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DIFEUSION OF IMPURITIES IN TOKAMAKS
IN THE PFIRSCH-SCHLUTER HEGIME.

A. SAMAIN,

ABSTRACT.

Diffusion of impurities ions in the PFIRSCH-SCHLUTER
regime is considered for the three possible diffusion regimes
of hydrogen ions. It is found that in all cases, a strong ther-
mal gradient could prevent the plasmg contamination. Another
decontamination method, which consists of giving to hydrogen

ions a slow motion along the lines of force, is discussed.




1o

I - INTRODUCTION.

The impurity ions are pumped lnwards Tokamek configurations
by a mechanism which results from the very principle of confi-
nement in these configurations / 1_7. ascuming a constant
temperatureT » the bydrogen ions ( charge 4 x € , density'h1)
and the impurity ions (charge Z X € , density 'nz ) tends to
thermodynamical equilibrium in & frame of rerference rotating
around the major axis where the electrostatic field-V)[lsatisfies
the condition :

m, & exp _eT\b ; My < exp _ZEY
i
Therefore the density profiles 'fl1 and M z ‘tends to equilibrium
values such that M, TI: y La €. the M, profile tends to

concentrate inside the M 1 profile.

The flux of impurities¢z across a magnetic surface is
caused by the friction forces experienced by the Z assembly,
due +o0 the difference between the diamagnetic velocities of
species (1) and (2). In the azbsence of a thermal gradient, these
diamagnetic veloclitles are proportional to é% T rn and

Z——g-a T % R respectively. A thermal gradient intro-
Auces further diamagnetic velocities proportional to —— B Y T and
6 —=— T for pavticles of low and large energies. The flux¢z is

Ze
therefore of the form (r is the minor radius of magnetic surfaces)

=afdn _ 2 dn, dr
9 - -3 g * X ?d—,]
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2.

where the quantities o = O(i) and A , for a given
magnetic configu.ratiOn/are functions of the temperature T ,
the densities M, and M, and Z . Of course these functions
depend on the diffusion regime of iomns (1) and (Z). In a rea-
listic situation where ?'Iz Zz> n 1 the conditions of tempera-
ture and demsity for the various cases are the following

Iransition PFIRSCH SCHLUTER|Transition Plateau regime

regime - Plateau regime - Banang regime
2 2 2
{mpurity|Tev ~ qug hz Z Tev Z A 3/2
ions 'nl M, n, - q
2 -
(2 X 0,5 10-"?| x “—;i- x 0,5 10" %

hydrogen Tev ~ aR Ny z? x Tev ~ anr [ A 3/2
ions q N, q

-1 <12
() 0,35 10 2 x__rT._ X 0,5 10

where Tev is the temperature T 4in ev. Impurity ione with
Z>»1 are typically n the PFIRSCH SCHLUTER regime even if
hydrogen ions are in the Jlateau or banans regime.[For instance
taking 2 = 2 ,R/- sl ,q:l ,'he:5'1013,
"nz r4 zh) = 5 » the hydrogen ions are in the banana
regime for | > 600 ev ;md the Z ions are in the PFIRSCH-

SCHLUTER regime for T « §  ReV.,

In this note, we calculate first the diffusion coefficients
of Z ions, assuming that they are in the PPIRSCH SCHLUTER regime

and

2
. 2 . . " .
, 27D M, ;2R j my»m, q»{lhf_'.«

4
(1)
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for the various regime of bydrogen icns. We £ind that in all
cases¢ is proportional to the quantity .dl'_ _Ldne o dr_
z nNdr Z Mdr 2 Tdp
and therefore that the inwards diffusion of impurities may be
reversed if the thermal gradient dr is strong enough. This

Tdr
generaliscs the result obtained by CONWOR / 2_7 when both

14

jons { I } and ( 2 ) are in the banana regime. Actually, the
creation of a strong thermal gradient, which could be obtained
by heating ions at the plasma center and increasing neutral
flux at the plasma edge, seems the more logical way of prevent-
ing contamination in Tokamaks. It 1s difficult to state, how-
ever, how strong the turbulence induced by such a thermal gra-
dient will be and therefore which additional power will be
necessary. A1so, this turbulence could induce a strong inwards
diffusion of impurities. In that case the whole concept of de-

