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A study is made of the mechanism of generation and accumulat ion of hot electrons during 
the interaction of an electron beam with a cold plasma in a m i r r o r  machine.  The energy 
density distribution of the hot component of the plasma (nT~ along the radius of the sys -  
tem, the time dependence of the diamagnetism, and the escape of fast  e lectrons from the 
beam region into the loss cone a re  measured .  It is established that there  is a cons ide r -  
able difference in the p rocesses  of accumulation of hot e lectrons depending on whether 
the beam current  or  beam energy is varied.  It is concluded that under the conditions of 
these experiments the hot component of the plasma is formed from the beam elect rons .  

In experiments  on the study of plasma heating by an electron beam in m i r r o r  t raps there a re  no data 
on the effect of the beam pa ramete r s  on the heating. The beam pa ramete r s  selected by different authors 
[1-6] are  connected ei ther  with the specifics of the concrete  experiment  o r  with the l imited technicaI poss i -  
bil i t ies.  The purpose of the present  work is to study the effect of the cur rent  and energy of the beam on the 
pa rame te r s  of the hot plasma generated by it. The experimental  relat ionships of [7] indicate tile manifes ta-  
tion of specific proper t ies  of beam heating which must  be studied for  an understanding of its mechanism.  

The experimental  apparatus is shown schematical ly  in Fig. 1. The magnetic field of m i r r o r  configura-  
tion was produced by the system of coils 1. The magnetic field s trength at the center  is 1 kOe, in the 
m i r r o r s  5.25 kOe, and the distance between m i r r o r s  is 80 cm. The vacuum chamber  2 with a diameter  of 
40 cm was evacuated to a p r e s su re  of 10 -6 mm Hg. At the axis of the t rap behind a m i r r o r  was mounted an 
electron beam 3 with the limiting pa rame te r s :  beam current  up to 20 A, energy up to 40 keV. The beam 
diameter  in the central  par t  was 1.2 cm. The trap was pre l iminary  filled with a cold plasma to a concen-  
t ra t ion of (2-5) �9 1012 cm -~ with a t empera tu re  of a few electron volts. The plasma injector  4 in the different 
experiments  was mounted ei ther  on the axis of the sys tem behind a m i r r o r  or  perpendicular  to the magnetic 
field in the central par t  of the t rap.  

To determine the radial distribution of plasma energy density the dependence of the energy content 
R 

Q (It) = 2n ~ nT•  ( I t )RdR in different t r ansve r se  profi les of the hot plasma was taken with a diamagnetic 
0 

probe,  where n is concentrat ion of the hot e lect ron component of the plasma,  Tj. is the mean energy of 
motion of the fast e lectrons in the direction perpendicular  to the magnetic field, and R is the radius.  The 
plasma was confined with diaphragms 3 to 24 cm in diameter  mounted in the central par t  of the t rap.  A 
mult i turn diamagnetic probe played the role of the maximum diaphragm. Withthe diaphragm 3 cm in dia- 
m e t e r  control measurements  were conducted simultaneously by two probes 24 and 3 cm in diameter ,  r e s -  
pectively.  The readings of the two probes hardly differed and henceforth only the probe with a d iameter  of 
24 cm was used. Graphic differentiation of the dependence Q (R) obtained made it possible to reproduce the 
distribution of nT• over  the radius of the chamber .  

Measurements  of the fluxes and energy spect rum of the plasma electrons escaping from the trap into 
the loss cone were  made by the identical e lec t ros ta t ic  analyzers  7 which were  mounted in the m i r r o r s  at 

Moscow. Trans la ted  from Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki,  No. 4, pp. 49-54, 
July-August ,  1974. Original ar t ic le  submitted January 29, 1974. 

019 76 Plenum Publishing Corporation, 22 7 West 17th Street, New York, N. Y. 10011. No part o f  this publication may be reproduced, 
stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, microfilming, 
recording or otherwise, without written permission o f  the publisher. A copy of  this article is available from the publisher for $15.00. 

