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Abst rac t . 

A study of the trapped ion instab i l i ty in the real geometry of the 

large Tokamaks leads to the considerat ion of a new branch of that ins ta 

b i l i t y , dr iven by a resonance w i th the magnetic d r i f t of the par t i c les , 

both in co l l is îona l and non col l îs ïonal régîmes. 

The existence of trapped part ic les in a geometry of the Tokamak 

type is known to give rise to instabi l ies in ei ther the coîlîsionless or 

co l l îs ïona l regime / I / . The Tokamaks of the next generat ion (PLT, TIO, 

JET) w i l l conf ine plasmas w i th parameters in the theoret ica l range for the 

dîssipative trapped ions ins tab i l i t y / 1 , 2 / . Simul taneously, those instal lat ions 

w i l l have small aspect ratios ( n = £ i - w i 3 " 4 ) a n c l m a y have f la t density prof i les 
a. 

and peaked temperature prof i les : such a plasma can result from the l im i ted 

length of penetrat ion of co ld neut ra ls . 

In the present work we analyse the consequences of a large magnetic 

d r i f t expected in a fat torus for d i f ferent values of the ra t io U = flJ-fl n . 
1 d U \ T 

between the temperature and density scale he igh ts . A negat ive value of u, 

( inver ted density pro f i le ) has already been proposed as a s tab i l i z ing s c h e m e / 3 / . 



Ths main result is the following : for p-<(.£ there is a bifurcation of 
Z 

the purely growing collisionless trapped ion mode / I / into two modes : the 

ion mode which resonates with the ion magnetic drift frequency ; and the 

electron one, with the electron magnetic drift frequency. The electron mode 

disappears in the collisional regime but the ion One extends sufficiently to 

predict instability of the future large installations even for flat or inverted 

density profiles. 

Our conclusion Is consequently quite different from the previous ones 

/A/ i for a fat torus, the expansion in inverse aspect ratio breaks and the 

magnetic drift frequency modifies completely the dispersion relation ; in the 

collisional regime, the sign of the real part of the frequency is opposite for 

the main range of parameters (the phase speed is in the direction of ion drift). 

Future work should be devoted to a deeper study of the non-linear stage of 

such instabilities including real geometrical factors. 

In the following, we give the main analytical and numerical results 

successively in the collisionless and collisional regimes. 

Using a simple collision model, and assuming Tî ~ Te, we start from 

the usual dispersion relation / I / : 

\fa ^ 
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where 
A = R / r , 4 s e / r ; U , V J A 

r eB jLr dL»T 

<*=. I l l Si ± <G> 
r e.3 R0 

and G, which contains the dependence offcjj to the reflection angle for a 

trapped particle, is approximately constant and equal to I for a realistic shear 

2 

We first study Kadomtsev's non-collisional mode (interchange mode). 

Assuming Vt,f <X <•>, , U <5C "-? ) w e f ' r " > : 



T = L. Ile £ 3 / V £ d-Vz + r) (2 ) 

Where we have introduced the dimensionless parameters : 

and assumed a purely growing mode ( u-ziy). 

For a given u., the integral on the R H S of eq , (2) has a maximum 

for a certain value o f y . It is the maximum value o f - c ( i . e . the minimum 

temperature gradient) for the instab i l i ty to ex is t . 

F i g . I shows the value of T as a funct ion of y , for the case p. = l_ 

F i g . 2 shows the maximum poss ib lexas a funct ion of p.. We see t ha t , for 

U ^ d , the interchange mode is easily s tab i l i zed (as a re ference, we note thai 

w i t h t yp ica l P L T parameters : R ~ 3 , r_ = 2 i Pr = I , we obtain : T « . 35 ) . 
a a 3 a 2 

For ixy 3 , the maximun T is obtained for V = 0,"^ = 2y— 2 . For 

U ^ 3 , it is obtained for a value y ^ O . In that case, for T less than this 
2~ 

maximum, one has two purely growing modes. One is Kadomtsev's/ wh i l e 

the second one has a smaller growth rate and is s tab i l i zed by a strong tempe

rature g rad ien t . However , no marginal mode ( y - 0) appears first when the 

gradient is increased, as would be expec ted . 

We are thus led to suspect the existence of a new b ranch , start ing 

from a marginal mode. 

We then look for a marginal mode (w real) in eq , (1), wh ich now 

becomes ; 



Where we have assumed that -~J 4£ W* . 

We see thar a real frequency mode is possible only i f the CTTO 

con t r i bu t i on , due to the resonance £ r | ^ I , is k i l l ed by \hL 1 s: 2 _ u. . 
iwpi 7 Iwj, i 2 r 

This gives 

where A = 3 " [ -<•• 
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We have thus found two modes, corresponding to ion {CJ = ^ v < j j ) 

and electron (<-J = ^ w j e ) magnetic dr i f t resonances- Retaining w in the nume 

raior of e q . (3) gives an equation that must be solved numericaiy , y ie ld ing 

a somewhat higher T , F i g . 2 shows the curve of the maximum T for the reso

nant mode, above the one corresponding to the interchange made. The 

curves merge for u^ 3 , where the resonance is no more possible, g iv ing 

T = I - 2 > . 2" 

If we retain the possibi l i ty of a posi t ive growth rate in eq . (3 ) , and 

solve it for tu and X as functions of y (wi th f ixed W-) we can see t ha t , as the 

growth rate increases from zero,cu and X dectease. Eventua l l y , as to goes 

to ze ro , the new branch merges w i th the interchange branch at its maximum . 

