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The problem of the accelera t ion of a p lasma in c rossed  e lec t r ic  and magnetic fields under the 
s implest  physical  conditions suitable for  compar i son  with experiment is considered. Analyti-  
cal express ions  are  obtained for the veloci ty of the electrons,  the value of the resonance 
accelera t ion zone, and the increment  of the potential of the acce lera ted  plasma. 

Suppose a cold p lasma is situated in a nonuniform magnetic field 

B {1~26Box, 1/2Bo6y, Bo (I --  6z)}, 6 = I dBo / dz I Bo -1 

where B 0 is the magnetic field strength at the beginning of the resona tor  with z =z0, 6 is the magnetic field 
nonunlformity factor,  and x, y, z a re  coordinates connected with the labora tory  sys tem of coordinates.  

A high-frequency field 

Ex = E0 (y, z) cos @t + r E~ = Ez = 0 

is excited in the resonator ,  where E 0 is the amplitude, w is the frequency, and q is the initial phase of 
the e lectr ic  field at the instant t =0 when the accelera t ing par t ic les  enter the resonator .  

At a frequency w close to the L a r m o r  frequency Wc of rotat ion of an electron in a magnetic field (w c = 
eBz /mc ,  where e and m are the charge and mass of the electron,  respect ively,  Bz is the component of the 
magnetic field along the z axis, and c is the velocity of light), resonance accelera t ion of the electron occurs  
in the resonator ,  descr ibed by the equations 

dry 
- c o s  ( c o t  + - = ( 1 )  

where Vx and Vy are the components of the electron veloci ty along the x and y coordinates,  and By is the 
component of the magnetic field along the y axis. By changing to the complex var iable  r =x +iy, where i is 
the square root  o f - l ,  Eq. (1) becomes 

dv~ / dt - -  ~oVr = -- T cos (cot + ~) 

where v r =Vx + ivy, T = eE0/m. 

Its solution 

Ti [ exp i (cot -~- r -- exp ~ (~Oct + (p) 
U r ~  ~-- [ COC-- co 

(2) 

]- exp [-- i (cot -~ coc q))]~-- coexp ~ ((oct --  r ] (3) 

enables us to determine the veloci ty and energy of an acce lera ted  electron. The ions, because of their  
inertia,  do not experience resonance accelera t ion in the ht.gh-frequency electr ic  field. 

Under the action of the magnetic field gradient,  the acce lera ted  electrons begin to be drawn into the 
region of weaker  magnetic fields along the z axis. As the electrons move they a t t rac t  ions with which they 
combine as a resul t  of the e lec t r ic  at t ract ive forces.  This effect becomes par t icu lar ly  large in a narrow 
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r eg ion  d c lose  to r e s o n a n c e  z =Zp, as the  L a r m o r  f r e q u e n c y  Wc approaches  the  f r e que nc y  of the  e l e c t r i c  

f ie ld  w, which leads  to r e s o n a n c e  a c c e l e r a t i o n  of the  p l a s m a .  

The  mot ion  of the  p l a s m a  a long the  z axis  can be  c o n s i d e r e d  u s i n g  the  u s u a l  equa t ions  for  its compo-  

nen t s ,  n a m e l y  e l e c t r o n s  and ions 

e + i oB ) (4) 

dVzi  Ovzl e 
- ' ~  = -37-- + (v~V) v~i = ~ E~ (5) 

where  Ep is the f ie ld  s t r eng th  of the  space  cha rge  which o c c u r s  as the  a c c e l e r a t e d  e l e c t r o n s  t r a v e l  a long 
the z axis ,  Vze and Vzi a r e  the ve loc i ty  of the e l e c t r o n s  and Ions in the s ame  d i r ec t ion ,  and M is the m a s s  
of an ion. 

T a k i n g  into account  the dependence  of B x and By on the  coo rd ina t e s ,  we can t r a n s f o r m  the  e x p r e s s i o n  

e (v::~B~ %~B~) = 30)~ _ ~  ,~ - -  -V-<~:y--Ox> = <Re( - -  ~?r*)> 

by i n t roduc ing  the complex  quan t i t i e s  r ,  d r / d t  =~, and r * ,  which is conjugate  to  r ,  

dVZedt me E ~ q - ~ ( R e r I m v ~ - -  I m r R e v , , )  (6) 

where  w 0 = e B 0 / m c  , and r and v r a r e  found f r o m  Eq. (3). 

