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A warn Maxwellian plasma can i l l  princip1.e s t a b i l i z e  veloci ty-space 

i - n s t a b i l i i i e s  which might otherwise occur i n  a hot  non-Maxwellian plasiiia 

with which it eo -ex i s t s .  The r e l a t i v e  dens-i.tIes and temperatures of the  

two spec ies  requi red  for s t a b i l i z a t i o n  of resonan-t; (w ,N JQi, the  ion 

syrohannonics) loss-cone modes in a. mirror-confined hot,-ion p l a s m  are 

evaluated Yor a model pl-asma whose dens i ty  i s  spa:,ial.J.y uniform ’out whose 

vel-ocity-space d i s t r i b u t i o n  func t ion  sirnuI_a,l;es t,he loss-cone effect ;  of  

mir ror  conf inemenl; . Nargiiial- stabi.1.i t y  boundari e s  are given ard compared 

with seve ra l  simple but  inexact  c r i t e r i a .  The dominant; f ea tu re s  of the  

stabi1.i t y  boundaries a r e  explained on the ha . s i s  of cut-off  of propagat.i.on 

of t he  unstab1.e waves. Temporal growth rates of  the a,bsol.utely uns tab le  

modes aye found t o  decrease s i g n i f i c a n t l y  with increasing warm-plasma 

densi ty .  The resulting t r a n s i t i o n  from absolu te  t o  convective growth i s  

demonstrated f o r  t h e  first two gyroha-tmoaics. 
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I. IUTRODUCTION 

Numerous calculations'" '3'Lc and experiniental obscrvat,ions5 y6'7 have 

shown that mirror-confined hot-ion plasmas can support growing o s c i l l a -  

tions at frequencies near harmonics of the ion gyrofrequency, cc) FZ RRi. 

Such instabilities may arise because of the non-Naxwellian steady-state 

velocity distribution, fO(vL,v,,), resulting from the preferential loss of 

particles in the "loss-cone": m e  resulting 

inverted population (i.e., with ?3fO/avI > 0) can participate in a maser- 

like transfer of energy from the confined ions to collective plasma oscil- 

v,/v,, 5 (Broax/Bmin - I)-'. 

lations. Because the temporal growth rates of these velocity space insta- 

bilities can be significant (- ni/l0) even in relatively low-density 
2 2 2  
Pi Pi 

plasmas (w > R Ri , where w is the ion plasma frequency) and because 

the oscillating fields are expected to enhance particle loss from t h e  mir- 

ror trap, increased attention has been given to finding possible stabili- 

zation techniques. 

8 Post has recently shown that partially filling the loss-con? with a 

continuous throughput of low-temperature thermal ions can stabilize the 

drift-cyclotron loss-cone and high-frequency convective loss-cone insta- 

bilities. The present authors have examined the effects of the same mech- 

anism on resonant loss-cone modes at the first, hamonic of the ion gyro- 

frequen~y.~ 

nant loss-cone modes at higher harmonics, w M ani, R = 2,3,4, ...., ex- 
pected to persist under many circumstances in mirror-confined plasmas of 

fusion interest. 

We now extend these earlier calculations to include the reso- 

The anisotropic loss-cone cannot be filled exactly by a Maxwellian 

group of warn- ions, and therefore exact t'nermal equilibrium cannot, be 



achieved by warm-ion throughput. One can adjust, the  r e l a t i v e  densit ; ies ar,d 

temperatures of' the  warm- and hot- ion groups t o  gi.ve a t o t a l  d i s t r ibu t , ion  

which decreases monotonically along specified.  paths  i n  v e l o c i t y  space. In 

Fi-g. l, f o r  exampl-e, we show condi t ions f o r  which af /& < 0.  Be- 

cause resonant i n s t a b i l i t i e s  can grow a t  t he  expense of t he  unavoidable 

an i so t rop ie s ,  i t  i s  use fu l  t;o s tudy s p e c i f i c  wave-partielk mechanisms which 

tend t o  s t a b i l i z e  t he  loss-cone modes of in te res t ,  here  and. t o  examine the 

compet i t  ioi1 be tween these stjab i l i z i n g  i n  tera.c t tons and o the r  wave -par t  i c l e  

inkeract ions which can be unstable because of l , k  "double-hump" cha rac t e r  

o f  the  to t a l .  d i s t r i b u t i o n  functrion. 