F i g . 3 shows the graph of both branches in ( y r ) coordinates, and 

f i g . 4 the value of C*J as a funct ion of v*, for various values of u . It is then 

vis ib le t ha t , for U^3 , the domain of ins tab i l i t y is considerably extended 
' 2 

by the new b ranch . 

We now invest igate how these modes extend into the co l l i s iona l 

reg ime. Eq . (I) now becomes, for the marginal mode : 

4C*'<'-**>Imw^ -pstâras^]'0 <*> 

o 



for its imaginary and real part respect ive ly , where <x — \i- p /to 

T — ^ ' l i ' c a n a " w e have assumed that 

^= = v / S - £ 0 (Deuter ium). 

We note t ha t , given the physical cond i t i ons ,T is proport ional to 

I , the toroidal mode number. 

We proceed numerîcaly , first solving eq , (4) for o(, w i th given 

X and u, and then e q . (5) for r . We also have provided for the presence 

of ui in the numerator, though it only modifies s l ight ly the results. 

Decreasing T(increasing the col l is ion f requency) , we see that : 

- the electron mode is very qu ick ly s tab i l ized by electron col l is ions 

but the ion mode extends f u r t he r , and the frequency remains posi t ive 

( — }0 ) unt i l a certain value of 7where i t becomes negat ive and we 

recover the usual co l l îs îonal mode. 

- t h e t for marginal s tab i l i ty also decreases, and becomes weakly 

dependent on u , for U < i , in the col l îs îonal region . 

Eqs (4-5) have also been solved inc lud ing a posi t ive growth ra te , 

when M-= I . F i g . 5 shows the value ofX- for marginal s t a b i l i t y , as a funct ion 

of 7 , for various values of u , and f i g . 6 the growth rate as a funct ion of x 

and J , w i t h j*= I ; f i g . 7 shows the value of w as a funct ion of T for 
2 

the marginal mode. 

Wi th n e = nj = 10 4 c m " 3 , T e = T; = 3 k e V , B = 50 k G and q = 2 , 

and the geometr ical values already used, we f ind : Tes 2 I . We then see 

t ha t , w i th -£7=0.35, a l l modes w i th I \ 2 should be unstable. T y p i c a l l y , ^ is 

a f ract ion of lo^ and smaller than c j : 

It is interest ing to compare these results w i t h those obtained for the 

"c lass ica l " (non résonant) mode. 

In a recent paper / 4 / , Tang inc luded the s tab i l i z ing ef fect of the 

small number of ions trapped in regions of favourable mean magnetic gradient 



(barely trapped ions), but neglected the destab i l iz ing ef fect due to the 

bulk of the trapped ions, which is included here. 

In a typ ica l case <n = !0 , T e = T| = 3 keV, &n = ^ T ) he 

finds marginal s tab i l i ty for the I = 4 mode, and maximum growth rate for 
3 - I I = 6 and y « 4 J 0 s , Higher - i modes are stabi l ized by ion-Landau 

resonances wh ich we have neg lec ted . In our case, we f ind similar growth 

rates but ins tab i l i ty beginning w i th the I = 2 mode. 

We wish to point out the interest of the dîmensîonless parameters 

used here, especial ly r . These may enable one to take into account 

d i f ferent effects which we have neglected herein , 

Namely , to derive e q . (I) It is necessary to make the assumption 

that , where l is the mean perturbed potent ia l seen by a par t ic le 

olong its o rb i t . An approximate ca l cu l a t i on , assuming either ty^cosz 

or I ~ cos 2 , and tak ing into account the exact number of trapped 

par t ic les , then leads to a sl ight correct ion of Z, namely -c^rO.V Sz U X . -

F ina l l y , we wish to thank Dr . J . C . Adam and W . M . Tang f o r 

f ru i t fu l discussions about this work , and N . A U S Y for he lpfu l assistance 

in the numerical ca lcu la t ions . 
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FIGURE CAPTIONS 

F ig . 1 ; Growth rate as c; funct ion of the temperature gradient for the 

purely growing mode w i th M- = I 
2 

F i g . 2 : Minimum temperature gradient for the purely growing (G) and 

resonant (R) modes as a funct ion of W. 

F i g . 3 : Growth rate as a funct ion o f T , for both branches, for various 

values of /x . 

F i g . 4 : Real part of the frequency as a funct ion of the growth ra te , for 

the non-col I tsional mode. 

F i g . 5 : Marg ina l s tab i l i ty as a funct ion of J , for various values of u, 

in the co l l i s iona l reg ime. 

F?go 6 : Growth rate as a funct ion of V and J , wîthM-= I . 
2 

F i g . 7 : Real part of the frequency as a funct ion o f r a n d ) * 
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