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DIFFUSION OF IKHJRITIES IN ÎOKAKAKS 

IH THE BFIRSCH-SCHHFÏER HEC-IME. 

A. SAMAIÏÏ. 

ABSTRACT. 

Diffusion of impurities ions in the PFIRSCH-SCHLCTEa 

regiae 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 plasma contamination. Another 

decontamination method, which consists of giving to'hydrogen 

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

The impurity ions are pumped inwards Tokamak configurations 

by a mechanism which results from the very principle of confi

nement in these configurations /~1_7- Assuming a constant 

t emperature T , the hydrogen ions ( charge >| x € , density ̂  ) 

and the impurity ions (charge 2. X 6 , density f ) , ) tends to 

thermodynamical equilibrium in a frame of reference rotating 

around the major axis where the electrostatic field-Vjy .satisfies 

the condition : 

•> r T , z r T 

Therefore the density profiles f\^ and t\ z tends to equilibrium 

values such that T ) , * T\ ^ , i.e. the Tj profile tends to 

concentrate inside the T) profile. 

The flux of impurities<p2 across a magnetic surface is 

caused by the friction forces experienced by the Z assembly, 

duo to the difference between the diamagnetic velocities of 

species (1) and (Z). In the absence of a thermal gradient, these 

diamagnetic velocities are proportional to -£- T X_2j and 

c v u eft ' n t 

• - T * , respectively. A thermal gradient intro-
Z e '5 T) z 

''.uces further diamagnetic velocities proportional to ̂ jj- V T aT1fl 

•y-g à V T for particles of low and large energies. The flux^ is 

therefore of the form (r is the minor radius of magnetic surfaces) 
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where the quantities o(. = 0(1) and A , for a given 

magnetic configuration are functions of the temperature T , 

the densities ^ and T)« and Z » Of course these functions 

depend on the diffusion regime of ions (1) and (Z)o In a rea-

2 
listic situation where Ï), Z. > 71 the conditions of tempera
ture and density for the various cases are the following 

Transition PFIRSCH SCHLUTER 
regime - Plateau regime 

Transition Plateau regime 
- Banana regime 

impur?, ty 
ions 

(2) x o,5 -io- 7 i 

2£* **,.£)* 
"O. 2 2 -12 

X -i x 0,5 10 

hydrogen 

ions 

(1) -1Z 
O, 5 10 x îli* * o,5 -,0-

iZ 

7 1 1 

where T e v is the temperature T in ev. Impurity ions with 

Z %• 1 are typically .'.n the PFIRSCH SCHLUTEE regime even if 

hydrogen ions are in the plateau or banana regime./For instance 

taking Z = 2 ' A ?• . •"- 5 10 13 

, the hjdrogen ions are in the banana 

regime for T > 600 «V and the Z. ions are in the PFIESCH-

3CHLUIER regime for T •< 5" KeV. 

In this note, we calculate first the diffusion coefficients 

of Z ions, assuming that thoy are in the PFIESCH SCHLU1ER regime 

and 

» 1. 2 »l * . » "la. 
7 ' « CD 
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for the various regime of hydrogen ions. We find that in all 
cases <H_ is proportional to the quantity J2-2li_ — L Sjfj- __L ° T 

and therefore that the inwards diffusion of impurities may hà 

reversed if the thermal gradient , is strong enough. This 
generalises the result obtained by COUÎTOR LZ_J when both 
ions { I ) and ( Z ) are in the banana regime. Actually, the 
creation of a strong thermal gradient, which oould 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 lokamaks. It is 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. Also, 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 of decontamination. Starting from the 
fact that the inwards flux m of Z ions is primarily due to 
the friction forces experienced by these ions from hydrogen 
ions when the latter are in theriiodynamical equilibrium in a 
frame of reference rotating around the major axis, as it is 
the case when only a density gradient </»), jar is present, 
two lines may be followed to reverse ffl : The first is to 
compensate the friction forces resulting from the density 
gradient OTJ, Ifa by additional forces (obtained for instance . 
by H.F. pumping) acting selectively on 2 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 
2 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 possibility which essentially consists of 
giving to hydrogen ions a slow velocity V ( l < along the lines of 
force. Inversion of© takes place if V compensates the 
diamagnetic velocity c Z_2i. T of the eee Vdi-
hydrogen assembly in the *p direction. ( 0 and O correspond 
to poloidal and toroidal directions, respectively). The velo
city V. might be induced by a reasonable magnetic pumping. The 
power to be injected in the plasma is much larger than the power 
which is necessary to maintain a thermal gradient VT/y > 2 VTIJ 