[ 0 Llvll=o - 

There a r e  two s t ab i l i za - t ion  mechanisms of importance i n  the  present  

work : 

1. Warm ions can make a p o s i t i v e  r e a l  cont r ibu t ion  t o  t h e  perpendic- 

u l a r  d i e l e c t r i c  constmit, of the plasma a t  f requencies  j u s t  below harmonics 

of the gyrofrequency, cut,i;ing off wave propagation i.31 that, frequency range. 

2. Cyclotron damping occurs i f  1~ - & R i l  5 klIOv. Here Q i s  the  
W 

warm-ion thermal speed, and k i s  the  p a r a l l e l  propagatton vec to r  of  the 

o s c i l l a t i o n .  

II 

'The f i r s t  e f f e c t  i s  dorninajzt under most ci.rcumstances of i n t e r e s t .  

F o r  frequencies j u s t  below 0 the reactive warm-ion cont r ibu t ion  (1. above) 

i s  Z.arge and on1.y weakly dependent on warn--ion temperature,  r e s u l t i n g  i n  

e f f e c t i v e  siabi. l . ization f o r  very tenimus groups of cold ions.  A t  higher 

Iisimonics, w 

O i l l y  poss ib le  because o f  the  f h i t e  gyroradius o f  the  warm ions,  leading 

t o  a mini.nnjin warn-ion temperature f o r  s t a b i l i z a t i o n .  

i' 

lni, 1 = 2 ,  3, 4, . . . . , cut-off  of wave propagation i s  
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The resonant modes a r e  unstable  only i f  I w  - RQil  5 k l l a l l ,  where a i s  I I  

t he  p a r a l l e l  thermal speed of the  hot ions.  

t i o n  the re fo re  requi res  CY - a  , p r a c t i c a l l y  poss ib le  only i n  s t rong ly  

an i so t rop ic  hot - ion  plasmas. 

Cyclotrori damping s t a b j l i z a -  

W II 

The most important d e s t a b i l i z i n g  mechanism introduced by the warm-ion 

throughput i s  the  hybrid o s c i l l a t i o n  of t he  warm-ion group. This wave can 

be dr iven t o  l a r g e  amplitudes by t h e  hot  ions provided t h e  upper hybrid 

frequency i s  roughly equal  t o  a harmonic of the  gyrofrequency: 

,I* 2 
w* M + Ri M RRi . 

The r e s u l t i n g  f l u t e - l i k e  (k,, = 0)  i n s t a b i l i t i e s  were s tud ied  by Pea r l s t e in ,  

Rosenbluth, and Chang” and by Fa r r  and Budwine.ll It has r ecen t ly  been 

shown t h a t  i n  t h e  dens i ty  and temperature range of i n t e r e s t  here ( i . e , ,  

Hw/l’JH - Tw/TII - 0.1) the double-hump charac te r  disappears ,  and the  f l u t e -  

like modes a r e  s t a b i l i z e d .  
12 

The present  ca l cu la t ions  are based on an i n f i n i t e ,  homogeneous model 

(thought t o  be appl icable  t o  labora tory  plasmas which do not  vary appre- 

c i ab ly  over a few half-wavelengths) i n  which the  trapped p a r t i c l e  d i s t x i -  

but ion i s  modeled by separable  funct ions described i n  Sect ion 11. The 

e l ec t rons  and warm ions a r e  both Maxwellian. The ana lys i s  cons i s t s  of two 

p a r t s  : 

1. An inves t iga t ion  of marginal s t a b i l i t y  t o  determine requirements 

f o r  complete e l imina t ion  of growing resonant modes (Sect ion 11). 

