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Introduction

In refersnce [1] the transport and redepositien of itrace amounts
of metal impurities sputiered fxeom a limiter or divertor fawvget by
hydrogen icen hombardment were studied without considering diffusion
and convection perpendicular to the magnetic field (m.f.), This study

had therefore two basic implications:

2) All sputtersd impuriiy atoms, which are ionized in the plasms scrape-
off layer (s.0.l.), are vedeposited on the target. The ionization
prebebility depends on the plasms parameters and the angular and
energy distzibution of the spuititered impurity stoms,

b) The charge state population and the penetration depth of the impuri-
ties are solely determined by eleciron impact ionization and decele-~
ration (accelsration) along the m.f., The driving forces are the
presheath electric field and the friction force exerted by the hy-

drogsn ions of the counterstreaming plasms,

In the pressnt report an attempt is made to extend the impurity
transport snalysis by inelugion of diffusion and convectlon processes
perpendicular %0 the m.f.. In this more realistlic case both the neutral
and the ionized impurities may escape the s.0.l. acvoss the magnetlic

field lines.

Rether than accounting for necclaessical drifts, which as small

effects may be treated iteratively within the drift-kinetic formalism
of ﬁj , we consider diffusieon and perpendicular convectlon processes
induced by plasma édge turbulence. Because of the lack of & proper
theoxry of plasma turbulence in the s.0.1l. we link the time~ and gyroe
averaged parts of the electric drift and the distribution funevion of
the impurity ions in sueh = way as t¢ satisfy Bohm's diffusion law and
t¢ produce a simple convection term. But even then the resuliing drifie-
kinetic equation for the impurity ions is tco complicated to be solved
analy¥ically for arbitraxry plasma parameters. In the following we there-
fore assume that the plasms parameters are constant parallel to the
target (perpendicular %o the m.f,) isnoring an essential feature of the
8.0.Ls and the most likely mechanism for driving plasma iturbulence. In
this case there is, however, & rigorous analytical solution to the pro-
blem, which may serve as & benchmark for moxe complicated numerical

calculations, .




Plasms background and impurity transvort medel

in the fellowing we consider the 2-4

situetion shown in fig.i :

A hydrogen plasma streams along & m.T.

fo
!

NN

target

at+/A -

at right engle towards & target of la=-

teral extension A ., The plasme parame-
plasma ters are constant perpendicular to the
core m,f. (in radiasl direction parallel to

the target), but vary along the n.f.

(in ¢ -direction). The velocity distri-

T
////ﬁ"L T = butions of both slectrons and hydrogsn

ionsg are shifted Maxwellisns. Whsreas

\\\\\xlc the electron flow velocity is always

b

very smell compared to the electren
thermal velocity, the flow veloeity of
the nydrogen icns reaches the ion sound
fige1 veloecity in front of the target. The
hydrogen ions impinging on the target
sputter impurity atoms, which lessve the
target surface with a prescribed angular
and energy distribution (with e Thompson distribution, for instence).
After being icnized the impurity particles undewge Coulomb cellisions
with the hydrogen ions, a deceleration (acceleration) in the pre-
sheath eleetric field, an eleciric drift induced by plasma edge tur=
tulence, and furthey electron impacti ienization, Whereas the Coulomb
gollisions and the presheath slectric fleld cause an impurity ion
motion essentially slong the m.f., the turbulent electr;e drift_forces

the impurity lons to migrate across the m.i..

Since the plasma parametlers sre constant in radial direction, it

is enly the scource function, which causes the impurity ion distribu-

tion to be radially inhomogeneous. The radial inhomogeneity of the.

source function is, however, & conseguence of ithe combined effect of

_the angular distribution of the emitted lmpurity atoms and the lateral

bounds of the emitiing ftarget suxface (due to the finite s.0.l. thick-

ness).

The ahove medel applies to the case of trace impurity amounts,
which scarcely initeract among themselves and do not markedly influence

the plasma properties by impurity-hydrogen ion cclligions. It presupposes




that the recombination rates are negligibly small for the lower

charge states existing in the s.0.1l..