476 



! Y 2 

7 b /r 
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the axis of the t rap  at  opposite ends of the ins t rument .  
The ana lyze r s  (probes) had an opening in the centra l  
pa r t  fo r  the f ree  pas sage  of the beam while the annular  
entrance s l i t  enc i rc led  the beam.  The p l a sma  e lec t rons  
f rom the immedia te  vicini ty of the beam en te red  the 
probe col lec tors  through this s l i t .  The p re sence  of 
two probes  made it poss ib le  to m e a s u r e  the escape  of 
e lec t rons  along the direct ion of the beam and opposite 
to it .  The readings of the two probes  hardly di f fered 
in all  modes  of opera t ion and subsequently only one 
probe was used.  

A negat ive sawtooth voltage pulse with a duration 
of 150 #sec and an ampli tude of 4 kV was  applied to the 
ana lyze r  gr id  of the probe.  The cu r ren t  f rom the 

co l l ec to r  was r eco rded  by an osc i l lograph .  It was es tab l i shed  with a specia l  t e s t  that the cu r ren t  s ignals  
f rom the co l l ec to r  had a r ec t angu la r  fo rm when constant  re ta rd ing  potent ials  were  supplied to the ana lyze r  
gr id ,  i .e. ,  the shape of the pulse at the cathode of the e lec t ron  gun was reproduced.  This  fact  made it 
poss ib le  to obtain dis tr ibut ion functions of the p l a sma  e lec t rons  with r e spec t  to longitudinal energ ies  
through graphic  different ia t ion of the osc i l l og rams  of co l lec tor  cur ren t  when a voltage pulse decreas ing  
l inear ly  in ampli tude was supplied to the ana lyze r  gr id  of the probe [8]. 

The var ia t ion  in the p l a s m a  concentra t ion was moni to red  by mic rowave  i n t e r f e r o m e t e r s  at wave -  
lengths of 0.8 and 3 cm.  The s y s t em  was evacuated through the pipe 8. 

A s e r i e s  of curves  of the radia l  dis tr ibut ions of energy of density nT• (R) of the hot component  of 
the p l a sma  for  different  b e a m  ene rg ie s  at the s ame  cur ren t  of 10 A is shown in Fig. 2. Curves 1-4 
co r r e spond  to vol tages of 18, 24, 30, and 36 kV. In the immedia te  vicini ty of the beam the readings of 
the d iamagnet ic  probe co r r e spond  to the mean density of the t r a n s v e r s e  energy of the beam par t i c l e s  
which they acqui re  in sca t t e r ing  on osci l lat ions~ It is proport ional  to the beam energy.  Then there  is a 
sharp drop in all the curves and at a radius of 2 cm they differ very little. At larger radii the value nT.L 
depends essentially on the beam energy. At the maximum energy the plasma occupies the entire space 

and the value nT_L increases linearly with radius. On the curves corresponding to lower beam energies 
the linear increase changes into a rapid decrease and the plasma does not reach the largest diaphragm. 
At the minimum beam energy nT• is almost constant up to a radius of 5 cm and then decreases rapidly. 
The most significant differences in the distributions occur at large distances in comparison with the beam 
radius. The increase in the energy content of the hot plasma with an increase in the beam energy occurs 
because of its accumulation in the peripheral regions of the trap. 

Oscillograms of the diamagnetic signals, showing the time dependence of the energy content for 
different beam energies at the same current of 5 A with a confining diaphragm 12 cm in radius, are shown 
in Fig. 3. At a beam energy of 30 keV (Fig. 3a), the diamagnetic signal increases for a long time while the 
hot plasma does not touch the diaphragm. At a beam energy of 15 keV (Fig. 2b) the diamagnetic signal is 
considerably decreased in amplitude and is more rapidly established at a consatnt level. In this case the 
hot plasma did not reach the diaphragm (Fig. 2) and its temperature, measured from the X-ray spectrum, 
decreased from 200 to 140 keV. The decrease in temperature is also indicated by the faster decrease in 
the diamagnetic signal of the oscillogram ofFig. 3b after the beam is turned off. 

The radial distributions of plasma energy density and the time dependences of the energy content 
obtained showed that relatively small changes in the beam energy can control processes of diffusion and 
accumulation of the hot plasma in the trap~ It can be expected that the escape of fast electrons into the 
loss cone is also sensitive to changes in the beam energy. 