2. An inves t iga t ion  of the  convective-absolute nature  of The i n s t a -  

b i l i t i e s ,  a d i s t i n c t i o n  which may provide more r e a l i s t i c  s t a b i l i t y  c r i t e r L a  

s ince  it may not be necessary t o  s t a b i l i z e  the  plasma compkte ly  i f  growing 

pcr turba t ions  can leave the  system before reaching l a rge  amplitudes 

(Sect ion 111). 
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Spec i f i ca l ly ,  we c a l c u l a t c  the  re la  t,ive warm-ion dcns i ty  and iempera- 

ture f o r  which e i t h e r  

1. Marginal.1.y s t a b l e  (undamped) waves a r e  not possi-ble a t  any ho'i- 

ion densi ty;  oi" 

2 .  '&e growth of the  unstable  wave changes from absolu te  t o  convec- 

t i v e  f o r  a given hot- ion dens i ty .  

The r e s u l t s  a r e  displayed 3s f ami l i e s  of curves OF constant  ho t - ion  

dens i ty  i n  the  N /N 

i n g  as tile l i m i t i n g  case of i n f i n i t e  hot- ion dens i ty .  They suggest that  

s t a b i l i z a t i o n  of  resonant loss-cone modes by warn-ion throughput may be 

poss tb le  i f  r e l a t i v e  d e n s i t i e s  and temperatures of around lo$, of the cor-  

- T /ITH plane,  the marginal s t a b i l i t y  curves appear- w H  w 

responding hoi-ion values  are used. Such an e f f e c t  may be very  important 

i n  low-temperature, low-density experiments, bu t  notable  technological  

advances w i l l  be required t o  make warn-plasma s t a b i l i z a t i o n  a t t r a c t i v e  i n  

114 -3 
fus ion  r eac to r  regimes ( I C H o t  100 keV, NHot N 10 cm ).  Composite mag- 

n e t i c  t r a p s ,  perhaps with mul t ip le  mirror  regions o r  toroidal.  c losure f o r  

recrircidation of warm plasma, may be e f f e c t i v e  i n  t h i s  regard. 
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. 

11. MARGINAL STABILITY ANALYSIS 

For the plasma model descr ibed i n  Secti.on I, the Harris dispersion 

re lat ion’  can be w r i t t e n  i n  the  following form ( i n  terms of the d i e l e c t r i c  

cons tan t ,  K )  : 

2 3 

K z k * ~ * k  = 0 a 
(2.1) 

( w ) ,  and w (H)  a r e  t h e  e l ec t ron ,  warm-ion, and hot- ion plasma 
pe’ wp i  P i  

Here w 

f requencies .  

CY and CYw. 

The e l ec t rons  and warm ions a r e  Maxwellian with thermal speeds 

The hot  ions are described by the  “loss-cone‘’ model d i s t r i b u t i o n :  
e 

fi3/2 2 a j i 1 - l  [vL/aI) 2 2 j  exp[-v:/< - v:/oi 1 . (2.2) 
I II 

For j = 1 and 

s c r i p t i o n  of c o l l i s i o n a l  equi l ibr ium i n  a t r a p  of moderate mir ror  r a t i o .  

In what follows we r e s t r i c t  our a t t e n t i o n  t o  t h i s  case.  

= O? t h i s  d i s t r i b u t i o n  gives  a q u a l i t a t i v e l y  co r rec t  de- 
I 

2 2  
I I iy The c o e f f i c i e n t s  C,(A) and Dn(h), where h I k CY /2R2 axe defined as 

follows : 

(2.3) 
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and 

(2.4) D n ( A )  E [ -Ot/i) Id; J: ikLvL/R) vL-'- af O L  /av . 

