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,Under certain modes of.operation of very I '  

, . . , .  

large tokamaks such as the proposed TCT (Two-, 

Component, Torus) , it. is. possible to create 

oppositely'directed density and temperature 

gradients (Vn-VT - - < 0) in the hotter central 

region of the plasma and the usual profile 

(VnoVT - - .  > 0) .on .the colder outer edge. Such 
. . 

configurations are found to be very favorable 

to stabjlity against trapped-particle modes. 
- .  



The TCT (Two-Component Torus) concept1 basically involves 

the injection of energetic neutral beams not only to heat the 

plasma but also to directly generate fusion reactions sufficient 

for net thermonuclear power production under conditions less 

restrictive than Lawson's criterion. A proposed mode of opera- 

tion in such a system is injection followed by a mild compression 

of the plasma to the central position in the torus. The plasma 

density in the outer (blanket) region is then increased by 

introducing an influx of neutral gas i&ediately d t e r  compres- 

sion. These neutrals are readily ionized befvre penckrating deep 

into the plasma and lead to the typical density and temperature 

profiles shown on Fig. l2 In this Letter, we note some advan- 

tagas of this approach and focus in particular on the question 

of how the reversed radia1,density gradients produced here affect 

the trapped-particle instabilities.. 

Some of the principal benefits derived from operating with 

the "cold" transient plasma blanket are as follows: 

(1) There will be a reduction of the energy flux to the 
c 

wall and limiter since the energy transported from the 

hot central plasma goes largely into heating the cold 

plasma blanket. 

(2) In the blanket region, the energy of ions and charge- 

exchange neutrals may be reduced below the sputtering 

threshold (typically - 50. eV) . 
( 3 )  Provided they obey the neoclassical-diffusion picture, 

the high-Z impurities will accumulate toward the 



' 

outside rather than in. the hot .central, plasma,, as long 

as the proton density peak .lies in the blanket . region. . 

. ;  ( 4 )  The neutral density in the hot central plasma is ac,tu- 

. ally reduced because the neutrals ,are r.e.adily ionized . .  
, 

, .in the cool.outer region.:. This is.advantageous in that 

. . , it reduces .the ,losses due to,charge .exchange with high . . 

, ,. . energy beam ions. , , , . . .. . 

. . .  .. In.lighf of the preceding ben.eficia1. effects, it becomes, . . ,  , 

impor.tant ko address the-question of how the.mode of operation . .  

de,scribed will 'affect the microinstability picture. Numerical. . . . 

results. obtained fr0m.a tokamak radial transport code2 indicate . ,  , 

that the reversed density gradient region typically falls within. 

the "banana", regime. (where the, effectiye collision frequency , . .  . . 

v : is less than the trapped-"particle .bounce frequency wb) . In,. , eff 

what follows,.we wi.91: analyze.the effect'of.this inverted profile 

on thetrapped-electron-and..trapped-ion instabilities. . 

3 The :trapped-electron modes are drift-type;instabilitics . 

with characteristic frequencies falling between the.therma1 ion 

and elecLron bouncc frequencies (wbi < w < w ) . These modes, 
be 

which do not require the ions to be in the banana regime, are 

driven unstable by:dissipation from electron collisions in the 

presense of temperature'gradients. For the usual case, 

Vn-VT > 0 , it was believed that the instabilities. could be - - . . .  

stabilized in tokamaks by attainable .levels of magnetic shear 
, . 

strength. f However,, in a: recent calcu'lation6 it was pointed 

out that Landau resonances,associated with the VB-drift - of the 



trapped electrons can lead to much larger growth rates and.thus 

renders stabilization far more difficult. In the analysis which 

follows, this will be taken into account together with previously 
5 

considered effects such as shear and finite ion gyroradius. 
7 

To obtain the dispersion relation, we follow the usual 

approach of solving the Vlasov-Maxwell equations in the electro- 

static limit with a Krook model for collisions. After obtaining 

approximate forms of t h e  distribution function for ious 

and electrons (in limit u/ube , ubi/w small) , the quasineutrality 

uurldition, e / d3vf = 0 , is invdked to yield the basic mode 
j 

j 

equation. In the radially local limit, the most unstable situation 

occurs at the rational surfaces where the stabilizing ion Landau 

damping effects are negligible. The mode structure (to lowest 

order) is determined by an integral equation which can be solved 

8 by a variational procedure maximizing the growth rate. Assuming 
- 

(potential averaged over trapped-particle orbit) = (I simplifies 

the analysis and still gives the growt-h rate to within about a 

factor 2 of the variational result. The resultant dispersion 

relation then takes the form 



-1 ' 

where w, = ck,Te/eBr with rn = (dlnn/dr) , T = Te/Ti , 
. . n. i 

rn = I n. (b) , exp (-b) with In a modified ~eskel function,' 
2 2- 1/2 , 

. . 
b = kLpi/2 , pi = vi/ni: , v i = (2Ti/Mi) , nj = dlnT I . /dlnn j , 

, . 

