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Abstract

A realistic characterization of the interaction of ions and neutral particles
with device walls is important for any edge plasma calculation. Present reflec-
tion models vary in detail and computational efficiency. This paper presents
a data set for the distribution of the reflection coefficient, Ry, over reflected
energy, polar, and azimuthal angles, as functions of incident polar angle and
energy. These results have been computed using a vectorized version of the
TRIM Monte Carlo code. The data are stored using an algorithm for redu-
cing the data into three one-dimensional distributions, resulting in a realistic
reflection model which can be used very efficiently in plasma edge calculations.
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1. Introduction

One main process in the recycling of hydrogen in controlled fusion devices is the kine-
tic reflection of hydrogen from the walls. Neutral transport codes describing the boundary
plasma require a wall reflection model. Particles which do not reflect are sources for wall
diffusion and desorption models.

Three approaches to wall reflection modeling in transport codes are possible:

1. Using simple energy and angle-dependent algebraic fits to experimental and
computed data such as those found in Refs. 1-3. This approach is compu-
tationally fast but simplistic. A more detailed description of reflection which
includes energy and angular distributions of reflected particles is of interest
as input into transport codes, in particular in Monte Carlo algorithms, where
complicated distributions can be easily incorporated. These reflection distribu-
tions have been measured at the higher energies [1] and computed with Monte
Carlo programs [4,5]. Analytic treatments of neutral transport, however, do
benefit from realistic approximations expressed in closed, algebraic form.

2. Using reflection simulation codes to create stored data sets of reflection
coefficients and angular distributions. Necessary for including the large multi-
dimensional tables that this approach requires is an efficient scheme for samp-
ling the distributions. One drawback of this method is that statistical inaccu-
racies in the original data will be forever present in the data compilation.

3. Incorporating a reflection code, such as TRIM [5], directly into the transport
code. This avoids the problem in approach 2 of embedded inaccuracies. An
additional advantage is that the projectile species and wall structure can be
easily varied. No new tables would have to be generated for each new projec-
tile/target combination. The combined transport+wall reflection computations
may, however, be costly to run (see Sec. 4). Besides adding the expense to the
transport code of calculating the wall reflection process directly, extra calcula-
tions may be necessary to smooth out the extra statistical variations introduced
into the calculation by the reflection code.

We describe in this paper our development of the second approach. An algorithm
has been developed [6] which takes all reflection data into account, but reduces this data
to a reasonable number of values. The MARLOWE program [4] was used to create a data
set for use in the DEGAS neutral transport code [7]. The purpose of the present work is
to use the TRIM program to extend the energy range of this data down to 1eV, to include
a carbon target together with the iron one, and to reduce the standard deviations of the
results.

We discuss in Section 2 the data production program, a modified version of the TRIM
code. Section 3 describes the data reduction method, and implementation of the algorithm
in transport codes is discussed in Section 4.

2. The Data Production Program

The reflection data are produced with the Monte Carlo program NEWTRD, which
is a vectorized version of the TRIM program [8]. The gain of computing speed was about
a factor of four in comparison to the earlier TRIM version [9]. Another change was that
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the usually fixed distance A = N~1/3, where N is the density of the target, between two
collisions is reduced by 7, the so-called time-integral [10]. At energies below 50eV, the
Oen-Robinson local inelastic energy loss [11] was applied, whereas for incident energies
E, > 50eV the Andersen-Ziegler values [12] for the nonlocal inelastic energy loss were
used. The reason is that the Andersen-Ziegler energy loss gives energy losses greater
than the elastic losses at low energies. A consequence of the Andersen-Ziegler loss is a
multiple peak structure in the energy distributions of reflected particles, caused by the
small number of collisions in the solid. The reflection coefficients differed only slightly
between using the two inelastic energy models above 50eV. The Kr-C potential [13] was
used as the interaction potential to determine the scattering angle and the elastic energy
loss. It has been shown that the Kr-C potential is a good mean interaction potential for
all ion-target combinations [14].

The most important uncertainties in the calculation are due to the applied intera-
tomic potential and inelastic energy loss models, the binary collision approximation at
low energies, and the surface structure. The first three ones are discussed in Ref. 9.
The measured data in the keV range also have an absolute uncertainty of about 20%, so
that the agreement between experimental and calculated data limits the possible absolute
accuracy of the calculated data.

The effect of surface roughness is difficult to characterize. Most surface structures
will decrease the reflection coefficient [1,15,16], so that our calculated data for an atomically
rough surface will be an upper limit. Also the energy and angular distributions may change
with a different surface structure. Because of the practically unlimited possible surface
structures in a plasma machine, and their dependence on time, it is nearly impossible to
simulate the real rough surface in the computations.