Z( [ )  i s  the usua l  "Plasma Di-spersion Function. II 1.3 

Ult imately we solve thi.s d i spers ion  re1at;i.m numerically t o  obta in  

condi t ions f o r  damping or  cut -of f  o f  propagation of  the waves whose growth 

corresponds t o  the  resonani; loss-cone in.stahil.it ,ies. 'To e s t a b l i s h  'ihe 

q u a l i t a t i v e  p rope r t i e s  of t he  plasma, we f i r s t  present  an approximate 

ana lys i s  based on the known charac te r i s tAcs  of resonant loss-cone modes : 14 

For frequencies much less than e l ec t ron  gyrofrequency (w  << R >, e 

wavelengths 1arg:t.i. than e l ec t ron  gyroradius (kLpe << 1) , and a x i a l  phase 

v e l o c i t i e s  g r e a t e r  than wam-ion thermal speed ( w / k , l  >> ol,), the d isper -  

si.on r e l a t i o n  may be approximated as follows : 

= o  . 
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2 
P i  

w (w> 

w 2 - Ri 

Cut-off of wave propagation occurs i f  the p o s i t i v e  real  con t r ibu t ions  

2 2 
kL 

o r  - -  
k2 k 2 2  ole k Q  

II e 

t o  K~ exceed t h e  negative r e a l  con t r ibu t ions ,  typ-ically dominated by the  

e l e c t r o n  term above. One may r e a d i l y  es t imate  the p o s i t i v e  r e a l  cont r ibu-  

t i o n  from the  w a r m  ions a t  frequencies j u s t  below each harmonic of t h e  ion  

gyrofrequency. 

f irst  . 
The f i r s t  harmonic ( a  = 1) is speclial and we consider i.t 

R For w <, R .  t h e  dominant terms i.n the  warm-Ion con t r ibu t ion  t o  IC 
1 

a r e  given by 

which takes  on i t s  maximum value as Q 4 0 .  I n  tha t  l i m i t  it becomes the 

well-known cold-ion con t r ibu t ion  t o  the  perpendicular  d i e l e c t r i c  cons tan t :  

W 

A rough condi t ion  f o r  cu t -o f f  of propagation of t he  waves described by 

condi t ions  (2.5) i s  the re fo re  
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'Fie cut,-ofr o€ wave propagation a t  h igher  gyroharmonics i s  only pos- 

sible i f  the warm-ion temperature exceeds a c r i  + i c a l  value. We est imate  

ihi s c r i t i c a l  temperaLirre, as w e l l  as an oplimurn temperature which mini- 

mizes t'ne r e q u i s i t e  warm-ion dens i ty  and the corresponding density. These 

estimates yeinforce the  claim t h a t  f o r  most, r e l a t i v e  temperatures cu t -of f  

i s  the  dominant siabi l i z i n g  mechanism. 

An approximate condibtor f o r  cut-off near the  Q - t h  gyroharmonic i s  

2 kz 
>&Is" .  
- 2 kz 

w 

w 
(2.7) 

If (a - J2R)/k,,CIw >> I, condi t ion (2.7)  can be r ewr i t t en  approximately 

as 

In Fig. 2 we have i-ndicated quali ta.Lively .the dependence on A of w 

Ii ( A  ), t h e  quantiLy i n  c u r l y  bracke'La. The values hd(l) where it changes 
R w 



, s ign  and A ( 2 )  where it reaches i t s  maximum are o€ special in te res t ,  and 

are l i s t e d  i n  Table I f o r  the case t o  be analyzed r smi~r i ca l ly :  

W 

3 2 
,t, = 2 ,  3, 4; MCLT; = MO = m$ . 

I 

The minimum warm-ion temperature f o r  which cu t -of f  i s  poss ib le  i s  

For growth h 2 1 , 
\(2) d e t e r m h e s  the  minimum warm-ion dens i ty  

2 
determined from h w ( l )  and the  i d e n t i t y  Tw/TI = A&,. 

hence Tw/T, <, hv(l)/J . 
(hence the  optimum warm-ion temperature) f o r  cu t -o f f :  

2 

where $eak i s  the  value of h fo r  maximum growth (see  Table 1). 

imum r e l a t i v e  dens i ty  i s  s e n s i t i v e  t o  t h e  exact values  approximated by 

condi t ions (2.5)  bu t  may be estimated crudely using the  maximum value of 

the  quan t i ty  i n  cu r ly  brackets  i n  (2 .8) .  