Governing eguations and their sclution

Within the adopbed modsl assumpticns the kinetic equations for
the various charge states of the impurity particles can be solved
step by step beginning with the neutral atomic sitate, The solution
for cach charge siate yields the source function of the next higher
charge state., The plasma properties and the emission date of the

target are taken as given quantities.

Basically, we have to solve the kinetic equations for the im-

purity atoms and ions separately:

a) impurity atoms

Omitting elastic collision processes from consideration we start
with the kinetic equation for the velocity distribution ¢ of the

impurity atoms

o¢ e
w-’-‘VJ’_COS{P‘- +y - == VG (1)
dr 3¢, °

where with respect to the drift-kinetic formalism for the impurity
ions velcelty cosordinates v”gi parallel and perpendicular to the
m.fo and the angle P petween ;; and the negative radial direc-
tion have besn introduced. Jc =1 Se(Te) is the freguency for elec-
tron impact lonization of the impurity atoms (n = plasma density,
SG(Te) = iomization functionm calculated for a Maxwellien electron
distribution function at the temperature Te)a Eqs(i) may be solved
by the method of cheracteristics to yield

igﬂ%ﬁ:!da (2)

I

¢
(%, ¥) = 6 [X(0), ¥] exp g,
0

the integration being performed along the projectien of the charac-

teristic on the rgC-— plane

ey o[ e~ oosP (E-8) , 4 (3)
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for o given peint x = {r, () under consideration, For radially con-
stant plasme parameters the integral is independent of the angle be=-

tween the charscteristiec and the m.T.,

The distribution function of the emitted impurity stoms (mass mﬁ)

mey be described by the Thompsen formula

6\%
E-(O)] —_— for v, » 0 (42)

2, 2 hﬁ)
k"ﬁ =5 wl+ Iy

[
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wvhere '§$s QUB/mz o U:8 iz the binding energy of the impurity atoms at
the ‘tarsget surface. In the low enexrgy regims (some 1oo's of &) of the
sputtering hydrogen lions, eg.(4a) is a useful approximation to the ex-
perimentally ebserved emergy distribution [2] , if Uy is replaced by
a2 lower effsciive value depernding on the mean energyyaf the ingident

hydregen ionsg,

For mmmericel purposes it is, however, more convenient to use in-

stead of eq.{4a) a distribution of the form

=y 2
oL %(0)] v
G{£(0)9§V = =§m§mm exp | = m%- & (v = v,
P P -
T Vpe¥o Y10

which because of the Delte~funciien in ?L reduces the pumber of mule

tiple integrations in the final result.

Té is the emission flux, which in case of hydrogen ion sputtering

reads [0 oo a v?
B = i
=\ 4 2o 2
E_’?@‘(o)] = 27 )dv v, devI_Y(E‘*) Fi[z(O)J €y (5)
L281y$/mi 0 " €, = threshold energy

Adb= éjp”‘#g = potential drop across the Langmuir sheath at the iarget (¢%)

Fifﬁ(o)] ig the distribution function of the incident hydrogen ions,
In case of a shifted Maxwellisn distribution funcition of the hydrogen

ions penetrating the langmuir sheath with the ion sound velocity S

2
R H:‘. ¢ v
FJ%(O{I o~ Mzm exXp = = - é% (6)
Vs Vips, Vg
with v, = szi/mi = thermal velocity of the ions

e T




accounting for energy (mivf/z + e ) and flux (T]T congexrvation

acxross the collisionless Lengmuir shesth,

Combination of egs.(5) and (6) with the expression for the

gputtering yield Y(B!) from reference [3]

_z @ 5/3  1/4 \?/2
Y(Bt) = 6.4xic ~ B (") {1 - 1/E%) {7)
Ty
A, m
with [ = ——i2
/ v2
o, + mz,-

» L3 L3 L3 Fd ol
shows the coupling hetwesn the emission current density %E of the

impurity atoms and the ineident hydrogen isn flux E 5

1/4 ———— 2
KT\ 1/4 7/2 NG e
i T4

ka:i (8)

The transport of impurity ions is treated within ths drift-
kinetic formslism of [1] . Inclusion of the nonlinear (e df/2¥) -
term due to turbulent fluctusiions in both the electric field @
and the impurity ion distribubion function L inte the iime-averaged
drift-kinetic formalism leads wnder simplifying assumptions (see