One way to simulate roughness is to use the calculated reflection data for smooth
surfaces together with a roughness factor, €, equal to the number of additional reflections
a particle would have to undergo before leaving the wall. This factor would increase
with greater roughness. In a Monte Carlo algorithm, for example, a test flight would be
tested for reflection e times, making the effective reflection coefficient roughly equal to
the measured one to the power €. This model assumes that the particle does not lose so
much energy in the backscattering process that the reflection coefficient would significantly
change over subsequent reflections, which is approximately correct at very low energies.

Saturation effects may also play a role in the amount of hydrogen coming back from
the walls. In metals the implanted hydrogen will change the kinetic reflection only slightly.
This is not the case at low temperatures, or for the gettering metals like Ti [1]. If after
some bombardment the concentration of hydrogen in the metal has reached its maximum
concentration, some fraction, x, of the implanted hydrogen will diffuse back to the surface
and desorb thermally as hydrogen molecules. Therefore it may be necessary to assume in
plasma edge calculations that the fraction of (1 — Rn)x/2, where x < 1, comes back from
the surface as thermal hydrogen molecules after saturation of the target.

3. The Data Reduction Technique

For each projectile/target combination, and for each incident energy, Eo, and angle,
a, experiment or computation gives a three-dimensional differential scattering distribution
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Pg, (v, 8,4)v?dvsin BdBds. (1)

where v, f, and ¢ are the reflected velocity, polar angle, and azimuthal angle, measured
from the plane of the incident trajectory, in that order (Fig. 1) [17].

We now describe an efficient method which can be conveniently used in Monte Carlo
models for storing and sampling from Pg, ov2dvsin Bdfd¢. This method is fast and eco-
nomical in storage, and does not use the rejection method for sampling from these distri-
butions, which can be highly peaked in certain regions.

The algorithm reduces sampling from Eq. 1 to sampling three one-dimensional dis-

tributions consecutively. Assuming that the distribution PEo,av2dv sin dBd¢ has been
suitably normalized, v, is chosen first from

1L, o) = / / Pp, o(v, 8, 6)sin BdBdg.

Given vo, B, is then picked from

fgo,a,vo(ﬂ) Z/PEo,a(vOaﬂa¢)d¢,

and finally, with v, and B, known, ¢, is selected from the distribution

fg,,a Yo,P0 (¢) = PEo,a(vo,,Bo’d’)-

The problem now reduces to sampling a one dimensional d1str1but1on f. Assuming

that [ f o f(¥)dy = 1, this is done by computing the inverse F(w) = G~!(w) of the cumulative
dlstrxbutlon G of f defined by

G(z) = /Oz f(y)dy.

Hence a random number w = G(z) between 0 and 1 corresponds by F to the point z =
F(w).

Suppose that Fy s l8)> FE° (n,€), and F3_ «(¢;m, &) are the inverse cumulative
distributions of f} B i f E.,a» and fE a respectlvely Choose three random numbers wy,
ws, and w3 between 0 and 1. Then the corresponding velocity of the reflected particle
is Fp «(w1), the polar angle of reflection is F2 0‘(wz,wl) and the azimuthal angle of
reflection is FE o(ws,wz,wr).

The inverse distributions F have been tabulated by storing their values for the values
w = 0.1, 0.3, 0.5, 0.7, and 0.9. They may be approximated elsewhere by linear interpo-
lation. The data for F!, F2, and F3 have been calculated for hydrogen and deuterium
bombardment of carbon and iron. Twelve incident energies E, were chosen: 1, 2, 5, 10,

..5000eV. For each energy seven angles of incidence, o, were used: 0°, 30°, 45°, 60°, 70°,
80°, and 85°. Thus for each projectile/target combination 84 data sets were calculated.

An example data set is shown in Fig. 2 for deuterium incident on iron with E, =
200eV and o = 30°. Suppose, for example, that a reflection occurs, and that, for simplicity,
the three choices of random numbers between 0 and 1 are w; = 0.3, wp = 0.5, and
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wz = 0.9. Then using Fig. 2, the reflected energy is F1(2) = 91.665eV, cos § = F2(3,2) =
0.62778, and cos ¢ = F3(5,3,2) = —0.30495. (Note that it is more convenient to store the
directional cosines cos § and cos ¢ instead of § and ¢.)