if the heat transport is neoclassical. However, by itself, a 
slow ordered- motion of ions along the line of force does not 
induce instabilities. It is possible that this fact gives 
finally an advantage to the proposed decontamination method. 

II - VALUE OF THB DIFFUSION COEFFICIENT OF IMPURITY IONS IN THE 
BFIRSCH-SCHLUTSR REGIES. 

Supposing the impurity ions in the PFIRSCH-SCHLUTER re(;ime/ 

and the conditions (1) verified, we obtain for the coUisional 
flux m the following expression ! 

(2 ) 
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where 

ffcU 
:%± 

Oc 

.- os , o s A ! i " 3 / 2 

" I : D l , / Oro-fou l<l<Kf 

The d i f fus ion i s of course am'bipoiar, l .fi 

a ssoc ia ted with a flux 

the flux 

of hydrogen ions. 
*> 

(2. ) 

is 

The diffusion velocity (h jy\^ is generally somewhat 

larger (by a factor / 2 ) than the heat diffusion velocity. 

. In the example considered above, t&lrtVig 

6 .- 30 Kq , < < T |- : 1 « " ' and r : 5 0 0 c V , 

% /"02 — 200 om/stc wt We 

III - JUSTIFICATION OP EQ.(2) 

In the frame of reference J\ rotating around the major 

axis,where the electric field has an average radial component 

equal to 0, this electric field may be written (Cf. Pig.(1). 

E z _ V U ; U .- Û M Sto 8 

CA« 

V s 



The assembly of 2 ions in the PFIRSCH-SCHLÏÏTER regime behaves 

as a fluid with a pressure p varying on each magnetic surface 

as : 

b = Jo(r] + F(r) S\M 9 

Neglecting the collisional transport of particles.transverse 

to the magnetic field, the flux m of 2 ions across a magnetic 

surface is given by : 

R .- R O + C Coj » 

where v^ is the average drift velocity of guiding centers of 

2 ions : 

Therefore we have : 



7. 

The quantities b and LL satisfy the equilibrium equation i 

where jT^) is the friction force (per cubic cm) along the lines 

of force experienced by the 2 ions from the hydrogen ions. It 

results that on a magnetic surface : 

(4) 

and using rS) 

4 -- ? K -t-s (s) 
Tz I z z e /3„ 

The calculation of m is equivalent to the calculation of the 

coefficient J- , which depends on the relative motion of the 

The electric field - V„ It is necessary to induce a 
perturbation of the electron density Sl\.L 1. e U. Sm 6 
insuring electrical neutrality S /^ ./^ +• 2 />} 
The equilibrium of the whole assembly of ions imposes roughly 
T P„ ÏVTI, + <fii4 ) ̂ <- o and therefore : / * ) 2 ^, /•»), , 
oTïiç ~ 2J"»JZ and f a v - T Z / l . ^ • The force ̂  2 e 7nU 
acting on Z. ions is of the order of fa z1/ ) V K /> ^~3_7 
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assembly ( 2 ) and (l ) along the lines of force. 

If 2 JM , we may neglect the effect of the thermal gra
dient of the Z assembly, because this thermal gradient cots 
in (2 ) as 0 /_!_ P T ) to be compared to 0 fpî) . 
The motion of the 2 assembly (in the frame of reference 
is the superposition of two motions : 1) a solid motion around 
the major axis, which allows confinement, at an angular velocity 

Ji7 - T i*a_ ill 
\4f 2 e 

where <p is the poloidal flux embraced by the magnetic surface, 
2) a motion along the lines of force at a velocity w z , 
which must preserve the flux of Z ions across a flux tube, i.e. 

which must verify, on each magnetic surface : 
M ^ /ft .- contort 

Finally the 2 assembly has in the <p direction ( parallel 
direction) given by 

V7 - R 0 + w z 

'2 - -»«^ - v
2 ff„ 

(6) 
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1. Hydrogen ions in the banana regime. 