Subs t i tu t ing  the e x p r e s s i o n  for  EO f r o m  Eq. (5) and a s s u m i n g ,  in the ca se  of a q u a s i n e u t r a l  p l a s m a ,  

Tt i ~ 12 e ~ 120~ Yt~Uz~ ~ ~ZeUze ~ Uzl ~ Uze ~ 1) z 

where  a e and n i a r e  the e l e c t r o n  and ion d e n s i t i e s  of the p l a s m a , r e s p e c t i v e l y ,  we have 

d% _ _ m 8~2 3%~ § o~ § (~2 _ ~) <cos 2~> (7) 
dt m -~ M 2 4 (i -- 6z) ((0c2 -- o~) 'z 

w h e r e  ( c o s  2eft) is  the  a v e r a g e  s t a t i s t i c a l  va lue ,  connec ted  with the  phase  ~ at the i n s t a n t  the  e l e c t r o n  
e n t e r s  the  r e s o n a t o r .  If, for  example ,  we set  it equal  to un i ty  (all  the  phases  a r e  equ ip robab le ) ,  we have 

~% = m ~ coor (8) 
dt M 2 (%z __ oz)z 

F o r  the  s t e a d y - s t a t e  ca se  0 V z / a t  =0, we obta in  
z 

_ _  ~ 5~2 k" (i - -  5z) dz 
Uz 2 (9) M 4 JL[o0 ({-5z)2--o212 -- ~ O0 2 

0 

whence  we f ind the  i n c r e a s e  in p l a s m a  e n e r g i e s  along the path f r o m  z =0 to  any z < Zp, where  Zp is the 
coo rd ina t e  of the  exact  equa l i ty  of w and  co c. 

The  s p a c e - c h a r g e  f ie ld  E 0 for  any z < Zp can be found f r o m  e x p r e s s i o n s  (5) and (8) u s ing  the  equat ion 
Vzl =v z 

M dVz m 8~ "2 o)o ~( i -8z)  
Ep = -7- -~U = ,-u 2 [o0~ (t -- ~izp -- ~1 ~ (10) 

The  s p a c e - c h a r g e  f ie ld  is r e l a t e d  to  the s p a c e - c h a r g e  d i s t r i b u t i o n  by P o l s s o n ' s  equa t ion ,  and while  
the  p l a s m a  is  be ing  a c c e l e r a t e d ,  the change in the  f ie ld  Ep a long the x and y axes is much l e s s  than  i ts  
change a long the  z axis  

dEp m 5~2c00 ~ 3co0~ (t -- 5zp + r ~- = 4he (n i - -  n~) (11) 
dz e 2 [o)o2 (~ -- 6z)2 -- co~]3 

In the  r eg ion  z < Zp we can a s s u m e  tha t  the  p l a s m a  r e m a i n s  e s s e n t i a l l y  in a q u a s i n e u t r a l  s t a te .  
However ,  as z --~ Zp, w c --* w and, as can be s e e n  f r o m  e x p r e s s i o n s  (7)-(11), both the p l a s m a  ve loc i t y  v r 
and the  s p a c e - c h a r g e  f ie ld  Ep t end  to  in f in i ty  t o g e t h e r  with al l  the d e r i v a t i v e s .  The  d i f f e rence  be tween  
the  ion and e l e c t r o n  dens i t i e s  (11) a lso  b e c o m e  inf in i te .  But, in a p r a c t i c a l  p l a s m a ,  th i s  d i f f e r ence  cannot  
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exceed  the  absolute  va lue  of the cha rge  dens i ty  n 0. Fo r  such a d i f fe rence  in dens i ty  one cannot a s s u m e  the 
p l a sma  t o  be quas ineu t ra l ,  which means  that  e x p r e s s i o n s  (7)-(11) cannot  be applied to  this  region,  in which 
the s p a c e - c h a r g e  field Ep is in fac t  r e p l a c e d  by a t e n s o r  m a s s  (m +M), as  in the p a p e r s  by Canobbio [1-3]. 
Th i s  is i nadmis s ib l e  f o r  the  r e s o n a n c e  r eg ion  in which the q u a s i n e u t r a l  s ta te  of the  p l a s m a  is d is turbed.  