contamination by a thermal gradient would be useless,

In view of these uncertainties, it seems interesting to
explore other means ¢f decontamination. Starting from the
fact that the inwards flux ¢z of 2 iong is primarily due to
the friction forces experienced by these ions from hydrogen
ions when the latter are in therwodynamical equilibrium in a
frame of reference rotating around the major zxis, as it is
the case when only a density gradient J‘n, /Jr is present,
two lines may be followed to reverse ?‘ ¢ The first 18 to
compensate the friction forces resultingz from the density
gradient d n, /dr by additional forces (obtained for instance .
by R.F.pumping) acting selectively on Z ions, The second
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is to drive the hydrogen ion assembly out of the above mentioned
thermodynamical equilibrium, so that the friction forces on the
Z ions be altered. The creation of a thermal gradient is the
best example of this strategy. In the Section {IV) we tentati~
vely consider another iaossibility which essentially consists of
giving to hydrogen ions a slow velocity V,,, along the lines of
force. Inversion of ¢Z takes place if V,,, compensates the

diamagnetic velocity ¢ .‘ii“_ T of the
€8y Mdr

hydrogen assembly in the t’a direction. { & and @ correspond
to poloidal and toroidal directions, respectively). The velo-
city’V:‘ might be induced by a reasonable magnetic pumpinge The

power to be injected in the plasma is much larger than the power

which is necessary to maintain a thermal gradient V'I;/T >2 VT}/T,

if the heat tra.nslaort is neoclassical. However, by itself, a
glow ordered. motion of ions along the line of force does not
induce instabilities. It is possible that this faect gives

finally an advantage to the proposed decontamination method.

IT - VALUE OF THe DIFFUSION COEFFICIENT OF IMPURITY IONS IN THE
PFIRSCH~SCHLUTER REGIME.

Supposing the impurity ions in the PFIRSCH-SCHLUTER regime /
and the conditicns (1) verified, we obtain for the collisional

lux ¢ the following exzpression H

¢z i_"_ 2, J‘h, _A Jn, a1 Jd7
‘n z} e*& Jl‘ P4 .nz‘J" - 2 Tldr {2 )

4
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where
f’ E .‘QL’_. . We, = ﬂ .V z 27 %
thd we. ' < 7 Ot T{mT /
-Ci s 3"'!1,1A- T 3/1 = 0,8 106 A|% Tév 3/2 (2.)
b2 )2 m, " Lag A ‘ m
Al = "'n./pra%:m mage
The diffusion is of course ambipolar, [ .8 . the flux ) is
associated with a flux _ Z?z of hydrpgen ions.

The diffusion velocity ) m, 1is generally scmewhat
larger (by 2 factor< Z ) than the heat diffusion velocity.
. In the example considered above, baking
B:30k, 41 .3 gm™! and T :500¢V, .
n.dr 10
we  have ¢z m, = 200 (‘Jm/Sec
III - JUSTIFICATION OF EQ.(2).

In the frame of reference ,(R rotating around the major
axis,where the electric field has an averasge radial component

equal to O, this electric field may be written (Cf. Fig.(1).
E:_Vu;u:u.(l‘)Sh.nB
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The assembly of Z ions in the PFIRSCH-SCHLUTER regime behaves
as a fluid with a pressure PZ varying on each magnetic surface

as 3

F k() Er) Swm B

2

Neglecting the collisional transport of particles transverse
to the magnetic field, the flux g of Z lons across a magnetic

surface is given by :

1 27 ~2 - au(}’)
-5 | (ﬁxgz(x)nz(x)s o+c LU, %) do

) :Bo ('1-%; 001&)

where de is the average drift velocity of guiding oenters of

R:Ro+rene

Z ions 3
v, (7)€ ERNLY
pz(’ Ze GD Ro

Therefore we have 3

¥ ST )
o —— m ;
é Ze(’a R }; ) Re z

e
i
i
e
{
h
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The quantities p and W satisfy the equilibrium equation”
&

N A
-%h -mze V,u+ B =0

where }; @)is the friction force (per cubic cm) along the lines
of force experienced by the £ ions from the hydrogen ions. It

results that on e magnetic surface

-

R T() o

= 1 B - (4)
and using ‘3)
Lo F
¢Z 92 ZGBo (5)

The calculation of ¢z. is equivalent to the calculation of the
—~
coefficient?; s which depends on the relative motion of the