The depth distribution D(z) of implanted particles is given below the distributions
F1, F? and F3, in Fig. 2. The first value, D(z = 0), is the fraction of incident particles
which has not penetrated the solid. The energy of these particles is too low to overcome
the surface binding energy, leading to an adsorption in the calculations. The next 100
values for D(z) are the depth distribution, where the depth interval is given in A by the
ninth number in the first line of Fig. 2. The values of the depth distribution are per
implanted particle.

In addition to the datasets, plots of the energy and angular distributions of reflected
particles, and of the depth distribution of implanted particles were made. Figs. 3-6 show
a complete set of these plots for the dataset shown in Fig. 2.

The energy distribution of the reflected particles is depicted in Fig. 3, together with
the charges, Z,, Z2, and masses, M1, Mgy, of the incident particles and target atoms, the
incident energy, E,, the angle of incidence, a, and the number of Monte Carlo histories
used in the calculation, NH. Fig. 3 also gives the particle reflection coefficient, Rn, the
energy reflection coefficient, Rg, and the mean energy in eV, Epnean, of reflected particles.

The five polar angle distributions of the reduction algorithm are given in Fig. 4. The
energies Eq,...,E5 are the energies F! given in line 2 of Fig. 2. The 25 azimuthal angle
distributions are plotted in Fig. 5. The energies at the top are again the F! values from
Fig. 2. The f values of each azimuthal plot are the polar angles, the cosines of which are
the values of F? in Fig. 2. The depth distribution D(z) is plotted in Fig. 6. The value
D(0) is not shown. The depth distribution may be used as a source term for studying the
diffusion of implanted particles in the wall.

4. Applications in Transport Calculations

The data are stored at the computer centers in IPP Garching, the MFECC at Liver-
more, and KFA Jiilich, and are available through the authors, as well as microfiche of the
datasets and their corresponding figures. The sources for FORTRAN routines for reading
and using the algorithm described in Section 3 are also available.

The computer storage needed for each projectile/target combination is 13020 words.
This is small enough to be stored directly in a transport program, rather than on a magnetic
disk, so that access to the tables during a calculation can be made very quickly.

The computational cost of using the data sets in tabular form has been compared
to the cost of using fits to reflection data. An example fit to the reflection coefficient, Ry,
which includes dependencies on both the incident energy, Ei,, and polar angle, o, is given
in Ref. 18, in the form:

a

RN (Ein, @) = 10+ (10— o=

)[RON (Ein) = 1'0]’ (2)
where
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and Ey, is the energy reduction constant. Comparison calculations showed that using
our sampling algorithm to model reflection is, on the average, only ~ 25% slower than
evaluating Eq. 2 and the analogous expression for the reflected velocity. We note that using
the TRIM code directly to compute reflection was approximately 200 times slower than
the sampling method. In modeling neutral transport with the DEGAS code, the overall
transport calculations typically spend less than 10% of the time computing reflections.
Thus there is little penalty in cost for using the sampling algorithm.

Two problems were modeled to test the sensitivity of the results to the reflection mo-
del used. One reflection model used was the one described here. The other was a simplified
version of it, which omitted any angular dependence of the reflection coefficient, using only
reflection coefficients for normal incidence, and which assumed a cosine dependence in the
distribution in reflected polar angles.

Neutral transport was first simulated in a PLT size geometry, with a plasma radius
of 40 cm and a vacuum vessel minor radius of 50 cm. Typical profiles of plasma parameters
were assumed, with a central plasma temperature of 500eV, and average density of 1.8 X
10" /cm®. The neutral source was due to plasma recycling at the wall. The charge-
exchange power onto the wall calculated using the complete reflection model, was 14%
higher than that computed using the simplified model. The reionization profile calculated
with the complete model was more peaked than the one determined by the simple model.
The complete model predicted that half of the neutrals reionize within a minor radius of
33.5 cm, whereas the simple model predicted this radius to be 35 cm, a 5% difference.

The second modeling problem was the calculation of the transmission probability, K,
of deuterium atoms of energies from 50 to 250 eV, through a square duct. Particles of such
energy might enter a pump duct of a reactor pump limiter, and their conductance through
the duct is a factor in the particle removal efficiency of the pump limiter. Transmission
through three ducts, 10, 40 and 100 c¢m in length, of 10 cm square cross-section was
simulated, using the DEGAS code. The enhancement of K over the classical values from
molecular flow theory [19], for incident particles of 50eV, varied from 1.17 in the case of
a 10 cm long duct, to 1.61 in the 100 cm duct. At an incident energy of 250eV these
enhancements dropped to 1.11 and 1.41, respectively, as the effect of the reflection model
was weaker because the reflection coefficients were lower.