Table 1. 

The min- 

These est imates  a r e  shown i n  

2 .08 1.4 6.3 7 .02 .20 -19 

3 ‘7 3.6 4.3 13 .08 .28 * 30 

4 1 .7  6.8 3.2 22 .11 * 31 .45 

* 
( T,~/T*) = minimum warm-ion temperature f o r  cut -off. 

+ ( T ~ / T , ) ~  = optimum warm-ion temperature fo r  cu t -o f f .  
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Tlie s t a b i l i z i n g  jnf luence of cyc lo t ron  damping may he seen by vxam- 

in ing  the  imaginary part, of Eq. (Z.h), w h i c h  f o r  r e a l  w and k can kie 

w r i t t e n  as fol lows:  

For plasmas near collisional z q u i l i b r i m  i n  a mir ror  of moderate 

mir ror  r a t i o ,  the growth r a t e ,  i. e .  , inverse  cycl-otrori damping by hot  

ions ,  is doininated by t h e  D ( A )  tern . c1:e so-ca l led  loss-cone term. 

In  such czses  damping can exceed inv-rse damping only i f :  

n 



For r e l a t i v e  warm-ion d e n s i t i e s  which sat , isfy t h i s  condi t ion,  

resonnnt loss-cone modes with w - RR. can grow only i f  
1 

Thus, as olw approaches a, , ,  growth of resonant loss-cone modes be- 

comes impossible i f  t h e  r e l a t i v e  warm-ion dens i ty  s a t i s f i e s  the  conditAon 

Nw/NH N (Tw/TH)3/2. Because cyclotron damping only becomes important as 

Tw approaches T approaches NH, it appears t o  be l e s s  s i g n i f i c a n t  

a s t a b i l i z a t i o n  mechanism than t h e  cut-off  of wave propagation. 

and N H W 

The complete d ispers ion  r e l a t i o n  can be solved numerically f o r  t h e  

parameters, Nw/NH and Tw/TL, f o r  which marginal ly  s t a b l e  so lu t ions  cease 

t o  ex is t .  If cut -of f  i s  the  dominant s t a b i l i z i n g  mechanism, the  d isper -  

s ion  r e l a t i o n  admits no r e a l  soll i t ions w . Ii' cyclotron damping dominates, 

t h e  absence OP margina l ly-s tab le  so lu t ions  corresponds t o  the  absence of 

zeros of the  imaginary p a r t  of the  d ispers ion  r e l a t i o n .  I n  Fig. 1, we 

d i sp lay  the  marginal s t a b i l i t y  boundary curves f o r  R = 1, 2, 3, and 4. 

P 

The main f e a t u r e s  of these  numerical r e s u l t s  a r e  i n  rough accord w i t h  

our es t imates  : 

1. For R L- 1 t h e r e  i s  no c r i t i c a l  warm-ion temperature and the  most 

e f f i c i e n t  s t a b i l i z a t i o n  ( smal les t  N,/NH f o r  c u t - o f f )  occurs a t  lowest, 

temperatures.  

2. For R > 1, T /TI must exceed a c r i t i c a l  value of order  1/10 be- 
W 

f o r e  cut-off  can occur. The c r i t i c a l  r e l a t i v e  dens i ty  i s  also of order  

1/10. (In the case shown i n  Fig. 1, Te = TL/lO.) 

