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p ® 8, eq . ( 1 4)
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p,15, last line but one
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nk	= 0 and using a slab geometry with Cartesian coordinates r,C
axk

p .16, formula for the radial impurity influx across the separatrix

i

	

±Ti a, L 9v,~ ( T
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ao\B
L 9v;

;
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T

instead of

p .16, last line but two

the wall region r' a+L we ass	 rne = 0 for all ionization states
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In.troduction

In reference [11 the transport and redeposition of trace amounts

of metal impurities sputtered fron a l :i +iter or divertor target by

hydrogen ion bombardment viere studied without eonsiderir}g diffusion

and convection perpendieular to the mapletic field (m m f. ) . This study

had therefore two basic implications

a) All sputtered impurity atoms, which are ionized in the plasma scrape-

off layer (s .c .l®), are radeposited an the target ® The ;oniaation

probability depends an the plasma parameters and the angular and

energy distri ou tion of the sputtered impurity atoms.

b) The oharge stete population and the penetration depth of the impuri-

ties are solely determined by electr°on im aast loniza .tion and decelem

cation (accelerat?on) along the m6fG . The driving forces are the

presheath electric field and the friction Force exerted by the hy®

drogen ions of the counterstreaming plasma®

In the present report an attempt is morde to extend the impurity

transport analysis by inalusien of diffusion and convection processes

perpendicular to the mmf . ® In this mare realistic Oase both the neutral

and the ionized impurities may escape the sßoal 6 across the magnetic

field lines.

Ra thar than accounting for neoclassical dr if t s, g which as =all

effeots may be treated iteratively within the drift kinetic farmalism

of 1] 9 wo consider diffusion and perpendicular conveetion processes

induced by plasma edge turbulencea Because of the lack of a proper

theory of plasma turbulence in the s ®o o 1 . we link the time- anal gy ro-

averaged parts of the eleetric drift and the distribution_fun_ction of

the impurity ions in such a y as to satisfy Bohm ' s diffusion lang and

to produce a simple conveotion te e But eisen then the rasulting drift-

kinetic equation f'or the impurity ions is tot complicated to be solvcd

analytically for arbitrary plasma parameters . In the following we there-

Pore assume that the plasma parameters are constant parallel to the

target (perpendieular to the m .f a ) ignori.ng an essential feature of the

seo .1 . and the most likely mechsnism for driving plasma turbulenee e In

this Gase there is, however, a rigorous analytical solutian to the pro®

blem, which may sexye as a, benchmark for more. complicated numerical

calculationso
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0

Plasma	 Background and impurity transport model
aaaa

In the following we consider the 2®d

situation shown in 'i a 1

ions are shifted Ma aellians ® Whereas

the eleotron flow velocity is always

very Small compared to the electron

thermal velocity, the flow velocity of

the hydrogen ions reaches the ion sound
r

	

fit

	

velocity in front of the targetm The

hydrogen ions impinging an the target

sputter impurity atoms, which leave the

target surface with a prescribed angular

and energy distribution (with a Thompson distribution, for instance)

After being ionized the impurity partioles undergc Coulomb eollisions

with the hydrogen ions, a deceleration (acceleration) in the pre-

sheath eleotric field 9 an electric drift induced by plasma edge turn

bulence, and further eleetron impact ionization a Whereas the Coulomb

collisions and the presheath electric field cause an impurity ion

motion essentially along the m ® fe § the turbulent electric drift forces

the impurity Tone to migrate acrose the m .f,e

Since the plasma parameters are constant in radial direction, it

is only the source funotion, which causes the impurity ion distribu-

tioh to . be radially inhomogeneous . The radial inho€nogeneity of the.

source function is, howeverg a consequence of the combined effect of

the angular distribution e' the emitted impurity atoms and the lateral

bounds of the erittingtarget surface . .(due to the finite s ® o .l thicke

nass.)

The above model applies to the Gase of trace impurity amounts,

which scarcely interact among themselves and do not markedly influence

the plasma properties by impurity-hydrogen ion collisions® lt presupposes

A hydrogen plasma streams along a mefs

at right angle towards a target of la-

teral extension ®, The plasma pa,rame-

plasma,

	

ters are constant perpendicular to the

eure

	

maf, (in radial direction parallel to

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

(in C, -direction) . The velocity distri®

butions of both eleetrons and hydrogen
tB s ®o G l a
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that the recombination rates are negligibly small for the lower