In conclusion, the algorithm for modeling wall reflection described here is a relatively
efficient one, and modest in computer storage requirements. It should contribute towards
more realistic calculations of neutral transport in a range of applications.
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Figure Captions
Fig. 1. The coordinate system of the wall reflection scattering distribution.

Fig. 2. A data set for deuterium incident on Fe with E, = 200eV and a = 30°. The first
row in the set gives the atomic numbers and masses in AMU of the incident particle and
target species, in that order, the incident energy and polar angle, the particle and energy
reflection coefficients, the length, £, of the depth division (in A) used for the implantation
distribution, and the number of Monte Carlo histories used in the TRIM calculation. The
second row gives the five energy values, F'1, the next five rows give the polar angle values
F2?, and the following 25 rows give the azimuthal angle values F3. The bottom block
is the implanted particle distribution, D(z). The first value is the fraction of adsorbed
incident atoms, D(z = 0), and the following 20 rows give the implantation distribution,
per implanted particle, in depth intervals of LA.

Fig. 3. The energy distribution of backscattered particles for deuterium on Fe with
E, = 200eV and o = 30°. The input data are: Z; = the atomic number of the incident
particle, M; = the mass of the incident particle in AMU, Z,; = the atomic number of the
target element, Mz = the mass of the target element in AMU, and NH = the number
of Monte Carlo histories used in the TRIM calculation. The output data are: Ry, the
particle reflection coefficient, Rg, the energy reflection coefficient, and Emean, the mean
energy in eV of backscattered particles.

Fig. 4. The distributions of the polar angles of backscattered particles for the five energy
regions, for the case of deuterium on Fe with E, = 200eV and o = 30°.

Fig. 5. The distributions of the azimuthal angles of backscattered particles, for deuterium
on Fe at E, = 200eV and a = 30°. Each of the 25 distributions belongs to one of the five
energy regions given in Fig. 4, and to one of the 25 polar angle regions f. In each row
the energy regions (with a mean energy E given in Fig. 4) is fixed. The values for 3 are
the mean polar angles of the polar angle regions. The values denoted by “scale” are the
maximum value for each polar graph. The positive x-axis corresponds to the azimuthal
angle ¢ = 0°.

Fig. 6. The particle implantation depth distribution, per implanted particle, for deute-
rium on Fe, with E, = 200eV and o = 30°. The profile is plotted by linearly connecting
the values for the populations in the depth bins, instead of in histogram form.
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Fig. 2. A data set for deuterium incident on Fe with E, = 200eV and a = 30°. The first
row in the set gives the atomic numbers and masses in AMU of the incident particle and
target species, in that order, the incident energy and polar angle, the particle and energy
reflection coefficients, the length, £, of the depth division (in A) used for the implantation
distribution, and the number of Monte Carlo histories used in the TRIM calculation. The
second row gives the five energy values, F'!, the next five rows give the polar angle values
F2, and the following 25 rows give the azimuthal angle values F3. The bottom block
The first value is the fraction of adsorbed
incident atoms, D(z = 0), and the following 20 rows give the implantation distribution,
per implanted particle, in depth intervals of £ A.

is the implanted particle distribution, D(z).



B

‘sa[d13aed palajjedsyoeq jo A9 ul A3I19uUd
uesw oY} ‘TTRUIY pue ‘qUAIOYJP0d UOIFIRPal ABIauUd 3y ‘EY ‘1USIdYL0d UOIIIIYII ad13red
ay3 ‘Ny :are ejep jndino ayJ, -uolje[nI[d NJYL Y} Ul PIST S3LI0ISIY O[Ie]) UOJ JO
Isqunu 3y} = KN PUR ‘NJNV Ul jusws[d 328Ie} Y} JO SSBUW 3Y) = N ‘quatia[e j98Ie]
3} JO JaqUINU d1Woe 3Y3 = %7 ‘NJNV Ul 3P13Ied juapidul sy} jo sseuw 3y} = TN ‘apa131ed
JUSPIOUL Y} JO JoqUINU dIuIoje 3y} = 17 :aIe ejep jndul 3YJ ",0€ = © PUR A2007 = °HF
U}im 3] UO WNLIINIP I0j s3[d1jred paldjjedsydeq jo uolynquIjsip £S1d3ud 9y ‘¢ St

(AJ) "1dvd ISAIvd 40 AD¥3NI * JF

002 0G1 00T 0% 0
Nt T O @
] (@]
H s
1 soo00° -
>
] 000" =  A2€003STT 0 -
4 5 00039LZ2°0
1 stoo M
i = 000308+ 0
J ozoo: B
— (w)
. 0 0000G1
1 szoo® 5
] — 00 0€
— ()
3 ogao © A2 002
- >
— pd
. S (S =1
1 cgoo ™
] < 9z
4 ovo0- 10°¢
m I
1 cvoo-