Appendix) to the equation

1/3 Ze8, 1 oF
== = =)
2\dr m, v B‘v, ar - ‘Lavl

VsV Yy Vys¥ EeVy
3F ZeE, dF - 3;?
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for the guiding-centre distzibutien funetion of impurity ions
in chexge state Z, D_LN k.ffe/ eB and ‘Vl denote anomalous values of
the ovess diffusicn coefficient and the perpendicular convestion
velocity of the impurity ions, a(z sV, 5%, ) is the gyro-averaged
source funotion., For radislly constent plasma parameters and con-

stent impurity emission fluxes we obtain fronm egs.(2) and (3)

HDO(E sV” %V_L> == %(? 5‘?{5 ;Vi)

VAG)
( £ G[_g(o);? 2 for v >0
T " J () |
-
M )[ = oxD S S— 4¢,
Zes 5 Y
0 for v =0 {102)
N
L ‘?‘-L -~ ~ -
V6 -
- n -
RS Kl ~
— £ - S~ - .
| N
R Sy Y = £ig.2
target
(a) shaded area: projsedien of the orbit
L arA 4 - cone of the emitted impurity stoms
Phe - inte the »,;{ = plane for given values
5
-
P of x and Vv ,V,
4
o

~(b) basis of the orbit cone (eirculsr line source) of the emitted
impuri$y atoms in the target plane for given values of X and

v yv, ¢ definition of the angles ‘)OA' and LPO

(0 1% R i 1 e e}




The limits %Z 0(?’,glg?L) sccount for the radial bounds
§

a € r(0) €ar) of the emitting target surface (see fig.2)

’ Y

= grc cos - (10b)

i{)o(? BV;; 9"1) Hax \"1 g e (2 - z)

HD(?E‘**VWTL)\ Fﬁ.n(-&-‘igi(a-z—ﬂar)

il

Due to stepwise eleciron impact ionization of the impurity lons

(with freguency uz) we further have

(11)

i

QG; 9% ﬁi)i =V (C ) §(§ ?Vil 9"1}

] Fea]
22

Eqe.(10) and (11) presuppose thai the translational sisbe of an lmpu=

ity particle does ne+t change by electron impact icmization.

The Coulomb cellisions with hydrogen ions are described by the

Folkker-Planck cellision operator »g as/éfigf s Where

2

-2 =m2+(ocw”f))m’?+0(+ '===“"(HL:=“")+EW_;_“’“+2F (12)
a7t ow, 8w” Ww,oOW dw, 0¥
;v 1 1 L L

written in the normalized velocity components ¥ o= L/VTZ
i § kd

with v, = ik/ Ek?z/mz s OCs000& axs collision coefficients depend-
ing on the hydrogen ilon distribution funectien as defined in refeow
Tence [41 . In perticular, we find for a shifted Maxwellian ion

distribution function

mZTZ
7(3>=2$ U, <0 (13)
| o7 i
171
where U”i iz the flow veleeity of the hydrogen ions normalized
te. Vipg o

The selution of eu.(9) poses severe difficulties beczuse of the
second derivative of F with respsct o vy (since the boundaxy coOn=

dition ?:C—O is only defined fox v, = 0) and the mixzed derivatives

|

in r and v, e If, however, we ignore the thermalization beiween lm-

purity and hydrogen ions {28 was done in reference [j] ) and cenfine

the calculations 4o velocity mements of F with respect te v, inte=

L JEI0 - L1 W 6 T
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grating sq.(9) over = ,we ebtain a form analoguous to eq.(18) from

reference 1]

d de o8, E CER
—_— — = ¥ = v == +Q + Vlakv-L v, = = V& =0
3¢ 1 dr + 3zl it 3 @ o( i ?Beff Tz av, eff o
Vs v, 56 S ®s6
_ (14)
/ a e F\
v Y ° By
\} = = O
eff” =z e 7 \ = —— dvlv s TR = reference temperature
Q kT, e
\ e 2 ZeE
2 & o
Vo = st
o z \}C’ ﬁ@ff 46‘3’ <70
R
Z=1 oz Tz
For radially constant plasma parameters
2/
eq,.(14) can be selved analytically. The solution resds
&so I, Cglvn =0 = (153.-)
N
i} ¢ G
v, (&) (v (&)
/C z'mawg i:{ ag Pege = ':_ dg
4 . \}ff(é’}‘\r Qvnka) g’vg{a)
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> 33_1.(&} . ‘ ( B1<E)
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Z
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&oéga gvna({) = (1513)