Charge states existing in the soo®lm®

Oovernin ~QUations and their solution

Within the adopted model assumptions the kinetic equations for

the various Charge states of the impurity partiales can be solved

step by step beginning with the neutral atomic state ® The solution

for each charge state yields the source funeti an of the hext higher

charge stete . The plasma properties and the emission date of the

target are Laken as gi s: en quanti ti es

Basically, we have to solve the kinetic equations for the lm~

purity atoms and Ions separatelys

a) imy atoms

Omitting elastic collision processec from consideration we start

with the kinetic equation for the velocity distribution G of the

impurity atoms

a G
v1 cos - + v~

	

ä
G

.3r

where with respect to the drift-kinetic formalism for the impurity

ions velocity coordinates v

	

parallel and perpendicular to the
i 9 i

m ® f. and the angle P between v1 and the negative radial direc-

tion have been introducedß Jc = n S0 (T) ie the frequency for elec=

tron impact ionization of the impurity atoms (n = plasma density,

S (Te ) e ionization funotion ealculated for a MaxwTellian electron

distribution function at the temperature Te ) . Egs(1) may be solved

by the method of charaeteristics to yield

t

( 1 )

0 (x 9

	

= 0 [x ( 0 ) s v ] exp

v
ik

( 2 )

the integration being performed along the projection of the eharac°

teristic an the rg~ ® plane

v
r °

	

cos

	

(

	

)
31

l
(3)
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for a given point x (r .,) under consideration6 P'or radially oonm

staut plasma psrameters the integral is independent of the angle be®

tween the charoterietio and the m®f g 8

The distribution funotion of the emitted impurity atome (mass m z)

may be deseribed by the Thompson formula

4

	

[x(0)].
(_2 .

	

_)4mit, ~t + '

for vt

	

0 (4a )

where e--, 2U3/ms . UB is the binding energy of the impurity atome at

the target surfaoe® In the low energy regime (sor ge Zoo 's of e~I) of the

sputtering hydrogen ions, eo,(4a) is a useful approximation to the ex

perimentaily observed energy distribution [21 if U, is replaoed by

a lower effective value depending an the mean eher of the incident

hydrogen ione

For 'Turnerlen purposes lt is, ho euer, r ore convenient to use in-

stead of eck®(4a) a distribution of the form

G r (0) 9 vJ

	

ex") ~~

	

(v,`° V
O

)
2l Klo o

which because of the Delta-fction in vl reduces the number of mul-

tiple integrations in the final result

I, is the emission flux which in rase of hydrogen ion eputtering

reade

	

co

1

2kTo

vlo
m

(4b)

(0)

	

2 l d v! dv1v!Y(E ) ri[l(0)i

!2e

	

/m7 0

' Et

	

(5)

threshold energy

A I
. p- 4w potential drop acrose the Langmuir sheath at the target (ci) )w

Fi [2(0) 1 is the distribution funotion of the incident hydrogen ions

In Oase of a shifted N xellian distribution funetion of the hydrogen

ions penetrating the Langruir sheath with the ion sound velocity c s

fl-:i
F ( 0 )j

vTi

(6)

with v i 2kTi/mi = thermal velocity oi the ions
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aocounting for energy (miv2/2 + ech ) and flux (1'2 oonservatien
across the collisionless Langmuir sheath,

Combination of eqs .(5) and (6) with the expression for the
sputtering yield Y(E 1 ) from reference [3]

x m

	

5/3

	

1/4

	

7/2
Y(v)

	

6 .4x10--'

	

6

	

(E')

	

(1 - 1/E , )

4Mirnwith i
;, M .+ in ) \ 2

Z

shows the coupling between the emission current densitv rE of thes
impurity atoms and the incident hydrogen ion fluet Hi

(7)

7/2
ex-1)

kT .

	

(8 )

b) im uri-3.s

The transport of impurity ions is treated within the drift-
kinetio formalism of Dl . Inolusion of the nonlinear (nf/a;;)
term due to turbulent fluctuations in both the electrio field e
and the impurity Ion distribution funetion f into the time-averaged
drift-kinetio formalism

	

Ieads under eimplifying assumptions (see
Appendix) to the equation

v-, (v- ) +

z2vi€

	

C 9vll

	

z 9v 4

ZeE ll
+

	

.=9=.•	-Q(4 9 v

	

)	11.	1 V. F +

	

BF
‘./ (9)

F
.....
a

v
11

r,v „v
11

	

1
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for the guiding-oentre distribution fanotion

	

of impurity ions

in eh arge state

	

DI-kTe/eB and Vi denote anomalous values of
the oross diffasion ooefficient and the perpendioula conveotion
velocity of the impurity ions .