3. It i s  increas ingly  d i f f i c u l t  t o  s t a b i l i z e  higher  harmonics: 

NTq/NH(crit) i s  roughly propor t iona l  t o  a. 
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111. WA:+T-TON EFFECTS OiT COl'QWC'T'lVE-ABSOT,UTE TRANSITION DENSITIES 

Since the  margins1 s t a b i l i t y  c r i t e r i a  may be too pess imis t i c  when 

appl ied  to f i n i t e - s i z e  plasmas, we have evaluated the  e f f e c t  of warm ions 

on Lhe dens i ty  a t  which the  uns tab le  growth changes from convective t o  

absolu te .  The procedure followed here  i s  analogous t o  seve ra l  e a r l i e r  

analyses ,  "," di fPer ing  only i n  the  inc lus ion  of t h e  Maxwellian w a r m  

ions i n  +,he plasma model. Br i e f ly ,  one seeks simultaneous so lu t ions  of 

'Ae d ispers ion  r e l a t i o n ,  D(w, k )  = 0 ,  and i t s  de r iva t ive ,  3D/bk = 0. On 

t h e  boundary between convecbive and absolu te  growth, the roo-t w i s  real 

(corresponding to zero temporal grow-Lii) while the  root  k i s  i n  general  

compl-ex (corresponding t o  s p a t i a l  growth). 'l%e procedure described by 

McCune and Callen15 r e a d i l y  peniiit,s one t o  ob ta in  t h e  plasma parameters 

apprijpriat  e t o  t h i s  convec't ive -ab so l i l t  e t r a n s i t  ion.  

I n  Fig, 3, we show t h e  hot - ion  dens i ty  a t  t r a n s i t i o n  as a func t ion  

of N /NH f o r  R = I.> 2 and T /ITH = "01, .l, J..O (here  we assume 

TI = T = T = 10 T ) . 
W W 

The cu t -of f  phenomenon appears as the  rapid in- 
II H e 

crease i n  hot- ion dens i ty  when the warm-ion concentrat ion approaches it,s 

c r i t i c a l  value.  Notice t h a t  t he  warm-ion temperature dependence i s  j u s t  

as i n  the  case of marginal s t a b i l i t y :  s t a b i l i z a t i o n  R = 1 i s  e a s i e s t  a t  

l o w  temperature; bu t  f o r  R = 2 ,  t he  optimum warm-ion temperature i s  around 

r&o . 
From families of curves such as those shown i n  Fig. 3, one can con- 

s t -me t  t he  curves of Figs. 4 and 5. 

and temperaiure,  N /NH and Tw/TH, necessary t o  s t a b i l i z e  L - 1 (Fig#  '1) 

and k? = 2 (Fig. 5 )  resonant loss-cone modes a t  t he  hot - ion  d e n s i t i e s  

Here w e  p l o t  t h e  r e l a i i v e  dens i ty  

W 

2 

Pi 
shown on the  cun-es,  where E 7 w (H)/,QT. The s t a b i l i t y  c r i t e r i o n  used i s  



t he  t r a n s i t i o n  t o  convective growth, although the marginal s t a b i l i t y  

boundaries a r e  a l s o  shown (dashed cu rves ) ,  

This technique can a l s o  be used t o  eva lua te  temporal growth r a t e s  

of the  absolu te  i n s t a b i l i t i e s ,  and i n  Fig. 6 we show t y p i c a l  contours of 

cons tan t  growth r a t e  f o r  R = 1, 2 and w ./( = 10 ( R  = l), and 100 ( R  = 2). 2 
Pl 

These p l o t s  show t h a t  s t a b i l i z a t i o n  of the resonant loss-cone modes 

by w a r m  Ihxwel l ian  ions i s  poss ib l e  provided Nw 2 NIf/1O. S t a b i l i z a t i o n  of 

t h e  f i rs t  harmonic i s  most e f f i c i e n t  a t  low warm-ion temperatures, whereas 

s t a b i l i z a t i o n  of t h e  h igher  harmonic modes i s  only poss ib l e  f o r  Tw w TH/lO. 