¥ The electric field - v, uw 1s necessary to :Lnduc;a

perturbation of the electron density 4m —1 e U fine
. s _ e/Me ¥

insuring elecirical neutrality 3 Sy e =dn, +2 I,

The equilibrium of the wkLile assembly of ions imposes roughly

TP, (J-n, +dn, )~ o0 ' and therefore :4M, ~ 47, »

dng ~ zdm,

i e ERR A LT W et

and €% ow T2 In o, ¢ The forcemyze Vol
acting on z ioms is of the order of (’77. 27 ) v, /> 37
. 'ne z

N

I R S
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8'
assembly ( Z ) and (1) along the lines of force,

If 2»1 , we may neglect the effect of the thermal gra-
dient of the Z  assembly, because this thermal gradient zets
in (@) as 0(_'_ VT) $0 be compared to O(VT) .
The motion of tzhe Z assembly (in the frame of reference ﬂ )
is the superposition of two motions : 1) a solid motion around
the major axis, which allows confinement, at an angular velocity

. dn 21mrce
2, Tw; Ze
Iy

where s}/ is the poloidal flux embraced by the magnetic surface,
2) a motion along the lines of force at a velocity w, ,
which must preserve the flux of Z ions across a flux tube, (.e.

which must verify, on each magnetic surface :
W;/B - constant

W, W S, o
y T W, - s & oo ®
Finally the Z assembly has in the P dirvection( parallel

direction) given by

Vz H Vz + Vz b 6
VZ H Ro + WZ
-~ —_
VZ - 2 FJ}x —_ > _R__
°
2 = r SL 2Tc
Z hz ¥ ze

(6)




e S St b PN P 8
i %.

1. rogen ions in the banana regime.
The distrivution function Fé’ LV )of hydrogen ions may be
taken a function of the constants of motion & (energy) and

Mi (momentum around the major axis)
F(;c’,-v’) £} FT(?,V) ()

N I 3
[”‘?nw]% ) e

where . ‘ - ‘ » »
= \P’;” -\,)_ (X’ +R'm V‘a 27T¢C = 2WeEM :‘P(;) H_i)(‘:'f,(ﬂ}
i ( *) T ‘P e ] e ¥ R
: 4;( ,,) is the poloidal flux for the magnetic suz;face passing

through X s and "'(!I')and T(\p) are the density and the tempe-
rature on this surface. - The distr:.bution function F(x v) F (

for the circulating pa.rticles is a f\mction of 8 M -__ \l;(
and of another constant of mot:.on o,llow:.ng for free streemng

o along the lines of fores. We take 3 ¢
F - n (¢ ) ' : +w -
#9) (zvr T(w')/m‘% _ (T{+))[1 ( ]
E Wy ,3) zve K (a(’x) 3 (.._.) . L (8)

Y/ D »5*'_;’,[.]4 3’"” ’Zd].

5@

v
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maximun value of 3 on the magnetic surface passing through x
and § (w and h(u.) are unknown functions of W , with h
going to © with W to insure continuity of F (3,3) between

trapped and circulating particles,

The force 3; ( ; ) in the P direction { = parallel direc—
tion) experienced by the 2 asgembly from hydrcgen ions is
given by {assuming Vih, & Vi )

Sr("):j]'nm T v BYVviema'A, 1 4.V

iy = 8w c"zzJﬁA/'m)’-

>
where V ) is the relative velocity of hydrogen ions with respect

to the 2 assembly 3
V. (") G & s ahgple (\7", 73’)
Using (7) and (8), developing ‘n(q, ') and T(+9 in the form

") (s L2 (4 - 4)
ing the :Lm.egral///d 7 MIV"'J./ 27 s L Td

wg obtain

s «e«s and perform-

T():enm M L

Z() Z 1 V"'\, 3‘“"/?.

T -

[2V(x!_+RZ.‘ITtm dn. _ 1 4T
Vero c T\may T 7T v)

1

3a ( hw) Ju) f%(x (9
A: fouj(")ﬂf# (—u.) ofu.
Vi, {%@_}w

[
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v
It results from (4) that the average value of 32 (‘,{) along the

lines of force must be zero. Therefore we have

2V, g 2MC o fd% _ 1 4T
VH A e imidy T 2 T4

(10)

3a (jam)du) 6(:,(;’) -0

xﬂrhert-:‘-\-/-z is the average velgcity of 2 ions which appear. in (6).¥We
must also express the equilibrium oi circulating hydrogen ions
along the lines of force. For that we mininize the entropy pro-
duction —:—SF— in the plasma due to collisions between ions.(4')