—

in eg.{15 ) the contributions to 8, from outside the scrape~off layer
a = r = a+/N have been neglected sassuming a drastic decrggse in Q
The integrations are performed along the characteristic v”(é,) ; whlch

iz & gsolution of the differential equation

o ¥
maV“ (é) RN il/&_m'@effsz a‘?! (E‘)J = 0 {‘16)
o5 l °\ % oV |
Vi o ¥ oz
+

v, (£ ) corresponds; respectively, to positive and negative values of the
velocity v, at the point X = (& ,r) under congideration. It is clear
that for @eff = 0 the branch vlr(é;) does not exist. Unfortunately, it
is only for special space dependencies of the collision parameters that
eq.(16) can be solved analytically. Special solutions have been given

in reference [1] for a comparable plasms model,

It is easily verified that the solution eq.(15) is symmetrical with
respect to = = a+[5/2 , if V=0 or V| (axA/o+ 1) = - Vi(a+ﬁ;/2-6r)
for an arbltrary radial dlsplacement SI?a In the limit Ei Yl ws J we
recover the solution of reference [ﬁ] s which ig valid for a:bit:ary e~

dial dependencies of the plasme parameters.

+) see Addendum on p,16

TR, ST
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Discugsien of the analytical resuld C

The interpretetion of eq.(15) is as followss:

Impurity ions appearing at the point x = (v,0,) with = specific -
parallel velocity 35 and a specific cherge sitate Z originate from
differsnt source points at the target and inside the scrape=off

plasms, The impurity ion source aO(O f(o)) at the target surface
generates particles with velocities v];;o 8t % e 1T vanishes in

case of complete adsorpiion/neutralization of the ineident impurity
iong, The 1mpux1ty ion sourees insgide the g.0.l, are either volume
gources QOEge T,V Oth or virtual surface sources & kg Cﬁ ]6 The latter
sre introduced by tnose impurity ioms, which after being born with
positive velocities come %o rest (at the turning §ointfjm} due o

the retarding foree of collisional friction with the hyd;ogen ions

and dus to the presheath electric field (if directed towards the
target), These impurity ions, which are swept back to the target;

emerge at % with velocities Vﬁ<:0 .

According to our model sssumptions the impurity lons ars driven
from the source points x = (@,C ) to the point ¥ under consi-
deration by both anomalous dlffusion/convectlon perpendicular to the
m.f, and collisional friection/electrostatic scceleration (decelera~
tion) along the m.f, lines. On its transit from a gource point §é
%6 % em impurity ion beam is exponentially sttenuated by Coulomb
scattering at the hydrogen iens (c:vc) end eleciron impact iloniza-

tion (\;) to the next higher charge stoie.

The probability. with which diffusion and convectilon from the

> =3 s * L] ' L3
vericus source points Xg contribute ¢ the 1mpurity ion accumla~

= > . " - O -
tion at X 1is determined by the ratic (z ~g - Lc)/ 1, » where

I :
¥
1§ = 2 Di(a)aa and 1§=S i(a)dg (16)
v, (&) . v (&)
8 S

" are characteristic diffusion and ccnvéction lengths. The latter
depend on the distance}C=~CS' {the source point coordinate CS
is elther O;‘ZT_ for the surface sources oF qf+for'the volnme':'
sources), on the transit time intervals d4&/ =(E’,)'a,long_"‘che o
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characteristic orbits (being a function of the foxce mszzﬁgffvc
along the m,f.) and, of course, on the diffusion and convection
parameters Dl(E,) and ?L(E,) . It appears from eg,(15) that the

probability mentioned above is a Gaussian function of (» =@- 1:)/ 1; .