There i s  an a d d i t i o n a l  cons idera t ion  which r e in fo rces  t h e  conclusion 

t h a t  warm-ion temperatures must be i n  the neighborhood of TH/lO. 

d i s t r i b u t i o n  func t ion  i n  perpendicular  speed, f (v ), has two d i s t i n c t  

peaks, it may support f l u t e - l i k e  i n s t a b i l i t i e s  ( k l l  = 0)  at f requencies  

near  harmonics of t he  ion  gyrofrequency. 

f o r  which t h e  d i s t r i b u t i o n  func t ion  i s  monotonically decreasing were i n -  

d ica ted  i n  Fig.  1. Simi lar  r e s u l t s  have r e c e n t l y  been described by Moir 

and Girard and Hennion.18 For t he  d i s t r i b u t i o n s  analyzed numerically i n  

t h i s  paper, t h e  t o t a l  i o n  d i s t r i b u t i o n  func t ion  decreases monotonically 

wi th  vL f o r  Nw/'JH - 0.1 and Tw/TH - 0.2. 

Farr ,  and Guest" have ind ica t ed  t h a t  t h e  requirement of monotonicity i s  

t o o  r e s t r i c t i v e  and t h a t  the f l u t e - l i k e  modes w i l l  be s t a b l e  t o  s m a l l  per -  

t u rba t ions  a t  values of Tw/TH 2 0.06. 

of N, /N extend from a few percent t o  s e v e r a l  t ens  of percent  and make 

mandatory warm-ion temperatures i n  excess of' 0.06 T 

If t h e  

O L  

The values of Nw/NH and Tld/TH 

17 

However, recent s t u d i e s  by Dory, 

I n  any event,  the uns tab le  ranges 

a H  

H' 
I n  Section I1 w e  demonstrated t h a t  the marginal s t , ab i l i  ty c r i T e r i a  

obtained i n  the  present  model c a l c u l a t i o n  can be understood i n  terms of 
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wave propagation 

wcnkly dependent 

s t a b i l i t y  of the  

cu t -of f  and cyc lo t ron  damping, wave mechanisms only 

on the  model adopted here .  Su f f i c i en t  condi t ions f o r  

rcsonaiii los4-coiie modes may a l s o  be  obtained from 

p r imi i ive ,  model.-insensitive cons idera t ions  of the growth mechanisiii: 

inverse  cyc lo t ron  damping from the  non-Maxwellian group of p a r t i c l e s .  

This mechanism requii-es 3f /av > 0 for particl .es resonant with 
0 1  

the wave i n  the  sense t h a t  - k v = LL) - nR, i . e . ,  the  Doppler s h i f t e d  

wave frequency must equal. a harmonic of t he  p a r t i c l e  gyrofrequency. The 

co r rec t  average of this e f f e c t  over t he  e n t i r e  plasma i s  given by the  

complete d-i spers ion  r e l a t i o n ;  bu t  a s impler  c r i t e r i o n  may su f f i ce  , namely, 

t ha t  a f  /hv up t o  the thermal. speed., Qi . 
Note t h a t  t h i s  " s t a b i l i t y  c r i t e r i o n "  i s  more s t r h g e n t  than the  cor res -  

ponding c r i t e r i a  for f lu t ,e - l ike  ( k  

II II 

< 0 hold f o r  a l l  va1i.r.e~ of v 
0 L -  II I1 

::: 0 )  modes o r  two-stream i n s t a b i l i t i e s :  
II 

j l lust ra1, ion we show these  th ree  c r i t e r i a ,  eval.uaLed f o r  the  present  model, 

i n  Figure 1: 

af 
0 

1- 
Curve C :  -- (v l l  = a,l) 5 0 . 

av 

Note t h a t  as the  wave frequency increases ,  tiit. necessary condi t ions 

f o r  s t a b i l i t y  appyoach tlhe c r ike r ion  suggested lhere (Curve C )  and c l e a r l y  

viola-tc t he  o the r  two c r i t e r i a .  



I V .  CONCLUSIONS 

The present  s t u d i e s  show t h a t  resonant loss-cone jns taboi l i t i es  may 

be s t a b i l i z e d  by a Maxwellian group of warm ions ,  provided t,he r e l a t i v e  

dens i ty  and temperature a r e  s u f f i c i e n t l y  l a r g e :  Nw/Nlr - Tw/TH 2 0.1. 