Distribution functions of the plasma electrons escaping through the mirror from the beam region at 
a current of 5 A are shown in Fig. 4. It is seen that the distribution functions differ considerably for beam 
energies of 30 keV (curve 1) and 15 keV (curve 2)~ At the higher beam energy more than half the escaping 
particles are concentrated in the energy range of (0-0.5) keV. For an energy twice as low the picture 
changes considerably; the spectrum of escaping particles is shifted toward high energies and the flux of 
energetic electrons (more than 0.5 keV) becomes dominant. Thus, an increase in the initial bean] energy 
leads to a decrease in the loss of fast electrons along the magnetic field and to their more efficient 
accumulation in the trap. 
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S i m i l a r  m e a s u r e m e n t s  of nT.L(R) we re  made for  d i f ferent  beam 
cu r ren t s  (5, 10, 20 A: curves  1-3) a t  a constant  energy  of 30 keV. It 
is  seen in F ig .  5 that  the hot component  of the p l a sma  reaches  the 
maximum d iaphragm at a l l  beam c u r r e n t s .  An  i n c r e a s e  in the beam 
c u r r e n t  e s s e n t i a l l y  affects  the energy  densi ty  of the hot p l a sma  in 
zones c lose  to the beam while the d i f ference  begins to level  out s t a r t -  
ing R ~ 2 cm.  The dependence on the c u r r e n t  d i s a ppe a r s  a t  R ~6 cm 
and the energy  densi ty  begins to d e c r e a s e  monotonica l ly .  These  d i s -  
t r ibut ions  show that  a c e r t a i n  i n c r e a s e  in the energy  content obse rved  
in the expe r imen t  with an i n c r e a s e  in the beam c u r r e n t  occurs  owing 
to the regions  c lose  to the beam.  The f i l l ing of the pe r i phe r a l  zones 
of the t r ap  does not depend on the beam c u r r e n t .  

O s c i l l o g r a m s  of the t ime  dependence of the energy  content at  d i f ferent  beam cu r r en t s  fo r  an energy  
of 30 keV a r e  p r e sen t ed  in F ig .  6. At a cu r r e n t  of 5 A (Fig.  6a) the accumula t ion  of p l a s m a  energy  takes  
p lace  fo r  a long t ime,  while  a t  a cu r r en t  of 20 A (Fig.  6b) the accumula t ion  occurs  much f a s t e r  and to a 
h ighe r  l eve l  because  of the i n c r e a s e  in dens i ty  in the cen t ra l  zone (Fig.  5). The di f ference in the drop in 
the d iamagnet ic  s ignal  a f t e r  the cu r r en t  is  turned  off a t t r a c t s  a t tent ion.  On the o s e i l l o g r a m  of Fig .  6a there  
is  a slow decay of the p l a s m a  while  on the o s c i l l o g r a m  of Fig .  6b the decay takes  p lace  f a s t e r  a t  f i r s t  down 
to the leve l  on the o s c i l l o g r a m  of F ig .  6a, s t a r t i n g  withwhich the decay  occu r s  with the same t ime  cons tant .  

F r o m  this i t  can be concluded that  the e l ec t rons  of the cen t ra l  zones have cons ide rab ly  l ower  t r a n s -  
v e r s e  ene rg i e s  and e scape  f a s t e r  f rom the t r ap ,  while the number  of l ong - l i ved  p a r t i c l e s  and the spec t r a I  
composi t ion  do not depend on the beam c u r r e n t .  The o s c i l l o g r a m s  of the d iamagnet ic  s igna l s  obtained for  
c u r r e n t s  of 20 and 5 A with confinement  of the p l a s m a  by a d iaphragm with a rad ius  of 4.5 cm (Fig.  6c,d) 
can s e r v e  as  m o r e  r e l i a b l e  expe r imen ta l  proof  of such a s p a c e - e n e r g y  s t r u c t u r e  of the hot component of 
the p l a s m a .  The o s c i l l o g r a m s  do not d i f fer  in form (except fo r  f luctuat ions) ,  but d i f fer  about twofold in 
ampl i tude .  Impor tan t  for  both o s c i l l o g r a m s  is  the r ap id  drop in d iamagne t i sm a f t e r  the beam is turned  off, 
which ind ica tes  the r e l a t i ve ly  low energy  of the p l a s m a  e l ec t rons  in zones c lose  to the beam.  F r o m  a c o m -  
p a r i s o n  of the o s c i l l o g r a m s  of F ig .  6a,d for  a c u r r e n t  of 5 A i t  is seen  that  the contr ibut ion f rom the cen t ra l  
zones is  sma l l  and the energy  content is de t e rmined  by the p e r i p h e r a l  zones which a r e  f i l led  with m o r e  
ene rge t i c  e l ec t rons  but a t  a l ower  densi ty .  