If ‘hlZ" »n, s and VIR, PVHZ this production is only due

to collisions betweer hydrogen and 2 ions and has the value 3

ds oL 4 dE GuEI) s
== . D ,F
Jt // 3% daV }v’,l 'éV B
where Dy g ( A 4,2 ,3) are the diffusion coefficients
- = 2

of hydrogen ions in velocity space vz V.- V,_(}) .%_ and
the variable Su {7 , v is defined by the relation :
Ff> :,"“,(-»)é.) . Su(x,v') ™ my'

Tkl e - T Ts/l(.%"_)%"p— 2T

e fu), T T[]

The tensw' D has only componenta D and
R Y ¥ 33

ue

A e et L




12.

> L}
in the two directions perpendicular to '4 » and therefore s

—_— e dV S K de A

S Mg v a0

ro2
2
d du "P(

YA} ) n
\“&I’L Vﬂ\_"ﬂ

Su(R‘,V') : éu(,?’ v/, .:')

Inserting the value of § U

for circulating particles

which can be derived from (8) :

Sufx v/ &'): T [ 2% (%) R 2T¢ J'"‘ _VE 3 Jl
( ! ) [ vmlz + +(V"*.1 2/Tdy

+ 3("&2 K(o(

e "\:Nf

,;)] V'Co—oo(l

5
we obtain g"-'- as a functional of ¢g(u) » Minimization with

respect to 3(11) gives ¢

16 [ 47 [ @) o9 2581 *

'([f(u)@'ﬂ[% 7

where the integral

_2Vz(;l’) R 2TTC ™, [’Jm /8 JT _B_(i)'
Vlvﬂ," e l-n W [T 2 "‘J\P r;‘(;)
=0

Jax is taken vetween two neighbouring magne-~

tic surfaces, Multiplying by esp - 5/1- and integrating,

we obtain @



’
-V, +R 2mWe
Y c

[ [RYe-]

l-r/:T((’:f:;))(;-u)] A 2Juj[['h(ul)du . (BB-,:(;’)/: o

13

-4

where the bar means averaging along the lines of force,

Comparing this relation with (10) gives

A:0

Vi ?

_2Vz L g 2w ™, (dn. ~
€ 4

T

a4
4y 2 T

and it then resmite from (9) and (6)

9;(:) =M M

-
“

Vi,

3 Vies

-— | -0
)

— a4 - ;
> 2K or i (d 1) s

e

(11)

(12)

Using (11) and (6) to calculate ?/; and inserting in (12) we

obtain 2

,9:;’)-7; Cod O =
['Jh’- - Jhl_
ano‘sb 'n,o‘l/l

m m h,
2 ' anh
A ‘ZIL:

+ 1 4T 27e
2 Td¢ e

Ab

(;M,zr Cou ©

3T WL B T T YR g g AR e e i e et B RS
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Inserting the value oi’:;r; in (5) we obtain the expression (2)

for ¢z o

2, Hyarogen ions in the Plafeau regime,

We study the equilibrium of the assembiy of hydrogen ions
by considering first this equilibrium in the configuration (1 °
having the same magnetic surfaces as the real configuration but
a constant value of the magnetic field on each magnetic surface.
The equilibrium in {the real configuration is obtained by the
superimposing the parallel magnetic perturbation 4f3 = - Bo%— cos &

to Co

The distribuiion function :L; G’ , T,') of hydrogen ions in @o

1s a function of the constants of motion f , M and V. y OF

€ ama 4
‘:ﬂ M - > _2—T£ R‘n‘l| V
b= ME v (R) v = P

n !
vz y __2_5'1 Ro mV, = ky(;)+._.2767‘ ™y e v,

We take s

oy YY)
Fo X.V)= —_——-—(ZTTTi::,\PP)?/Z 0’7‘ ”#((:Eq’..)