Addit ional  support  f o r  t h i s  minimum r e l a t i v e  temperature der ives  from 

recen t ly  obtained s t a b i l i t y  c r i t e r i a  f o r  f l u t e - l i k e  (double-hump) i n s t a -  

b i l i t i e s :  s t a b l e  i f  Nw/NH N 0.1 and Tw/TH 2 .06. 

These r e s u l t s  were obtained f o r  a model d i s t r i b u t i o n  func t ion  which 

approximates the  veloci ty-space p rope r t i e s  of a mirror-confined c o l l i -  

s i o n a l  equilibrium. More s ingu la r  ho t - ion  plasmas may be more d i f f i c u l t  

t o  s t a b i l i z e  with regard t o  both c l a s s e s  of i n s t a b i l i t i e s :  resonant loss -  

cone modes (kll # 0 ) ,  and f l u t e - l i k e  i n s t a b i l i t i e s  (with k l ,  = 0 ) .  

ve r se ly ,  high mir ror  r a t i o s  may permit a s i g n i f i c a n t  r e l axa t ion  of these 

two requirements. The dominant f e a t u r e s  of the  s t a b i l i t y  boundaries were 

shown t o  follow from bas ic  wave mechanisms and plasma p rope r t i e s ,  and a r e  

therefore  expected t o  be i n s e n s i t i v e  t o  the  a c t u a l  choice of model. 

Con- 

Line-tying e f f e c t s  i nev i t ab ly  assoc ia ted  with the  warm-plasma through- 

put  have not  been included i n  the present  ca l cu la t ion ,  although they could 

have s t rong  s t a b i l i z i n g  e f f e c t s  

not ing t h a t  t h e  d r i f t - cyc lo t ron  

shown t o  be s t a b i l i z e d  by s m a l l  

20 
T, /T~ - .04. 

on t h e  f l u t e - l i k e  modes. It i s  also worth 

i n s t a b i l i t y , l 9  neglected here ,  has been 

amounts of warm plasma: N ~ / N ~  N .04, 

I n  summary, the c r i t e r i a  obtained i n  these model cal.eulations demon- 

s t r a t e  the  s e n s i t i v i t y  of high-frequency resonant i n s t a b i l i t i e s  t o  the  

d e t a i l e d  s t r u c t u r e  of t he  "loss-cone" region of t he  confined plasma d i s -  

t r i b u t i o n  funct ion.  They show t h a t  it i s  poss ib le  i n  p r inc ip l e  t o  enhance 
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s t a b i l i t y  of  a mirror-confined plasma by warm-ion throughpul; but,, t o -  

ge ther  with stability c r i t e r i a  for flute-like modes, they  i n d i c a t e  a min- 

imum s t a b l e  temperat,ure f o r  thc w a r m  ioris : 

may portend se r ious  difficulties i n  applying these notions to dense ener-  

g e t i c  plasmas of i n t e r e s t  to the  thermonuclear fusion program. 

Tw/TH 2 .06. This r e s t r i c t i o n  
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FI GUW CAPTIONS 

Fig. 1. Marginal Stability Results for the Ftrst Through the Fourth 

Harmonics. Stable areas lie above curves shown. The dashed 

Fig. '2 The Function H ( A  ) for R = 2, 3 ,  )+. R w  

Fig. 3 Hot-Ion Density at Transition from Convective to Absolute 

Growth. 

Fig. 4 Relative Density and Temperature of Warm Ions for Convective 

Growth, w M w ci * 

Fig. 5 Relative Density and Temperature of Warm Ions for Convective 

ci' Growth, w M 2 w 

Fig. 6 Contours of Constant Temporal Growth Rate for R = 1 

(W 2 2  ./oi = 10, Lm w/Ri = .01, .03) and 1 = 2 (w 2 2  ./Qi = 100, 
P l  P l  

Im W/R~ = .01, . 0 5 ) .  
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