In a similar way the probability, with which an impurity ion
beam ig aittenuated due to Coulomb scattering at the hydrogen ions
and electron impact icmizetion on ite traunsit from the source point

§% to % is determined by the integral

¢
Vo)
mi%mda (17)
v, (&)

Conclugions

In the present report an exact analytical solution has been
derived for the problem of impuvity transport in the vicinity of
2z limiter or diverior target sputtered by hydregen lon bombard-
ment, accounting for driving foxrces both parallel and perpendicular
46 the m.f, lines. In 2 following report the results of a numerical
evaluation of the analytical solution will be presented. These re=
sults may serve ag rveference values for more complicated pumerical
calculations in the case of more general plasma parameter distribu-

tions.
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Appendix

A simple extension of the drift-kinetic formalism introduced
in reference {5} to include fluctuations leads to the fellowing

coupled set of equations (O = ZeB/m = gyrofrequency , *_ oollision pertner)

Sm———

— ~ A2 — * Ze Raaf
LF+LF=§C(F§F)=-W e == s F o+ f = total distri- (A1)
0 % " av tutien function

(s s SR TE Sy af\
O)\ +LF+{LF-LF AC(FF,-%—W\ // {42)

for the guiding-centre (P - averaged) pert F and the gyro(P =)
dependent part %P of the fluctuaiion time-averaged distribution
function F . In this formelism the influence of fluciuations on
the charged particle transport is linked to the nonlinear fluctu-
ation time-averaged part 33f/é§:> of the kinetic equation, where
g, f are the flucituating parits of the electric field and the dis-
tribution function, By definition of the gyro-averaging process,
we have for any quantity A the splitting

T

g
o~

/
— g
A=%+A with & =— 5 43P implying that B =4 =0 (43)
0

The operators in eqs,(41) and (42) are usually given in & co-
ordinate system x, € = v2/2 + Ze P ) b= ?E/EB ;P (& = electro-
static potential, B = m.f, strength). Transforming to & coordinate
system §; ¥ ving (Vﬂgi.= velocity components parallel and per-
pendicular to the m.f. respectively, P = gyro-angle) we find for
time=independent electromagnetic fields (stationary on & time-scale

large compared.to the fluctuation time)

_ 3 Ze o 1 9
T evn, | = o —— B V)
o\ ek, | m 3%, V.3V ' ' :
31 3 e
'%9VLJP §H“ﬂf?

Hi

I'THTE ToAly
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~ 3 Zedp 1 3
AR ey e I (15)
X @ 2x, V3V,
vﬁi]gvlg(f) ggv ;P
« 69 T 103
SRR U Sl Qe e [
3 ! [
§'§ﬂ';9 £ v ,F
o _ e .
Ekrsnr s o " Sy Ze 2 o
(ﬂna.‘isj)(v}]m%—\i)-% a—l
v cES axg Iaazk/ a@l
i -
? F: 5V, 9,
g i
€ denotes the collision operator with the properties
Nwe:u* [ s Y o "
c(F,F*) =0 anda C(F,F* + C(F,F) = 0 (46)

In eqs.(Ad4) and (A5) tensor notations are used with gij denoting
the Xyonecker symbol and Eij}c being a completely entisymmetric tensor
with componenits 0,+1,~1 depending on whether twe or three of the in-
dices i,j.k are equal (0) or i,j,k form an even (+1) or an o0dd (=1)

permutation of 1;2,3. Accoxrding to fig, 14 the veloeity vector is

7

written in the form

e o E N .‘,O - —~ {'p . - 7
Vi o= VR bV sy with s, = psoosl+ bis.r_zzLP (47)
related to a right handed triple of unit vectors B o= Bi/B s Py and