Kie distribution function F/x, i?yof hydrogen ions may be 

taken a function of the constants of motion £ (energy) and 

M, (momentum around the major axis) 

1 j I'' f " ^ P ] ^ T(*') 
(7) 

where 

)'(?$) -- ̂ ) +*T*VVW = JJLS. M > .- f ft) /. + o ( ^ y ) 

bfit) is tne poloidal flux for the magnetic surface passing 

through X , and \(^) and T ^ ) are the density and the tempe

rature on this surface. ïhe distribution function F[X,? ) ; F, ft ("v) 

for the circulating particles is a function of G i M - c J> ft y) 

and of another constant of motion allowing for free streeming 

along the lines of fores. We take : ; 

•wp>j.-v; 'k(*/3f) i f f / 

l ' fee»-) I U(?) ^ i 

where «?( is the angle -between'73 and V , ft Y J) is the 

(8) 
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maximum value of ft on the magnetic surface passing through x 

and 9 (u^ and h At) are unknown functions of U. , with h 

going to O with V. to insure continuity of F/K,7) between 

trapped and circulating particles. 

The force A (x) in the p direction (,-tz parallel direc

tion) experienced by the Z assembly from hydrogen ions is 

given by (assuming V&- ^ Vffc , ) 

ifrSw r(i ?v * £ ; v*«» -•*, j - , -, 
fij> - Sir t * z 8 /j/»/•>•»,*• 

where y is the relative velocity of hydrogen ions with respect 

to the 2 assembly : 

V*r V - V ^ l « ' , ihf/e (V', ?3j 

Using (7) and (8), developing ft (<!/') and 77^, ') in the form 

1 >'0* ') "" *• (H*)) 4 ^ - (V - 4* ) , ... and perform

ing the integral^ -> . 0* fj V '* è v' fit Si» « ' </<A ' 

«fe ob ta in 

/ -.iAÇl. + ft su •*, toi . i i l \ 
(9) 
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lines of force must be aero. Therefore we have 

It results from (4) that the average value of j fc\ along the 

aero. Therefore we have 

(ULL 1 -tl_ ") Q„ 2 TTC •*• -J. Ho TTi 
v H U 2 e 

4 2 A f f fi(tt)Ju.)-— -- 0 
*. 0 0 ) 

where Vf is the average velocity of 2 ions which appear, in (6).We 

must also express the equilibrium oi oiroulatirg hydrogen ions 

along the lines of force. For that we mininize the entropy pro

duction . • in the plasma due to collisions between ions.'*^ 

If is Z l »r)l , and Vlft., ̂ ^H>2 this production is only due 

to collisions between hydrogen and Z ions and has the value : 

^- -"- III'111^7 A J' Jittff.?') Tup?.? 1) i> P 

where J)^ a /"oc ; ', 2 , 3 ) are the diffusion coefficients 

V':V-V. ftï _ of hydrogen ions in velocity sfiet V r V - Vj.(x) and 

the variable S U // V') i B defined by the relation : 

i A •*» 

Ihe t e n s i / J> has only Romponents J> ani J> i _ J> «• 
<*& J l 3 S Z y i 
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^ i 

in the two directions perpendicular to v , and therefore 

Su/*', 7') r 5 w ^ v', ̂ M 

Inserting the value of § 'J f°r circulating particles 
which can be derived from (8) : 

* *&?) H''-1)] *' Cot <* 

Js , > 
we obtain -— as a functional of Q (U) . Minimization with 
respect to 0 M gives : 

— © 

where the integral 111^3 * is taken between two neighbouring magne
tic surfaces. Multiplying by **f - "A- and integrating, 
we obtain : 
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+ "c 
VA.» 

+ A 

_*Z1 i» fill. - 1 il. ) 

Uï^'o-i--i^M]i^M'^(^'' 

where the tar means averaging along the lines of force. 