	

,71 ) is the gyro-averaged
eouree funotion . For radially constant plasma parameters and eon-
stant impurity emission fluxes we obtain from eqo(2) and (3)

(>)

	

o(x 2v
11

	

-1)

	

A.(x , vt~ > v1 )
	 o	 G[x,0,9 vj(--

z1
0

	

c3.,
V

11

for v1 0
1

-,--.
' 11

target

a+A

0

	

for vu C3

	

(10a)

(a) shaded area : projeotion of the orbit
tone of the emitted impurity atoms
into the r,t, - plane for given values
of x and v 5v

target
surfaoe

a+

a

4'
r

r

(b) basis of the orbit oone (cirouiaz' line source) of the emitted
impurity atoms in the target plane for given values of x and

. v171

	

s definition of the angles 'P and
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The limits äsesx $
v 2v1) acccmnt for the radial bounds

a G r«0) aoA of the emitting target surface (see S 2)

(n(+1 9 1 (a+

	

r)
v

	

1
11

1-iax

	

(a r)

Ihre to stepwise electron impact ionization of the impurity Jans

(with frequenoy ) we further haue

arc eec (10b)

Q(;,v,v)
i

	

w.

rZ 2
z~1 (= )

	

2v1 2 vl iz°1

Egs .(10) and (11) presuppose that the translational state of an impu-

rity particle does not ohange by eleotron impact ionization.

The Coulomb collisions with hydrogen Ions are described by the

Fokker°Planck collision Operator

	

a s/a

	

S where

ö
2 a

	

a

	

a
2

	

il+(oc
1,7 m~)

	

+

	

-

	

(.1~)-~W1

	

+2r

	

(12)

az

	

a 11

	

a 11 W_L aW1

	

4W1

	

ag

wri tteen in the norma.lized velocity components irr l ` v€r
1/v$z

2

with v1, = / 2kP /m
z ß oCg o . s

	

are collision coeff i .ci ents depend°

ins ton the hydrogen ion distribution funotion as defined in refe-

renee [41 m In partioular 9 we find for a shifted Ma ellian ion

distribution funotion

mzT
z TT

i
C 0

m .T,

	

rr
1

	

A. J

where Uni is the flow velocity of the hyd'ogen Jans normalized

to vTi

The soluti .on of ea ®(9) posen severe di ffi.cu1ties because of the

second derivative of with rospeet to vN (since the boundary oon-

dition F ~0
is only defined for vH ? 0) and the mied derivatives

in r and vl ® If 9 ho ever 9 we ignore the thermalization between im-

purity and hydrogen ions (ac was done in reference [1] ) and confine

the caleulations to velocity moments of

	

with respeot to vp inte-

4 (13)
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grating eqe (9) over 2 U we obtain a form analoguous to eqg (18) from

8

refsrenoe 1]

For radially constant plasma parameters

1 1 ` 09 ~effoVTz 9'z

eqm (14) can be selved analytically The solution reade

9 TB, - Toterence tempe - e

ZeE aQ 1

eff

	

C 0
0azvTzz=1

(14 )

( 1 5 a)

1

2
erf

0



( 1 5b)

9

ao rß ~v~ <. 0

dg
\)eff(-,)

d
,

( ,)v

a

)

T
a

In eo ® (15 ) the contributions to a o from outside the scxape-off layer

a r a+ b, have been neglected assuming a drastic decre+ase in Q,o+)

The integrations are performed along the characteristic vE( ) , which

is a solution of the differential equation

+
av

11
(4)

( 16 )0

V11 r

	

der

corresponds, respectively, to positive and negative values of the

velocity via at the point x = (t,,r) under cansideration . lt is clear

that for .f3eff " 0 the branch v7( ) docs 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 [1j for a comparable plasma model ®

lt is easily verified that the solution eqe (15) is symmetrical with

respect to r _ a-+Q /2 9 if Vl 0 or V1 (a+Q /2+ S r) = - V1(a* /' /2- b r )

for an arbitrary radialdisplacement g. r . In the Limit Dl , Vi	0 we

recover the solution of reference [11 , which is valid for arbitrary ra-

dial dependencies of the plasma parameters

+) see Addendum an p ®16
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Discussion of the analytical result

