively. These terms will be used in this
approximate sense (though the code works with the exact geometry). The analysis is
two-dimensional since the divertor geometry is toroidaly symmetric. The electric

field is given by E = -%¢ , and may have strong radial and poloidal components.

An impurity ion in a charge state Z is assumed to have thermalizing collisions
with the background plasma on a time scale v,. At each collision, the ion acquires a
parallel velocity V, = Vo where Vg, is chosen from a normal distribution with mean
VO =V, {due to frictional forces) and standard deviation Vth = (Ti/Mz)l/2 (due to
temperature-equilibration), where My jis the impurity mass. Between collisions, the

ion motion along the field iine is subject to acceleration due to the parallel
electric field and plasma thermal forces:

dVﬂ aT BTi

e
My gro < Z]e|Eu + uIGIEYi + Slela , (1)

where |e} is the electron charge and a, B are the respective coefficients for the
electron and ion thermal forces. The former coefficient is taken from the
Braginski(s) result for ian-electron collisions; a = 0.71 22, Following the
Braginski, Fokker-Plank methods, Terry(e) has recently derived the ion thermal force
term for an arbitrary mass and arbitrary energy impurity ion. By integrating Terry's
expression over a maxwellian distribution of impurity ijon energies, to represent the

average force over a period t = 15, we have obtained the following value for 8:

2

(v + T)]'S (1 + Y)Z'5 (1 + Y)3'5

where y = Mj/Mz7.

The variation in the ion thermal force, with impurity mass is shown in Table 1
for M; = 2.5 AMU (07). Included is the force for a deuterium-tritium "test particle”.

As shown, for a negative temperature gradient, helium would tend to be attracted
to the divertor plate by the ion thermal force. The force is repulsive for heavier

impurities. Both 1ion and electron thermal forces are strongly dependent on charge
state.



Table 1. lon-impurity thermal force coefficient,

Species Y B/Z2
DT ] -2.38
He .63 -1.10
Be .28 .281
Fe .045 1.34
W .04 1.49
-- 0 1.56
Tne collision time used in the code is 15 = 21., 71, = 1 , where
c v
v = 4 (Z’u)l/2 Ni o8 log A My 172 Z2
3 (an e )2 732 Mg (Mp + My

is the Braginski collision frequency.

Between thermalizing collisions, the ions move in the radial direction due to
diffusion and drift and in the poloidal direction due to drift, as expressed by:

AXp = VR At + AXy (3)
BXp = Vpat (4)

where Vp = Ep/B 1is the radial drift velocity, Vp = Eg/B is the poloidal drift
velocity, At is the time step, and aXy is the diffusion term. The latter is chosen
from a normal dictribution with zero mean and a standard deviation of vDat. The
Bohm diffusion coefficient, D = To/168, was used in the simulation.

The charge state of an impurity is determined from the local rate coefficients
for electron impact ionization and recombination by a Monte Carlo method described in
Ref. (1). Rate coefficients from the atomic physics code of Hu]se(7) and other
sources(s) are used. Particle-boundary interactions are computed as described
generally in Ref. (1). For the present calculations, helium is backscattered from the
first wall and divertor plate while other impurities are assumed to stick. Tlons near
the divertor plate are assumed to be accelerated through a sheath potential of 3Te.

DOUBLET 3 SCRAPE-OFF PLASMA

The grid system wused for the Planet calculations of the D-3 divertor
configuration is shown in Fig, 1. The magnetic field strength is B = 1,5T. The

inclusion of drift velocities is found to result in near sound speed flows over much



ot the scrape-oft, Parallel flow velocities, however, are still negative {pointing
dwdy trom the divertor plate) over much of the region including the separatrix field
line dhove the x-point. Hydrogen fluid mation, which depends on the parallel flow,
gl dramagnetic and £ x B drift motion, is generally such that hydrogen tlows

towdrts the divertor plate. lmpurity flow, as will be shown, is in yeneral highly

mass Jdependent,

For stmplicity, we analyzed impurity transport for the outer (large major radius)
halt of the scrape-otf region only, from the top of Fig. 1 to the outer divertor plate
{(1.e., tor x 2 500 cm). Results ror the inner region should be similar. The tirst
wall 1s taken as tne outer flux line in Fiy, 1. For the ZTRANS calcuiations, impurity
tons were launched uniformly on the separatrix field line from near the top te & point
just above the x-point. A total of about 11,000 particles per simulation were used.
The initial ion charge state used was the local coronal equilibrium value. For
helium, a particle history terminates if it re-enters the plasma (either as a neutral

or ion). Other species terminate upon re-entering the plasma or impinging on the wall
nr divertor pilate.

RESULTS

The ZTRANS simulations are summarized in Table 2. The impurity ion density in
the scrape-off zone is shown in Fig. 2 for helium and Fig. 3 for iron. The density
profiles for oxygen and tungsten are similar to the results for iron, In these
figures Dpgpp 15 the coordinate perpendicular to the separatrix field line.

The helium and iron density profiles are fairly similar above the x-point region,
but substantially different below the x-point. Ircn tends to flow along the outer
scrape-off field 1lines where the plasma fluid velocity, V;, always points towards the
divertor plate. The iron density is low near the divertor plate center. Helium, in
contrast, exhibit~ substantially higher density near the plate center (DpERp =0, y <
10 cm). Figure 4 compares the particle flux to the divertor plate for He, Fe, and

W. Results for DT test particles (not shown) are similar to helium but are more
centrally peaked.

Some of the differences Oetween He and heavier ion transport are due to the
effects of neutral He transport which tends to spread out the helium jon flux, due to
multiple ionizations and divertor plate impingements. Other differences are due to

the smaller mass, which affects the collision frequency and the impurity thermal
velocity.

The thermal and parallel electric field forces constitute only a second order
effect (i 10%) over most of the scrape-off region. A measure of the relative
effects of collisional friction and thermal and E|1 forces, is the quantity

V. dv

K = |]1 | where the acceleration 3 = dg is given in Egquation (1). 1t was found
7%

that K =10 - 100 over the scrape-off zone, except near the divertor plate, for the

impurities studied.
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A shown in Table 2, only a small fraction of the helium diffusing from the
plasma impinges on the divertor plate. This is similar to results for INTOR.(I) The
implications of this phenomenon on helium pumping for future power reactors is a key

tssue and needs further assessment.

Table 2. ZTRANS Results Summary

) Fraction Predominant Charge State
Hitting Fraction
Species Divertor Hitting
Launched Plate Wall Above x-Point Below x-Point
p-1d .023 :002 1 1
He 018°  o0® 2 2
.058¢ .01¢
n .014 .001 8 7
Fe .013 .002 11 8
W .014 .002 12 8

3Treated as test particles,
Before recycling.
Including recycling.

DI1SCUSSION

Monte Carlo impurity transport calculations were made for a high recycling
divertor regime, characterized by generally high plasma fluid speeds. Light
impurities, being more mobile, tend to flow along the separatrix and impinge near the
divertor center while heavy impurities tend to flow only near the outer boundary where
the plasma parallel flow is always towards the divertor plate. Only 1-2% of all
impurities diffusing from the plasma reach the divertor plate. The thermal and
parallel electric field forces were found to be important only close to the divertor
plate, for this regime. As in past calculations, it was found that charge states,
near the divertor plate, for mediﬁm and high Z impurites, are higher than the local
coronal equilibrium value. This is due to the long recombination time compared to the
particle transit time from the higher temperature edge plasma region to the plate.
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