‘bi tied to the m.f, lines,

td}

fig.ia

=3

R ER I 1 i ) R - i i
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Following refevence [5] the drift-kinetic equation (A1) can be
golved reoursively, if F ois subject to an iteration of eq.(42)
assuming that the gyrofreguency is much higher than both the colligion
frequenciss and the inverse convection time. To zero order drift-

approximation one starts with § =0 , To first order one gets

%'mir +m—< \>d%’ (48)
I\

wherse
NS ~
& — = (@, |8, | % £, NG o= (49)
a‘{‘; J\Jav ers‘ia%o
¥ WV, P 7 5V 57

assuning that the flucituating part of the electric field e is directed
perpendicular to the m.f.. If one further assumes that the wavelengths
of the fluetvation gpectrum are large compared to the Larmor radius, ene
has £ £7 . In this drvift-approximation of £ one may neglect both the
last term of sq.(A1) snd the secend term of e2q,(A9)., The snemalous pard

of F then beecemes _

~ / ot oF

F = (p,sin? = b.cos? ) — (A10)
J J B av /

X gVﬁ

Substitution of the first part of eq.(48) inte the term T % af
eq.(A1) gives the usual neoclassieal drift contribubion to the charged
particle transpert perpendicular to the m.f.. By the same procedurs
the second part of eq.(A8), which leads to egq.(d1c), yilelds the snomalous
transport perpendiculer to the m.f.. In the 8.9.l. of & tokamak plasms
the anomslous contribution is expected to dominate the neoslassical one,

which therefore is omitted from further consideration.

After some lengthy calculations, egs.(45) and (Af1o) give the formule

== g . n /3 Ze 0¢ on.N 1 3
Te otz © oy (2T +v”2nk,@«1>mm - (411)
2 azj maxj ax, 3'\3
7 E'Eb
NI =
I AL
0%, oY /B \ il
X ,v ¥ ,v

TR RN R T




On passing we note that

+c0 4o
J— ar®
2T\ a7\ &vv LF = (£12)
oX, : -
N
=0 O

with the anomalous particle flux

+00 +
/%
2 ko r ' ;
Ty = éjkl\B RGN vy £ ) 0y 2
= 0

related to the fluetuatiing particle density and the particls
drift in the fluctuating electric field. Of course, eg.(A11)

does not say anything about the correlatiecn between e§ s T

and the time-averaged plesma parameters, thelr gradients and

T , Since a theory relating these guantities for the s.o.l.

of a2 tckamsk plasma uwnder consideration is s+ill missing, further
assumptions relating these quantities have ¢ be made. Iﬁ the

following we assume a xyelation of the form

//’eé . 3F -
\;, T =& Di;-; - VF |n DiwkTe/eB (414)
i
shich yield
which yields 5 \\ 3
— ——
oN %, 2
Ta = e —_— 3 (RS J =< - Xl‘: )
| = D, aX_L-aa N Vj with N ﬁazsk} (415)
I S v
' J b3

simulating a Bohm-like diffusion and 2 simple convection law,

Ignoring the curvature of the m,f. lines

an.

- =0
"“kaXK

we finally obtain eq.{9).
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Addendum

In eq.{15) the contributions to a, from outside the scrape-off
layer g < r =< a+A have been neglected assuming a drastic de-

creage in Qb for the lower charge states under consideretion .

Due to the strongly reduced value Of’ﬁeff and the elevated
densities and temperatures of electrons and hydrogen ions, the
edge of the plasma core acts as a2 source of highly lonized impuri-
ties, which partly diffuse back into the s.0.l., This effect can
be incorporated in the present theory by adding in eq.(15) a Sur-
face source term, which describes the redial influx Tz(ag‘ngfGT))

of miltiply ionized impurities across the separatrix at x=a :

k ch<£> N N\

e

; \
(a7 , ,\ (&) / gefp(m |
= z
T/ ) \/ D(8) n(e) v (&) J
PV ET A5 DR T
am I/,,v”(én \ “(a)
+ ‘i’b AN T /

corresponding to the solution for v= 0 resp, V<0 at % = {r,8).

The above formula holds gquite generally and replaces the integral
over the volume sources within the plasus core by a surface integral
over the particle flux Tﬂ = = D 3a,ﬂ5r + ?La across the bounding
surface {in our case we have Tﬁ! = 0 from symmetry reasons). In
the wall region r = a+ A we assume Qb= 0 for &1l icnization siates,
which amtomatically resulis in nullifying the surface integral over

the impurity ion flux at =« = a+[xe

T

ATy