F o r  an unders tanding  of the spec i f i c s  of the accumula t ion  of a hot p l a s m a  in a m i r r o r  machine  as  a 
function of the beam c u r r e n t  it  is  n e c e s s a r y  to t r a c e  the e scape  of the ene rge t i c  e l ec t rons  f rom the p l a s m a  
nea r  the beam into the lo s s  cone.  Dis t r ibu t ion  functions of such e l ec t rons  in longitudinal  ene rg ie s  f at a 
beam ene rgy  of 30 keV and c u r r e n t s  of 5, 10, and 20 A (curves 1-3) a r e  p r e s e n t e d  in F ig .  7. They show 
that  with an i n c r e a s e  in the beam c u r r e n t  the total  flux of p l a sma  e l ec t rons  into the lo s s  cone i n c r e a s e s  
with a cons ide rab l e  i n c r e a s e  in t h e i r  a v e r a g e  energy .  Thus, the weak dependence of the energy  content of 
the p l a sma  on the beam c u r r e n t  c o r r e l a t e s  with the excape of fas t  p a r t i c l e s  along the magnet ic  f ie ld .  

The expe r imen t s  conducted showed that  the nature  of the accumula t ion  of the hot component of the 
p l a sma  in the t r ap  depends e s s e n t i a l l y  on whether  the beam c u r r e n t  o r  beam energy  is va r i ed .  The s p a c e -  
energy  s t r u c t u r e  of the hot p l a s m a ,  the ave r a ge  p a r t i c l e  energy ,  and the energy  content of the p l a sma  a r e  
s ens i t i ve  to a change in the ini t ia l  beam energy  and r e a c t  weakly to a change in the beam cu r r en t .  The 
l o s s e s  of energe t i c  p l a sma  p a r t i c l e s  along the magnet ic  f ie ld  f rom the region  n e a r  the beam d e c r e a s e  with 
an i n c r e a s e  in the in i t ia l  beam energy  while the l o s s e s  of fas t  p a r t i c l e s  i n e r e a s e w i t h  an i n c r e a s e  in the  beam 
c u r r e n t .  
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All the relationships connected with a change in 

the initial beam energy which were obtained testify in 

a new aspect in favor of the diffusion model of beam 

heating proposed in [9]. 

In th is  m o d e l  the  e l e c t r o n  b e a m  is  not  only  a s o u r c e  of L a n g m u i r  w a v e s  but  a l s o  a s o u r c e  of p a r t i c l e s  
i n v o l v e d  in  the  p r o c e s s  of a c c e l e r a t i o n .  The  l i f e t i m e  of t h e s e  p a r t i c l e s  in the  t r a p  can  be r e p r e s e n t e d  in 
the  fo rm 7 ~ (1/~'D + 1 /TS) - l ,  w h e r e  TD is  the  t i m e  of d i f fus ion  of the  f a s t  p a r t i c l e s  to the  b o u n d a r y  of the  
p l a s m a  and T S is  the t i m e  of e s c a p e  into the  l o s s  cone.  B e c a u s e  of the  d i f f e r e n t  d e p e n d e n c e  of t h e s e  t i m e s  
on the  p a r t i c l e  v e l o c i t y  (TD~ V, w h i l e  7 S ~ V  3) i t  can be  shown tha t  with an i n c r e a s e  in the  e n e r g y  of the  
b e a m  p a r t i c l e s  ~S i s  g r e a t e r  than  T D. In th i s  c a s e  the  l i f e t i m e  v wi l l  be d e t e r m i n e d  m a i n l y  by ~-D and  the 
p a r t i c l e s  wi l l  d i f fuse  a long  the  r a d i u s  f o r  a l o n g e r  t i m e  and a c q u i r e  e n e r g y  in a c c o r d a n c e  wi th  T e r ~2/5, 
wi th  the t r a n s v e r s e  d i m e n s i o n s  of the  p l a s m a  a l s o  i n c r e a s i n g .  