E = r/R (local inverse aspect ratio), veff,e = V,/E , 
. . 

<A> (2/a1/2~:/2)l' ~ E E ~ / ~  exp (-E/Te)A , and wDe = w,rn/~ . 9. 
Because the wDe - resonances are important, the usual pertur- 

5 
bative approach to solving Eq. (1') is n0.t applicable for the.,. . 

smaller values of the collision frequency. We therefore solved 

this dispersion relation numerically. and have.displayed the 

results on Fig. 2. Here we plot the maximum growth rates (normal- 

I ized by the average trapped eLe~tron bounce frequency, wEe) against 

the banana regime parameter, v, v T eff . For each value of 

v,. , growth.,ra.tes were calculated over,. a wide range' in k, and the 

L) largest. answers plotted on .Fig. 2. .In :these calculations, we , 

have taken rn/R I. E = 114 , T = 1 , ,and,.qe = ni = f 1 . Positive 

values of a n  correspond to t.he normal profile which leads t.0 - .  
. . . . e,i , 

. . 
.:.: .the skrong enhancement of the .g,rowth.;rate shown on the graph. . 

.. . . . 

On the other hand, the inverted profile situation (net negative) 

leads to maximum growth #rates which. are much reduced and are 

comparable to the answers obtained ignoring the, drift ,resonances 

(w . . :  = 
De 0) . .These important destabilizing ,resonances are rendered 

ineffective for the dens it.^ gradient si,tuation because, 

the diamagnetic drifts, w, (and theref,ore the mode, frequency, w) 

are reversed while, the curvature drifts, wDe , remain unaffected. 

Hence, .the destabilizing resonances :can now only occur .between 

the waves and.the very. small population .of .trapped electrons 

with average good curvature drifts (uDe < 0) . 



Turning now to the question of shear stabilization of these 

modes we consider the radial eigenmode equation5 and include the 

curvature drift terms. Solving th'is Weber-type differential 

equation invoking the usual outgoing wave boundary conditions 

leads to the following eigenvalue equation, 

A 2 2 where n is the radial eigenmode number, b = kepi , kg = lq/r , 
q is the safety factor, l is the toroidal mode number, 

-1 
Ln I I dlnn/dr I , and Ls (shear length) Z I (~/q) (dlnq/dr) I . 
The result here requires the qi-dependent terms (under the square- 

rootoperations) remain positive. This condition is always met 

for normal profiles (TI > 0) , and is also satisfied for i 

inverted profiles ( n  < 0 ) provided -ni < 2 (which is the situa- - 
tion considered in this Letter). The eigenvalues are again 

evaluated numerically and the critical magnetic shear required 

for stability is plotted against V, on Fig..? 

[L,/L, (Ls/Ln) Crit for stability] . Here it is shown that for 

normal profiles the shear criterion is difficult to satisfy, 

but that for the reversed .gradient situation the required shear 

strengths fall in an attainable range (LS/Ln - 10). 
3 The trapped-ion modes are unstable drift-type waves which 

require both the electrons and the ions to be in the banana 



. . 

regime. Since the radially local treatment of these.modei gives 

'b the most stringent stability criteria, we follow this type .of 

analysis in determining the influence of the inverted profiles. 
. 10 

As shown in earlier work, the destabilizing electron colli- 

sional growth term takes the form 

where cl is ,a numerical factor' and do is the lowest order mode 
frequency with lwo/w,l = 1/4 typically. Thus, for 'inverted 

profiles (ne_< 0) the usually destabilizing temperature gradient 

. , term n o w  makes the electron collisions stabilizing for -ne > 1/2 . 
. , 

To ensure complete stabilization under such conditions, it 
. r ,  

is still necessary to.examine the influence of the-reversed 

density gradients on the previously considered linear damping 
. . 