) (k{/, Ly) and Z'((.’; ll,p)be:l.ng the density ‘Il(l{l)a.nd the tempe-

rature T (q:) of hydrogen inons on the magnetic surface embracing
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the poloidal flux Y/ . We have
V(v W) V(YY) . dm,
vay' ‘XK nd ¥
aT (v, W) 2z (Y. W) . 4T (13)
T ooy’ Tavy" Tdy

Developing V (‘P,l y ")and 'C(q/: gy")at first order in \V-, v (;)
and ly"_ q)(}') we obtain 3

0 i
1+ %?:-P +(—_€r- -.23.) E—:—‘P)ﬂm Vtgc 2T .
v -
(5 + (- Pd) g trt o]
VT v ) smenfe@®]; T T [vm)

The average velocity around the major axis of the ions having

an energy f is
T Rame (5 3) T
e Oav To 9"

It must be equal to the average veloclity Vz of Z ions, and

therefore :

3T _, .1 2V g, 2T . ¥
v % T e 0 T z

(15)
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We may also express F as a function of the variables
g, Y '. vV « We obtain instead of (14)
’
- p}) {‘I + H (q’ ’ 6
T (?" T/'m) % )

_ ( 3) Qo mve 2 e (16)

g T T 3 yp e

The term which is proportional %o V.. corresponds 10 an average
motion along the lines of force, and therefore around the magne-

tic axis, at an angular velocity Wg +For ions having the energyg

we: ._-...)LC_ .2_11(— T 1
\78‘+‘ Tay" e q

The magnetic perturbation i3 : -Bo»Rg ol ©  superimposed to
L]

the configuration Co acts as a compressional magnetic pumping

propagating around the magnetic axis at the velocity - W6

with respect to the hydrogen ions having energy in the range 8 »
€ +§2 .Using the Landau perturbation theory - applicable if
Lydrogen ions are in the plateau regime - we find the power per

cubic cm which is provided in their rest frame to ions in this

range ¢ .
- Z-&;,s(”_ zwaz m ('m v‘z)z -
2 H) T (su)Vik,
. .
erp - '%z ewf: _ut ‘iLz () !
:uz vygl.l V#\-l v l‘g"l
Ku ::1— . 8 : 'mVJ.Z

~e .
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Thecs ions experience a force in the © direction

§6 -__1_ 5
% TaGe Fw

Using (17) and taking into account that we&K,VHh,, we obtain

the force F ® per cublc cm which applies to hydrogen ions
Foof(fw 2 f(C)iare B 2w

[] rWe r2 R * Vi e
j:',;,_xfi,) V2 (v )” 2 “+(_v,:__; 2T
oL vel vl v,/ (Dot vl 2 Tov

This force may be compensated only by the Laplace force € ¢ Gq:/c

resulting from the radial fiux ¢ =Z ¢z of hydrogen ions
across the magnetic surfaces. Using the expression (2) of ¢z
the r lation g ~2Ze ¢ B

c

T _ dn, _ 1 4T
" "[ 7 T4 }

- %

|

R |
] 2

pr Y% mnaY

|

where X - _3___'& m, 22 is small when the hydrogen ions
r 'h‘
are in the plateau regimea

Taking also into account (13) ana (15), we then obtain :

_b_L =0 _3__ :._d.—.

Taw’ T oayp" Tdy

3y - 4m, .3 4T Y . 3 4T

Mo T WY YT T ST Tew o9
v 2.
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Besides the irreversible effect calculated above, the
Tagnetic perturbation 33:- (5 _a_wo & inducas at order ..Ri
2 perturbation F of the equilibrium distribution function F
CO hd Putting : S‘ F: (8 ™ v " ) s ©
We obtain from the VLASOV equat:.on J (F + A'r-')/ dt o0
using the laws of motion in the presence of tLz pcrburbation S B
_ﬁi‘i—ni:o; .".E.:-...V"56,__L Sino L B,
dt  dt dat m qR Ro
‘L = l/z m,v_l 2/‘30

and the expression (16) of F

™ 3 T AW, g
EPP(”‘IQ_)(HT 3 (\)b\y" % I—)TB\P“)T’L?S 060%.0
M

; Vo
- 34-‘@ af,

It results

3 w3 & = 9”,’(%)(217‘1‘)3/1

v
(’3’3@" (£ -3) Ty

i "“V.\. r 6
e 2 Vu (19)

oo

o

~
N’
Lt

=

N

Finally, using (14) (18) and (19), we obtain the distribution
function F(? ,V) of hydrogen ions in the real configuration

e 177 €

e e s



Vz(})byvz +V; el © e2d R by R 3+l ees ©in (21), this j

relation becomes

19.

Fobo 0P enp(l8) 0,

T (zlr T/'m!) 32

qef30 .3 37 Y Rm Vol 2w + i

{ Tld\p+ 2 Tdy ' CPE (20) !