The Interpretation of eg ® (15) is as feilewe g

Impurity ions appearing at the point x (r, ) with a specific

parallel velocity 7 1 and a speeific Charge stats Z originate from

different source points at the target and meide the scrape off

Plasma® The impurity ien source ao (O 3 vE (0)) at the target surface

generates particles with velocities

	

at

	

e lt vanishes in

case of complete adsorption/neutralization of the inoident impurity

ions e The irpuri typ ion sources inside the s ao ®1® are either volume

sources Qo g ,T %mF (z)- or virtual surface sources a ok , t, ~ 01, The latter
L

are introduced by Chose impurity ionss which after being bor ge with

positive velocities come to rest (at the turning poin t ,) due to

the retarding forme of collisional friotion with the hydrogen ions

and due to the presheath electric Field (if directed towards the

target), These impurity ions, whioh are ewept back to the target,

emerge at

	

with velocities vr <O

Leserding to our model assumptions the impurity ions are driven

from the source points xs. (g 2

	

to the point x under consi®

deration by both anomalous diffusion/convection perpendicular to the

m.fa and collisional friction/electrostatic aoceleration (decelern-

tion) along the maf ® lines . On ite transit from a source point

to x an impurity Ion beam is oxponentially attenuated by Coulomb

sca t tering at the hydrogen ens
(
o v0) and e! setron impact i oniza -

tion ()) to the hext higher Charge state.

The probability, with which diffusion and conveetion from the

various source points xs contribute to the impurity ixen acoumula

tien at x is determined by the ratio (r -g - 1-)/ 1- a where

i()

	

(g.,)
and

	

lc =

	

d

	

(16)

v-( g.)

are cheracteristic diffusion and convection lengthse The latter

dopend an the distanoe

	

(the source point ooordinate s

is either Os
T

far the surface sources or T for the volume

souroes) $ an the transit time intervals d g. / v' ( ) along the

1d
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characteristic orbits (being a funotion of the Force mzvTz̀ Peff\)c
along the m fa) and, of courses on the diffusion and oonvection

parameters D 1( ,) and v1 ( ) ® lt appears from eck ® (15) that the +

probability mentioned above is a Gaussian funotion of (r

	

i
C
)/ ld

In a similar way the probability, with whioh an impurity ion

beam is attenuated due to Coulomb scattering at the hydrogen ions

and eleetron impact Ionisation on i ts transit from the source point

xS to x is determined by the integral

Jeff( )

	

(17)

11

Conalusions

In the present report an exaot analytical solution has been

derived for the problem of impurity tra.,nspcrt in the vicinity of

a limiter or divertor target sputtered by hydrogen ion bombard®

mentg accounting for driving forces both parallel and perpendicular

to the m®fe lines ® In a following report the results of a numerical

evaluation of the analytical solution will be presented . These re-

sults may nerve as reference values for more complieated n€ erical

calculations in the case of more general plasma parameter distribu-

tions
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A~~endi~

A simple extension of the drift-kinetic formalism introduced

in reference 5] to include fluotuations leads to the following

coupled set of equations (1. = ZeB/m = gyrofrequency 9
= oollision partner)

for the gui ding=centre 02 - averaged) part F and the gyro (f) ®)

dependent part F of the fluctuation time-averaged distribution

function F . In this formalism the influence of fluctuations on

the charged partiole transport is linked to the nonlinear fluctu©

ation time-averaged part (eaf/av) of the kinetic equation, Nahere

e9 f are the fluctuating parts of the eleetric Field and the dis-

tribution function. By definition of the gyro=averaging process,

we have for any quantity A the splitting

I

	

/

	

M

	

r~.1

A_ A+ A with

	

5
A d `P implying that A= A= 0

	

(A 3)
27(

0

The Operators in egs,(A1) and (A2) are usually given in a ee®

Ordinate system x 9 ~ = v2/2 + Ze cib q ~ = v2 /2B ( 4D= eleotro=

statie potential, B = m .f . strength)e Transforming to a coordinate

system x' vl
1 ,

	

(v11 1 = velocity componente parallel and per-

pendicular to the mofa respectively, = gyro®angle) we find for

time-independent electromagnetic Fields (stationary on a time-scale

?arge compared to the fluctuation time)

N N
L F + L F =

(
F=® 11LF+LF

F ± f = total distr.=.

	

(Al)

bution funotion

/1J
Ze L -ä f\

F LF)-/C(F,F)4- (A2 )

(A4)



L (A5)
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Ze a4

m ax j vl v
v~ ? vig l

o , o

	

1

	

1 a
- v i v

1
(v n . 4- v s .))

	

®~

	

a j

	

vl dvl

	

N av

x 9vo 9~ Ii 9 1v s

E_ n

	

3nk	-s 0

	

ic_re rss

	

o

	

a k

	

v

	

v }(v

	

v
v

	

j

	

il 5x.