Comparing this relation with (10) gives : 

A.-o 

(11) 

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

(12) 

Using (11) and (6) to c a l c u l a t e V_ and i n s e r t i n g i n (12) we 

ob ta in : 

J (x)T T Cei O z t\ Tr\ * > • flj> 

/"_^_ _ J±_ +JL J2L1 *lLf_7nt2r) Coo O 
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Inserting the value of Jz in (5) we obtain the expression (2) 

for dl . 

2. Hydrogen ions in the Plateau regime. 

tfe study the equilibrium of the assembly of hydrogen ions 

by considering first this equilibrium in the configuration So 

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 J (5 - - So—- coi S 

to t . „ 

The distribution function ra fe ^M of hydrogen ions in fê 

is a function of the constants of motion ç , M and V« , Of 

6 and 

j,':lE M = vj, (?) + UI£. R Hi, Vp 

*f"=• if ' _ ULL Ho m v„ m yfe\ + £E£ Tmtr CM e V 
? 

We take s 

V (w ty) aad r A f , li/)being the density Tj/i^Jand the tempe

rature 7" (4*) of hydrogen ions on the magnetic surface embracing 
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the po lo ida l f lux ^ <. We have 

a \> ftp.*) aO r y . y ) - i_2!> 
Y 3 y ' ^ 3 4* " " \d f 

ar O.v) + ar fy.vO . j T

 ( 1 3 ) 

Developing v ((//,' <f ")and rAf," If") at first order in *//_' M1 (?) 

and lf"-(ff'?) w e obtain s 

I ' r T [2TT T/* , j 'A 

[ [<ièv IT 2 / r a f j n • I 
. fjJL . (I l\ iX \ r-m.vfl) ZVC "J 

+ lv3 V"
 + l T - r i T H ' " ; £* <***] 

¥'-- «T » TO .; V \|VG?)] ; T .- T (>(?)] 
The average velocity around the major axis of the ions having 

an energy £ is 

R aire / a j_ / ^ ^N 3 T \ 
W a y \T " 2 / r* «c 7 

(14) 

T 
e 

It must be equal to the average velocity V. of Z ions, and 

therefore s 

ill r 0 . T p-r fio ULL T V_ 

(15) 

ftp://ftp.*
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We may also express f as a function of the variables 

S, tf ', V „ .We obtain instead of (H) : 

F, e, 

i _ + (L - -T) AL. ] fi. "*-*™ J ( 1 6 ) 

gàf" IT * / r a<r J e J 

The term which is proportional to Vu corresponds to an average 

motion along the lines of force, and therefore around the magne

tic axis, at an angular velocity l*Jg .For ions baring ihe energy S 

[vdV \T 2/ r j f j e 9 

The magnetic perturbation J 6 r - 3o]r co!' ® superimposed to 
p R ° 

the configuration CQ act3 as a compressional magnetic pumping 

propagating around the magnetic axis at the velocity - W © 

with respect to the hydrogen ions having energy in the range C , 

£ + a % .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 : 

J * Ifl/ T \ / f K,.)vrt, 

qR ' 2 
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Thessi ions experience a force in the <? direction 

Using (17) and taking into account that Ua^fK,*/^, we obtain 

the force F ® per cubic cm which applies to hydrogen ions 

1 ft 2. TTC 

VA i e 
f r(L£H) -.1. &.{jr)\-
* J \ rw 9 / r 2 U / ' 

J f ( vrt(V ^ \vi«J UaY" Ut*f 2 / r a y " 

This force may be compensated only by the Laplace force S Q> Qf/C 

resulting from the radial flux W - Z (b of hydrogen ions 

across the magnetic surfaces. Using the expression (2) of ŒL 

the r. lation F ~Ze à a 

6 z C 

èv . j e t _ r . ^ . i i i i 
v'j<r 2 zrdy" [ V * 2 T <* * j 

where X is small when the hydrogen ions 

xytt,, ~T. 
are in the plateau regime. 
Taking also into account (13) and (15)» we then obtain s 

TiW ' z by" T d y 

ov _- _i2* +J. i i . _ i i a-JL -iL r i_, 

V* - fii* + i -il. Ï Tfi ^""f 



18. 