2

L-z) ST wmvp 278 (142 W ) e o

T 2 TdY e 2 Va ;

]

The friction force experienced by the Z assembly at point )-‘;

! is given by :
I q-f s F > - 'é’ ; ﬁ J d] ]
i - m y ) ) v :,
L(X)-//Tk "y G,V-I-Vz x)-B..)VCaiﬂ(z_vTJ p 93 J!
; i
hl h?. Tnl z I

s MM Ao Vi, ;

T T(¥) VY2 :

( ( )/'"h) 4 ﬁ

b 4 N

[-ZV;(X) + R 2T¢ , (“_1:,&,_ +1 4T ) 5T ra1) f

¢ Vi e Ay Y7 T3¢/ ;

T j

29 fse m M 3T i

TdY e 3 &

i Using (18) and (6) to calculate Vz and Vz s and replacing l%f
|
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T 2 :fcm ® - Nz My _ ﬂ‘_z_ dm 4 4T
<) - Gr T @) | 2mav " wae T T Taw

2
A Vibe 4T  ame , ™, w e
L 3 e

and results in (2) through ( 5)e

3. Hydrogen ions in the PFIRSCH-SCHLUTER Regime

Now, the assembly of hydrogen ions behaves as a fluid. The
flux of particles and energy due to guiding center motion are

given by

, 2¢ o7
(’63? = N T c3°ﬁ° o3

(Pje =':— T ‘ng

The quantities div @ , and aiv @),  must be cancelled by
—lr

the divergences 81V ¢P and div §, where (PP s P B

and ¢E s P, A are parallel fluxes of particles and energy

along the lines of force « We have on a magnetic surface

Gvnﬂ :—éiv¢ar T - 2C AM- MV'O

eB,R, dr
(PP(;)=¢P + ?SP cos ©
S R T
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and similarily
2>y = ¢cos O
o)< ¢ + 8
T T 2
¢ z - ¢ X + 27nc d(‘h,T) [ g (23)
E E R e R

It results from the general expression for ¢E 57

¢E :‘Zir ¢P + ¢e Tre

where ¢Eirr is the energy flux associated with irreversible
mechanisms, in the present case a linear combination of Vv, T » Vﬂ le)

Von, adgu , tht

s T Z (24)

All the information upon the departure from ‘l:hermonna.mical

equilibrivm of the hydrogen assembly is contained in the values

of ¢P and ¢e » and we do not need to calculate V,, T, ...

to obtain the friction force that this assembly applies to the
Z assembly. We take the distribution function F( v‘)

>
of hydrogen ions at point X of the form :

£ /> T][‘I’(}’)] £y > 2 Veosa
(x )(217 T[‘V(I)]/'m ):i/z I’*? [1 +(X()+Y(" vmz)vﬂu

From the equations :

g (%) :wa/?(?,v"’) Ve 27 VIV Sma du
. °7T° u‘ ) L
%, (;)’/ / ~F(,}’"§)~v cmd(% m‘,v’)zr_r VidY  oKdx
o ] . g T .
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we obtain,

("+"7') v 4,

(@“s;% AT g

[

It then results from (22) (23) and (24)

X(;’) X + X co @ (25)
\1(;) 7 + Y s o

where

=, -

X = ¢P i V : O

. Vid,

X:_X .R“l +~'""12.vm __ch 2r n.r[hi_’;‘ _%TEJT_‘P]

- ! ! (26)
-2 . 27mc 2¢ nT1 4T

“rvm- € TdY¥

The force fl( x’) experienced. per cubic cm by the £ ions from
hydrogen ions is equal to ¢

-*
L[ o v w I E) s v aa s
= Mm L__. Ap Vot
(ar Tm) th, (27

[ 24 Gy +((* w(;)mJ ar
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DUsing (6) and (26) and expressing that the average value of

9;(; along the lines of force is zero, we obtain

Vs (x4 7) 2

Then using again (6) and (26)
'f".—?'mo:h_u'_ ..E.."_VH',-
2 (X) 2 2 (2" T/,ml)g/z ‘? '

g[TMC)_dm YQ,J"‘ 4T 1 4T e &
V2 e Zhy dY ndy 2
]

which gives eq.(2)- through (5)

IV. INVERSION OF THE FLUX OF IMPURITIES CAUSED BY AN ORDERED
MOTION OF HYDROGEN IONS.

1o Necessary ordered velocities.