'mechanisms. As shown below, these stabilizing effects are all 
. .  'IS 

enhanced : 

(1) Ion collisional damping is given by 

and a are numerical factors. For inverted profiles 2 

T I  < 0) , the !Ti contribution is stabilizing and hence can 

never make y i  destabilizing. 
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s t r o n g  s t a b i l i z i n g  i n f l u e n c e  on: , t ,he t r a p p e d - p a r t i c l e  ,modes. I n  

t h e  c a s e  o f  t r a p p e d - e l e c t r o n  modes t h e  i n v e r t e d  p r o f i l e s  do  n o t  

e l i m i n a t e  t h e  i n s t a b i l i t i e s ,  . . b u t  do have  t h e  e f f e c t  o f  s i g n i f i -  
. , 

c a n t l y  , r e d u c i n g  . . .  t h e  growth r a t e s -  by r e n d e r i n g ,  i n e f f e c t i v e  t h e  

d e s t a b i l i z i n g  e l e c t r o n  - VB-dr i f t  r e s o n a n c e s .  Under such  c o n d i t i o n s  

s h e a r  s t a b i l i z a t i o n  of  t h e  modes a p p e a r s  a c h i e v a b l e ,  p r o v i d e d  t h e  
: 

t e m p e r a t u r e  g r a d i e n t s  a r e  n o t  t o o  s e v r r e .  For  ' t r a p p e d - i o n  i n s t a -  

b i l i t i e s ,  o u r  c a l c u l a t i o n s  i n d i c a t e  t h e  r e v e r s e d  g r a d i e n t s  s h o u l d  

e a s i l y  s t a b i l i z e , t h e  modes. Here we f i n d  a  s t r o n g  r e d u c t i i o n ' o f  

t h e  growth t e r m ,  t o g e t h e r  w i t h  a  pronounced enhancement  o f  a l l  

damping e f f e c t s . '  I t  s h o u l d  b e  p o i n t e d  o u t ,  however,  t h a t  o r d i n a r y  

d i s s i p a t i v e  and ,  c o l l i s i o n l e s s  d r i f t  i n s t a b i l i t i e s 3  ( o u t s i d e  t h e  
. . 

banana regime)  a r e  f u r t h e r  d e s t a b i l i z e d  by i n , v e r t e d  g r a d i e n t s .  I11 
- .  . . . . , '  

p a r t i c u l a r ,  u n t r a p p e d e l e c t r o n  r e s o n a n c e s ,  which d r i v e  t h e  u n s t a b l e  

c o l l i s i o n l e s s  d r i f t  waves and a l s o  a f f e c t s  t h e  t r a p p e d - e l e c t r o n  
1 1 . ' .  . 

modes, can be  e x a c e r b a t e d  by such  p r o f i l e s .  s u c h '  e f f e c t s  t o -  
. . - ,  . . 

g e t h e r  w i t h  e s t i m a t e s  o f  t r ~ n s p o r t  a s s o c i a t e d  with t h e  mode of  

bpeirat ion d e s c r i b e d  . in  t h e  ~ e t t e r  a r e  c u r r e n t l y  under  - i n v e s t i g a t i o n .  

A s  a f i n a l  p o i n t ,  i t  is  o f  i r i t e r e s t  t o  n o t e  t h a t  i n  r e c e n , t  s t u d i e s  

o f  t r a p p e d - e l e c t r o n  r e l a t e d  phenomena i n  t h e  P r i n c e t o n  FM-1 S p h e r a t o r  .. . 

exper iment ,  a  marked r e d u c t i o n  of  u n s t a b l e  f l u c t u a t i o n s  was o b s e r v e d  

when o p p o s i t e l y  d i r e c t e d  d e n s i t y  and t e m p e r a t u r e  g r a d i e n t s  were 
. .. . . 

1 2  c r e a t e d .  
. , 

T h i s  work was s u p p o r t e d  by Uni ted  S t a t e s  Energy Research and 

Development A d m i n i s t r a t i o n  C o n t r a c t  E( l1 -1 ) -3073 .  
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COLD -PLASMA BLANKET 

Axis Limiter 

Cold Neutral 
Influx 

Neutrals 

Fig. 1. Schematic density and 
temperature profiles with outward 
plasma-density peak created by 
neutral-gas influx. 

I I 

MAXIMUM GROWTH RATES 
FOR TRAPPED -ELECTRON MODES ' I  - 

- 
NORMAL PROFILE - 

NORMAL PROFILE - 

\ 

752168 
Fig. 2. Maximum trapped-electron mode growth rates for 

normal (11. '0) and inverted ( <O) profiles with rn/R=p = 
l/4 and T'S~. Da,shed lines inhigate results ignoring wDe-terms 
with ni=Of! 



25 - CRITICAL SHEAR LENGTHS 
FOR TRAPPED -ELECTRON MODES 

2 0  - 

15 - 

NORMAL PROFILE 

752166 
Fig. 3. Critical magnetic shear 1engths.required to 

stabilize trapped-electron modes for normal (q. >0) and 
inverted (qi ,e<O) profiles with rn/R=o=1/4  and'^:=^^ . 
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