C devotes the collision operator with the properties

C(F9F) = 0

	

and

	

C( ` 8
R

") + C(F;F*) 0

In eg_s (A4) and (A5) tensor notations are used with 8 . . denoting

the Kroneoker symbol and E . j beug a oompletely antisymmetrio tensor

with components 0 9 +1,-1 depending on.whether two or three of the in-

dices isj9k are equal (0) or i9j8k form an Sven (+1) or odd (m1)

Permutation of 1 9 2 8 3, According to f3c,1A the velocity veotor is

written in the form

v

	

v

	

th s~ = pioos Y b
i
sin~vi

	

i

	

1 a

	

-k

related to a right handed triple of mit vectors

bi Lied to the m.fo lines

v

(A6)

(A7)

n. = Bi/B 9 pi and
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Follo .ng reference [51 the drif tmkinetic equation (Al) can be

solved recursive7y 9 if ' is subject to an iteration of eq ® (A2)

assvming that the gyrofrequency is much higher than both the collisian

frequeneies and the inverse conveetion time ® To send order drift-
,,

approximation one starts with ' e 0 ® To first o der one gets

1

	

Ze

m
(A8 )

0 1 af
+ E . n s

	

,
v BP

x, vu g T

	

x g I 9'I

r
a,ss ing that the fluetuating part of the electric field -e is directed

perpendiculaz' to the m ® f .a If olle further assumes that the wavelengths

of the flnotuation speetram are Zarge oompared to the La or radiuss ene

has f
N f ® In this drifteaappnoximation of f one may negleot both the

last term. of ege(Ai) and the second term of eg4 (A9 ) . 'rhe anomalaus part

of F then becomes

F (pj sinP- b.cosP )

Substitution of the first part of egß(A8) into the term L F of

eq.(A1) gives the usual neoclassical drift contribution to the charged

partiele transport per=pendicular° to the m®f . a By the Same proeedure

the second part of eq ® (A8), which leads to ega(A1o)a yie1ds the anomalous
transport perpendicular to the me g ® . In the sa o®1® of a tokamak plasma

tue anomalous contribution is expec ted to dominate tue neoolassical one,

which therefore is omitted from further oonsideration.

After some lengthy oaleulations, eqs W (A5) and (A10) give the formula

3rs r s (A9)

(Abo)

ze ä .1‚

	

an . \ 1 a2

m ax~~ .axj

an.

ax
vfav

11

	

i
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On passing we note that
+

	

+ 00

r~.. N

d1v Pl L (A12)

with the anomalous partiele flux

(A1 3)

+O +Co

related to the fluotuating particle density and the particle

drift in the fluetuating electric Field ® Of course, eg0(A11)
does not say anything about the correlation between e f
and the time©averaged plasma parameters 9 their gradients and
F , Since a theory relating these quantities for the s o o .l ®
of a tokamek plasma under consideration is still missing, further
assumptions relating these quantities have to be made ® In the
following we assume a relation of the form

/ el

1
f

	

D1 c3 x

	

VF nn	D 1-- .TeleB

	

(A14)
m

which yields

aN

a - D 1+NV

	

with
ax iL

(A 15)

simulating a Bohm=like diffusion and a simple convection law.
IIgnoring the cuivatune of the mof a lines

an .
~aaxk

we finally obtain eg 0 (9) ®



Addendnm

In eq ® (15) the contributions to ao from outside the scrape®off

layer a r a.+® have been neglected assuming a drastic de®

crease in
Qo

for the lawer Charge states under consideration

Due to the strongly reduced value of
`ßeff

and the elevated

densities and temperatures of eleetrons and hydrogen Ions, the

edge of the plasma core acts as a source of highly ionized impurie

fies, which partly diffuse back into the s .o .1 . . This effect can

be incorporated in the present theory by adding in eq .(15) a spur--

face source term, which describes the radial infiux I :(a $ t,vj(T))

of multiply ionized impurities across the separatrix at r=a

m

	

i
er'
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1

	

dT

fr v ( c )

	

l D1( , )

0

	

2

	

+	 d

0

	

'1

	

v ( )

corresponding to the solution for vl ~ 0 resp . vit C 0 at x = (r,14).

The above formula holds quite generally and replaces the integral

over the volume sources within the plasma core by a surface integral

over the partiole flux [7 = - D1 ao%r + V1 ao across the bounding

surface (in our case we have

	

ir=0 = 0 from symmetry reasons) . In

the wall region r a+ A we assume Oio- 0 for all ionization states,

which automatically results in nullifying the surface integral over

the impurity ion flux at r = a-~Q
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