Wé now assuﬁe that there is no ‘bhei‘ma,l gradient but that
the hydrogen ions have an imposed motion around the magnetic
axis at an angular velocity 0 g * Their average velocity in
the (P direction (in the frame of reference ﬁ rotating
around the major axis where the average electriq field ié Zero)

is then given by

= Rn R . 4+ Vll'i‘
vll“‘vn‘l (l“'?r‘:' Cmo)
./2. . r dn 27re (26)
hl-, ? e

:
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The term ﬂ, R in V, is the diemagnetlc motion around the
major axis which justifies the confinement, on which is super~
imposed the motion along th: lines of force (preserving the
particle flux across the flux tubes) which gives rise to the

angular velocity Q e around the magnebtic axise

We assume again that the Z ions are in the PFIRSCH~
SCHLUTER regime, but to simplify, we assume from row that
*52’ <My « We introduce the possibility that the whole
rlasma (i.e. the frame of reference 'B ) rotates around the
major axis at an angular velocity.fz P - We must of course have
Rf2 P« Vi@, » for the equilibrium and stability not %o be
altereds However if m, 3, » We may have RR? Viheo
In these conditions, due to the centrifugal effectf the Z ions

concentrate on the outer parts of the magnetic surfaces 3

-—

—~ gl .

MM o+ M LIO6 + M, Rin &
- 2 (29)
T = M g J2 Rr
2 2 Dz -¢

=
The velocity VZ of the € 4ions in the ? direction (in the
frane ﬂ ) is again the superposition of a diamaegnetic motion

in the 55 field and a parallel motion along the lines of force:
VZ ® jzz R + viiZ

J2, .7 She  2ve (30)
Mz dy z e

The quanbity V.,z' 'ht/B is a constant on each magnetic surface

* If hlzl < n, s we may neglect the & dependent component
of the electrostatic potential. '
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and thereforas @
V. m. = K. kR L cos ®
ne z N . ] (31)

The relative velocity along the lines of force of the hydrogen
assembly with respect to the < assembly is obtained from (28),
(30) ana (31)

Av = ,(_,'Ro(u-:_ ws o +-\I—“l I wfss)
R R

o ° (32)
-5 (! X oem s)
N, o
where
o ~ C dn !
ﬂ—- s \!7.1 - R -~ e— T . — (33)
z e B3¢ h,dr R

if '3.1'_ » 1 .“"'z'
iMdr Z i, gr

Tne equilibrium of the 2 assemtly alorg the lines of force

writes s
2
A (‘ml _Q(P RV ¢ o)
(34)
s fn 4y o
Where { is the friction coefficient between the assemblies

(2 ) and (1)

fc— meopt
T\

where T, , is defined by (24&J).
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It results from (34) and (32)

—

G
'hz M, 4+

= 0
, Q30O + M, bmo

~ — 2
hl hl ‘h‘\( Rf R(‘

-

S oL Ao SRR ).

P
These relations determine K and Ty, s In particular :
=
'n,_//f: m, T s 22 = qﬁ ['n 2 R'rs ,_(,QR.;.V",)]

(35)
The flux ¢Z of Z inns across a magnetic surface is then
given by

] 1 R
?2 —,,/de Vyy Smo m, =7 Va2 ™ (36)
-0
wh-re er. is the guiding center drift velocity
3
vy, =5 m v, + SUR"
o zer ¢ R

-

In the absence of the rotation .Q?, : 0 (Cf, Bq.29)yand the
flux ?Z given by (36) has the value (2). It is directed inwards

if Jh'/‘n.d'f 4 Jn‘/z n, dr . The presence of the rotations
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f:,p ) _Q ® result in the inversion of (’7_ if the term propor-
tional to -?.’l in (35) changer the sign of M, . Assuming that

o

Dy o2ry i.es, toking jnto account (29)

’hl R

™, BR) 91 Rr > 2r (37)
T R

1

3¢ )R((O » 10€e,

this circumstance occurs when (Vy, +2
taking iato account (33)
[%..512, /) - ea,| 2 |38 v,
— hde | T z (38)
Ve -2, ¢o0

If the 2 ions are in the banana regime (as would be the
case for the Heh. jons) the inversion of (Pz occurs without
rotation of the whole plasma around the major axis, if the con-
dition (38) is satisfieds This result is nearly obvious (again
with ™, 2°¢ m, )if we consider the radial diffusion of the as-
sembly as being due to the friction in the ® direction expe-
rienced by the trapped 2 ions from hydrogen ions, This frie-
tion changes its sign if the circulating hydrogen ions have an
angular velocity around the major axis=s Rl - Taking into
account (28) such a situation gorresponds t0 a velocity —\7.\:
equal to -(f?,-nz)ﬂn“:- JU, R which is the threshold value
given by (39). (Actually the rotation around the major axis at
the freguency f’ ] makes the 2 ions in the PFIRSCH-SCHLUTER

regime to behave like trapped particles.)