Besides the irreversible effect calculated above, the 

tdgiietic perturbation ti^>--(ba — coi 9 inducss at order — 
R R 

a perturbation r of the equilibrium distribution function F 

C0 . Putting : S" f = <} f £ , M ^ , V„ ) Co* © 

'rfe obtain from the VLASOV equation é (F + fF) / Ji : O 

using the laws of motion Ln the presence of tha pcrburbation o 6 

!!-- i_!! i .o . Ill ;.-£v„-iQ:-£± s^oz. n0 

d f df ' ' d h */ ™ 9 R o R o 
A -- /t « ^ * /o 0 

and the expression (16) of F ; 

3 <)Ro 

I t results : 

O"F - q un) »-- f •* f- L.)^~ , 

/lâi. +(£ .1) ±L. )1ZL J_ rhJCL r cw s ,,„, 

Finally, using (14) (18) and (19), we obtain the distribution 

function F/jf Jv) of hydrogen ions in the real configuration 
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^ T / (2, r y ^ 3/2 

f 1 + / J2L + J_ jLL ) Ri», Vq>±_ 2. -ïï + 

\r i} ru* * e V î v , ' / 

(20) 

coi s 

The friction force experienced by the 2 assembly at point X 

is given by 

iff./*" 1 f ( * - r + * G > & v W i ï » V ' 7 ' 
_ 1 ' , ' " a . ' " l , .flaW, 

C a i r T(*)/-»,)Vi 

I 

Ail 

dT 

(21) 

- 2 1 r co4 © -m, iJ l£ i l 
T J T e 3 

Using (18) and (6) to calculate V ? and V f c , and replacing 

Vz(x)*y\ +Vj C<73 S and R }i. ft + f co» S in (21), th is 

relat ion becomes 
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fl* % * i l H£ 2 r m 4 coo » 

and results in (2) through ( 5)« 

3. Hydrogen ions in the fFIRSCH-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 

V - "' T rb. n 

V -i r V 
The quantities div ft and div w. must be cancelled by 

the divergences div i> and div de where (Bp - fy B 

and <pf - p e Û are parallel fluxes of particles and energy 

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

6 v„ p „- . éiv-d i - -H. ^*'T -4*̂i © 
r' 'JP e8 0R o dr 

ft (*) = Î + J ̂  ° 
5'.- . J JL. + _£££ <^ T 5 r (22) 
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and simi.larily 

*(9 • * 
+ S aw s 

Î - S * + 5 7Tf 

e 
r (23) 

7 . It results from the general expression for W £~5, 

ft --f T fP + 0, frr 

where (p£;rr is the energy flux associated with irreversible 

mechanisms, in the present case a linear combination of V T » Y, 1». 

I „ S T J (24) 

.All the information upon the departure from thei-moaynamical 

equilibrium of the hydrogen assembly is contained in the values 

of w and (f), , and we do not need to calculate 7 „ T , ,.. 

to obtain the friction force that this assembly applies to the 

2 assembly, ife tats the distribution function F (x. , \/) 

of hydrogen ions at point X of the form : 

I* / fair r [*(*;]/,»,)% f ~ [ ( W + . ( ' v t f / V * * J 
From the equations : 

4> /a 



22. 

we ob ta in , 

f* + f y ) i *' v r f ' r fi

fe * +
 T v)r *• V|*> T -- fc 

I t then r e s u l t s from (22) (23) and (24) 

* (?) ' X + *" coa S (25) 

*1(x) - ) + V <*» <& 
where 

.; y * .- 2 * . Û" .- o 
•», v ^ 

x\-_x£ + i _ 2JL£ 2 r T i , r f i J ! l . l i I . l 
_ R ^ f t , « [•»>, d f 2 T d H » J ( 2 6 ) 

V = - i *•"** 2T -n.r J H 

force J (̂'j experienced per cibic om by the Z ions from 

hydrogen ions is equal to : 

Ihe 

%®'-f[Flt V V V , ( ; ) | ) « . W I V ' « . K «,£„•» V 

fi» y*.,;»* .T" * s (27) 
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Using (6) and (26) and expressing that the average value of 
3 (~x\ along the lines of force is zero, we obtain 

Then using again (6) and (26) 

W l e / [" 2 -he J V + H,d4> ~ 2 Td V J 3 i l C04 © 
*, d 4> I T d ¥ I 

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

IT. INVERSION OF THE FLUX OF IMPUEITIBS CAUSED BY AW OBDEEED 
MOTION OF HTDEOGEN IONS. 