SITJI1Y¥Vd Q31331438 40 NOILNGIYLISIAd ADYANI

ueauw

I
(05

I
0=

= HN

-

I
~
= W



.06 = © pU® A3007 = °F UM 3] UO WNLIIINIP JO 3sed 3Y} 10} ‘SUOIZaI
£S10Us aAT] Y} 10} s3[d13red paIagyedsydeq jo sa[Sue rejod aY) Jo sUOIINQLIISIP YT, ¥ “SIg

NVIAV¥ GNV NOI INIQIINI d3d ALISNILINI

ar-’ S0 0 ot S0° 0

e T B L B B I 5 — 0 T T T

1 o 1
T oV 1
3 : _ g - 3 : oo =
A € 'cLT = 3 A 8 061 |
ot s0° 0 or- s0° 0 ot TR 0
T T T ‘0 s LA L i s e > s (L T T T T T
X 507 Ik Eor +
4 1 -
1 LT T
-+ or° 4 g Lﬁ
s € > . & = . 1 E
A® ¥°Ggl = 3 A° LS Bo= T3 NS ' 1y=- 3

SNOID3IY¥ ADY3NI G JHL ¥04 SNOILNEIdlsId JTONV-4V10d

S0’

otr-’

S0°

otr-



200-3¥9%°0
) gl 27
200-3215°0
| A4
200-308S°0
S°2S
200-3119°0
S'19
200-32+¥9°0
9°TL

A9 €U = -3

200-369¢€°0
e LY
200-318€°0
6 TE
200-399¢€°0
S'Zv
200-399¢€ 0
925
N -

00-35L£°0

2°G9

A3 87061 =3

0-3SL€°0

200-358€°0

8°62

00-329¢€°0

200-329¢°0

1718

200-3L6£°0
€°v9

A ¥°G21 = 3

50 = @ 9[3ue
[eyjnurize ayj o3 spuodsairod sixe-x aalysod ayJ] -ydeid tejod yoes I0j anfea WNWIXCUI
ayj} aIe 9[ds, Aq PIjousp senjea 9YJ, ‘suolsal 3[3ue Ie[od ayj3 jo so[ue Iejod urAW 3}
are g 10} sanjea ayJ, 'paxy st (§ Sig ul ueald ;7 £810ud UeSW ® Y}im) suoial A319us Iy
mol yoed u ‘g suoiSal a[8ue Iejod gz 3y} jo U0 03 pur ‘p "B Ul USAIS suoidal ASIous
aAY 33 Jo auo 07 s3UO[aq SUOIINGLISIP GZ 3Y3 JO Yooy “,0f = © PUB Ad(QQZ = °F I® 3] UO
WNIIINAP 10 ‘sa[dijred palajjedsydoeq Jo so[SUr [eyjnUIIZe 3Y3 Jo sUOINQLIISIp 3Y ], "¢ 31

NVIAV¥ ONV NOI IN3QIONI d3d ALISNIINI

2p0-30S€°0
1 on

200-3v0v°0

00-3€S€°0

6°8¢t

200-310v°0

00-3SLE°0
€°29

Y R L (T |

0-30G€ ° 0

ZieT

0-30S€ ' 0

g2

. 200-3SLE°0
G LE

200-3S8€°0

[SA 4

200-316€°0

z'19

VAU Akd & Ao (

- 3(edg

g

SNOILNETJLSIA JITINV-TTVHLINWIZY



-urro] wre8o3siy ut Jo pedjsur ‘suitq yydap ayy ut suorre[ndod ayj} Io} senjea 3y}
Surjdeuuod A(resur| £q pa1old st s[yoid aYyJ, *,0¢ = © PUR AS(Q0Z = °J Yim '3 UO Wnu
-onap Ioj ‘aporired pajue[durl 19d ‘uolInqlIisip yidep uonrejue(dunt spdiyted sy ‘9 ‘St

(WIONLSHONV ) SIATIILIVL AIINVIdWI 40 H1ddd

00v 0G€ 00¢ 062 poE . .0ST 001 06 0
T I vy 57 SR = I 2 LU -
SATIILYVd QIINVIdWI 40 NOILNGIdLSIAd HLd4d

10°

&0

€0

14'N

G0

90 "

L0

(QIZITVWION) TVAYALNI HLd3d d3d “LIdvd ""IdWI



	IPP_9_59 Deckblatt
	IPP_9_59 Text