2. Bealization by a magnetic pumping.
The plasma rotation around the magnetic axis at the angular

velocity J2 ¢ verifying {37) (if pecessary) does not seem

4
|
i
i
!




28.

difficuit to achieve, because of the small value to the visco-
sity coefficient of the magnetized plasma. Thé rotation around
the magnetic axis at the angular velocity,Qs = _V;'R'. s while
Vu. & VY, » is more aifficult *to induce, becalqlse this motion
takes place through the modulation-eo.g. 0 6 of the static field.

Let us assume that the hydrogen ions are in the banana
regimes The rotation at frequencyﬁ ® of circulating hydrogen
ions is restrained ty the friction force Fe in the O direction
that these particles experience from trapped iorns ( 2 ions play

J
no reole if hzz‘{nl ). A force F acting in the direction 4

]
on circulating particles must cancell the force g « This force

(per particle) is given by

Fo -2t (20)/2 9, gR

Y
Using the threshold value given by (38)

T,

Fosm dn, 2\ qR)?
o Gk 2% () TV”‘\(T} ©9)

L}
The i‘orcer may be provided for instance by a ragnebic periur-
bation of the torsional type /B 7 induced by coils as shown on
fige. 2, oscillating in the frame of reference R of the plasma

at the frequency W
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Such a magnetic pumping propagates in the plasma as in vacuum

if )
Wwe k,cp . ok, =2 (M+_{
} R q

where (A is the mp‘/eh. velocity. Its irreversible action on

the particules is the same as that of the fictitious potential

K- ;+T L (r,, -, [({-e)o +Mg +w?-] (v +v¢)

By resonance with the circulating particles having in the frame
a rara.llel \:elocity V= - NR/[M+ Q"(f— f}} s it provides
forces Fa and F?' in the © and @ directions and a power
\,/" (in the laboratory frame) related by :

) ™ Wo (40)

where Wo is the angular freguency in the laboratory frame :
~

o -W- Mﬂap o The force to® in the LANDAU regime -

which would be gepnerally effecvive in the present case - is gi-

ven by

Fé"E(i)z—" (VRL' A Vw.z + ot VI%.Z)

(L)), % (L:2)

VIR T vfg,




e
Choosing Vg = 1,5 Vu.. , we obtain :
] {) ,) .
fo s 3(2)r = g te w
( ( ?‘) (rp) o r oWl

W:-1,5 Vu, <M+ -é‘)

wO:w_M_Q_?

)
The condition Fﬁ = -FB » where g is given by (39), then

Itl-2 4

S

-é’—f:os(m+‘)T" ,
(" (g, 55)" [, (2]

For instance, taking M = | amaf = -2 , and assuming
that q =3 at the plasma edge, the magnetic pumping propa-
gates up to the magnetic surface § = 2, (where the ALFVEN
resonance itakes place). We have in the pumped region

M+ E A o, 15, Taking 7= 1 Rev, n, =3 10'%y3

R/f = , We obtain the necessary value b B ~ 2
oscillating at the frequency W/zn ar 20Kk Hz,
7/
The force F? induced by the pumping could be easily
cancelled by a § modulation of the static field, which world
provide momentum to the plasma in the @ direction only., The



32,

power V/l which*is received per particle from the pumping, and
which is the minimal cost to be paid to maintain the departure
from thermal eguilibrium allowing decontamination,is given by
(40), where fo':-Fo . Using (39) and assuming that Wo. S W
and (M +f) < 8 we find the power M W‘per cubic cm

' h 2r dn
h,w-.l,s_’( /‘m!"’

T

[} n,d7

H’[ c‘f

?
In the case considered above 3 N, W = 1/10 watts/cm3. vhile it

is aot very important, it is however much larger than the neo-

ciassical diffusion losses Wop which scales as (per cubic cm):
3
W, ~2ar (B)% ge(dT Ch.) Lh
> t; (v Tdr '

Discussions with Dr. R. AYMAR are gratefully acknowledged.
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