1o Necessary ordered velocities. 

We now assume that there is no thermal gradient but that 
the hydrogen ions have an imposed motion around the magnetic 
axis at an angular velocity -it • Their average velocity in 
the V> direction (in the frame of reference J\ rotating 
around the major axis, where the average electric field is zero) 
is then given by 

ViM = V „ t ( ' - • £ • '*<* » ) ' 

SI : r i l 'rtri ' ( 2 B ) 

*>.,.dv e 
St © = VJTi . -

< } R -
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The term Ji," in v\ is the diamagnetic 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 11 s around the magnetic axis. 

We assume again that the 2 ions are in the PFIHSCH-

SCHUTTER regime, but to simplify, we assume from now that 

\ 2 < i), . Wfe introduce the possibility that the whole 

plasma (i.e. the frame of reference y\ ) rotates around the 

major axis at an angular velocityJL <p . We must of course have 

RJ2 p <? V jf> , for the equilibrium and stability not to be 

altered. However if m>>"m, , we MÏJ ki** RJt q> Vi^ 

In these conditions, due to the centrifugal effect, the Z ions 

concentrate on the outer parts of the magnetic surfaces : 

T 
The velocity V^ of the 2 ions in the <P direction (±n the 

frame J-J ) is again the superposition of a diamagnetic motion 

in the &g field and a parallel motion along the lines of force: 

\jz , S}z R + v l i 2 

J2, .- T ii«. **c (30) 

The quantity V n i f>t / 6 is a constant on each magnetic surface 

If 7i zl < »ii , we may neglect the 6 dependent component 

of the electrostatic potential. 
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and therefore : 
V„„ V - *fr) . fcî-1-C Cerf <9 
" 2 * ^ • R (31) 

The relat ive velocity along the l ines of force of the hydrogen 

assembly with respect to the 2T assembly i s obtained from (28), 

(30) and (31) 
f * r ZW - J!R0ÇH-L. 0(rtoJ 4- V„, A.JL. CMS] 

where 

* e Qg D. d r fl 

(32) 

(33) 

i f I-J-". J » i ; «I n̂  

Tne equilibrium of the z. assembly along the l ines of force 

writes : 

- T " „ ^ + » t Vn ( S -ftç R " «« • ) 

+ f \ A V r 0 

Where i is the friction coefficient between the assemblies 
( 2 ) and (1) : 

I 0 ^ 1ju_ 

where r, , is defined by (2<x-)« 
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I t resul ts from (34) and 132) 

\ -" \ + •*>» c « o + * e 

. q-fl - 2 « r v i • / [ * ( * ' " . **.;-K 
: O 

These relations determine K. and îlj_ .In particular : 

(35) 
The flux w of Z ions across a magnetic surface is then 

• «4 

given by : 

\ (36) 

wh-re Vj is the guiding center drift velocity 

J l ZeS * R 
In the absence of the rotation J2—,\ * O (Cf. Bq.29)jand the 
flux f, given by (36) has the value (2), It is directed inwards 
if J TtiA. j,. / J"»/ AT ' T l i e P r e s e n o e o f ^he rotations 
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•!•• <p J Ï O result in the inversion of <f j_ if the term propor

tional to tij in (35) changer the sign of "nl . Assuming that 

^v v 2 f i.e», taking into account (29) 
Hi R 

In, J2f *r > ±r (37) 
T R __ i 

this circumstanoe occurs when (V», +•» R )'>^0 , i.e., 

taking into account (33) 

v u , . J2. < 0 
If the Z ions are in the banana regime (as would be the 

case for the He ions) the inversion of <fz occurs without 

rotation of the whole plasma around the major axis, if the con

dition (38) is satisfied. This result is nearly obvious (again 

with*2 •̂ .'"1 )if we consider the radial diffusion of the as

sembly as being due to the friction in the 9 direction expe

rienced by the trapped 2 ions from hydrogen ions. This fric

tion changes its sign if the circulating hydrogen ions have an 

angular velocity around the major axis«» J i. j . Taking into 

account (28) such a situation corresponds to a velocity Vu 1 

equal to which is the threshold value 

given by (39). (Actually the rotation around the major axis at 

the frequency J? ^ makes the 2 ions in the EFIESCH-SCHHiTBR 

regime to behave like trapped particles.) 