At  low b e a m  e n e r g i e s  the o p p o s i t e  c a s e  is  p o s s i b l e ,  when T S < T D and the l i f e t i m e  wi l l  be  d e t e r m i n e d  
by ~S. In th is  c a s e  the  a v e r a g e  e n e r g y  and t r a n s v e r s e  d i m e n s i o n s  of the  p l a s m a  d e c r e a s e  whi le  the  e s c a p e  
of f a s t  p a r t i c l e s  into the  l o s s  cone i n c r e a s e s .  T h e s e  e f f e c t s ,  o b s e r v e d  in the  e x p e r i m e n t s  d e s c r i b e d  above ,  
a r e  r e f l e c t e d  in F ig .  2, 3, and  4. The  dependence  of the  e n e r g y  d e n s i t y  of the  hot  p l a s m a  on the  r a d i u s  a t  
high b e a m  e n e r g i e s  is  a l s o  in a g r e e m e n t  wi th  t h e o r y  ( n T j ~  R)o 

The  d i f fus iona l  t h e o r y  of b e a m  hea t i ng  does  not  g ive  d i r e c t  i n d i c a t i o n s  r e l a t i v e  to the  dependence  of 
the  hea t i ng  e f f i c i ency  on the b e a m  c u r r e n t ~  Wi th in  the  f r a m e w o r k  of th i s  t h e o r y  one can  only s t a t e  g e n e r a l  
r e a s o n s  why the b e a m  c u r r e n t  is  not d i r e c t l y  connec t ed  with  the  a c c e l e r a t i o n  m e c h a n i s m .  The  e f f ec t  of 
s a t u r a t i o n  of the  e n e r g y  con ten t  in the  p e r i p h e r a l  zones  of the  t r a p  with an i n c r e a s e  in the  b e a m  c u r r e n t  
can  be c o n s i d e r e d  as  an  e x p e r i m e n t a l  f ac t  not  c o n t r a d i c t i n g  the  t h e o r y .  

The  a c c u m u l a t i o n  of the  hot  c o m p o n e n t  of the  p l a s m a  i s  d e t e r m i n e d  by the s u p p l y  of e l e c t r o n s  f rom 
the  b e a m  to the  r e g i o n  n e a r  the b e a m  and by the e s c a p e  of e n e r g e t i c  p a r t i c l e s  f rom th i s  r e g i o n  into the  
l o s s  cone and,  on the  o t h e r  hand,  by the  e f f i c i ency  of the  a c c e l e r a t i n g  m e c h a n i s m .  As  the  b e a m  c u r r e n t  
i n c r e a s e s  the  n u m b e r  of e n e r g e t i c  e l e c t r o n s  n e a r  the  b e a m  i n c r e a s e s  and the  f lux of t h e s e  p a r t i c l e s  into 
the  l o s s  cone  s i m u l t a n e o u s l y  i n t e n s i f i e s .  Beginning  wi th  a c e r t a i n  va lue  of the b e a m  c u r r e n t  an  e q u i l i b r i u m  
is  e s t a b l i s h e d  be tween  t h e s e  f l uxes .  F o r  th i s  r e a s o n  the  e f f i c i ency  of the  a c c e l e r a t i n g  m e c h a n i s m  does  not  
depend  on the  bea~-n c u r r e n t ,  which  is o b s e r v e d  as  the  e f f ec t  of s a t u r a t i o n  of the  e n e r g y  content  in the  
p e r i p h e r a l  zones  of the  t r a p .  

The  e x p e r i m e n t s  conduc ted  and  the  c o m p a r i s o n  of the  r e s u l t s  ob ta ined  wi th  the  d i f fus ionaI  t h e o r y  of 
b e a m  hea t i ng  i n d i c a t e  tha t  the  hot  c o m p o n e n t  of the  p l a s m a  u n d e r  the  cond i t ions  of t h e s e  e x p e r i m e n t s  
(C~ >> ~He ,  w h e r e  ~pe  i s  the  e l e c t r o n  p l a s m a  f r e q u e n c y  and ~Ge  is  the  e l e c t r o n  c y c l o t r o n  f r equency )  is  
f o r m e d  f r o m  the e l e c t r o n s  of the  b e a m .  
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