2. Realization by a magnetic pumping. 

The plasma rotation around the magnetic axis at the angular 

velocity n <b verifying (37) (if necessary) does not seem 
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difficult to achieve, because of the small value to the visco

sity coefficient of the magnetized plasma. The rotation around 

the magnetic axis at the angular velocity J^„ - »" ' , while 
_ w q ft 
y i u <£ V £ » is more difficult to induce, because this motion 
takes place through the modulation - 8„ JC W 8 of the static field. 

let us assume that the hydrogen ions are in the banana 

regime. The rotation at frequency J? © of circulating hydrogen 

ions is restrained by the friction force F® in the <9 direction 

that these particles experience from trapped ions ( Z ions play 

no role if ii 2 ' < ">i i ). A force f. acting in the direction & 

on circulating particles must cancell the force £ . This force 

(per particle) is given by 

F"7r(¥)h7- ¥ 

(39) 

r 
Using the threshold value given by (38) 

F»rîl ta, i i . (lL)Vl± vit {M? 
r, *« *,dr U / 4 *• ( r I 

The forcers may be provided for instance by a Magnetic pertur

bation of the torsional type £&J induced by coils as shown on 

fig. 2, oscillating in the frame of reference j \ of the plasma 

at the frequency U : 
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obr ^ - e h cos (h+ n<p + ut) (S. 
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M 'A • & 
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Such a magnetic pumping propagates in the plasma as in vacuum 
if 
Wtf K„ Cft . ^,,.-1 / M + 4\ 

' R [ q } 

where C fl is the velocity. Its irreversible action on 
the particules is the same as that of the fictitious potential 
J ^ _ *(£/"""/N»-t *"Hv*V) 
By resonance with the circulating particles having in the frame 
I fialUI velocity VR = - W R / [ M +q-'({-£)! , it provides 
forces f̂  and iv, in the © and (j> directions and a power 
\j/~ (in the laboratory frame) related by : 

where £Jo is the angular frequency in the laboratory frame : 
Wo :U- Al_x2p . Ihe force f© in the LAHDA0" regime -
which would be generally effective in the present case - Is gi
ven by : 

^ i r ^ f v ^ ^ + i ^ 

V R r U/R 
M +• 1-<T 

9 
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Choosing V^ - I ,5 » |£ ( , w e obtain : 

bJo : Ul - M SI <f 

Ihe condition f. : •'. , where <^ is given by (39 ), then 
imposes 1 

For instance, taking M = I and X = - 2. , and assuming 
that (̂  = 3 at the plasma edge, the magnetic pimping propa
gates up to the magnetic surface CJ = 2, (where the ALFVEN 
resonance takes place), ife have in the pumped region 
M t i v 0,15 . Taking T = 1 Kev, n, = 3 10 1 3enf 3 

R/f : 3 , we obtain the necessary value b/o — — 
oscillating at the frequency O/fy it /x/" ' ° * "*• 

/ 
The force Fm induced by the pumping could be easilj' 

cancelled by a 9 modulation of the static field, which wovld 
provide momentum to the plasma in the <f> direction only. The 
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power W which»is received per particle from the pumping, and 

wiiioh is the minimal cost to be paid to maintain the departure 

from thermal equilibrium allowing decontamination.ia given by 

(40), where F» : - r 8 . Using (39) and assuming that (JoS W 

and (Mû + £ j < Q we find the power "h, W per cubic cm 

"h.u/ : i , r 

In the case considered above : n, watts/cm'. While it 

is iot very important, it is however much larger than the neo

classical diffusion losses WJJ which scales as (per cubic cm) : 

*r (V* r (4b <*•) tï 

Discussions with Dr, R. AYMAR are gratefully acknowledged. 
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