Thus ,  in the  r e s o n a n c e  reg ion  d only the  fol lowing set  of equat ions  can used:  

dVz~, e Ep -I- e (v~B u vuB~:) (127 
d---V : ,,-~ -'A-7 - -  

dVzi e d E  p 
dt : M" Ep, "7"i--z = 4he  (n~ - -  n~) 

In s y s t e m  (127 the  shape  of the s p a c e - c h a r g e  d i s t r ibu t ion  curve  ( n i - n e )  in the  r e s o n a n c e  reg ion  is un-  
known. It is  v e r y  difficult  t o  obtain it expe r imen ta l ly ,  because  of the sma l l  va lue  of d and the  high e l ec t ron  
ve loc i t i e s .  

However ,  it can be app rox ima ted  in f a i r ly  gene ra l  f o rm,  for  example ,  as fo l lows:  

(n~ --  n+) / n o = A~ exp (1 --  a~ ~) 

whe re  5 = ( Z p - Z ) / ( Z p - Z H ) ,  and it v a r i e s  f r o m  0 to  1 for  ZH-< z -< Zp, whe re  z H is the beginning of the r e s o -  
nance region ,  i .e . ,  the  r eg ion  in which c o n s i d e r a b l e  d i s tu rbance  of the quas ineu t r a l  s ta te  of the  p l a s m a  
o c c u r s ,  in which the  d i f fe rence  be tween  the  e l e c t r o n  and ion dens i t ies  b e c o m e s  c o m p a r a b l e  in value  with the 
dens i ty  I tse l f ,  and A and a a r e  coef f ic ien ts .  The  r e su l t s  of the solut ion of Eq. (12), a s s u m i n g  the  above 
approx imat ion ,  can be c o m p a r e d  with exper imen t .  

F o r  the  m a x i m u m  d i f fe rence  be tween the  dens i t ies  ( n l - n e ) m a x = n 0 ,  which c o r r e s p o n d s  to  the  condi -  

t ion  

~ m a x  = ~ /V ~--~ o r  Zma  x : [ Z p  - -  ( z p  - -  Zn) ]  /V2-~ 

we obtain 

whence  

A~ exp (t - -  (z~)max : t 

A = V - ~ e x p  ( -  1],7 

When solving the s y s t e m  of equat ions  f o r  the ions 

dVzi e OV zi 
d,t - -  --ff Ep, ot . . . .  0 

dEp / dz  = 4aenoA~ exp (1 --  a~ ~) 

(13) 

for  Ep, with the  above a s sum pt i ons ,  we obtain an in tegra l  of the  type  

Ep ~ K f e x p  (-- q)dq  ~ C, 

w h e r e  C =0, s ince  fo r  l a r g e  va lues  of ~ the  s p a c e - c h a r g e  f ie ld  tends  to  ze ro .  T h u s  

Ep = 4z~enod exp (1/~ _ a~2)/V-~ (147 

w h e r e  d = Z p - Z  H is the  va lue  Of the r e s o n a n e e  zone.  

The  eoeff lc ient  a and the  va lue  of  the  r e s o n a n c e  zone d can be obtained f r o m  the condi t ions  of  the 
b o u n d a r y  of the  reg ion  d with z = ZH, s tnee  the  va lue  of E 0 and its de r iva t ive  dEp /d t  def ined by Eqs.  (t0), 
(11), and (14) on the  bounda ry  of the zone must  be Ident ical .  Consequent ly ,  f o r  z =ZH, ~ =1, 

m8~2coo ~ (t -- 5z~,) 
Ep = 2 [r (t -- 6%~) ~' -- 0)~l ~ ~ 4nen~ exp (1/2 --  a)/]/f2-~ (15) 

dZp m6~y2o)0~. [3COo ~- (1 -- 6z~) 2 + r = 4hen  ~ ] / - -~  exp (1/2 --  a) (16) 
dz - -  2e [~Oo ~ ( t  ~ 6zn)~ - -  r 3 

Hence ,  t ak ing  into a c c o u n t t h e  fact  thas 

6 d ~ / ~ o  
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we obtain the value of the r e sonance  zone, and Ar is the inc remen t  in the p l a s m a  energy  within the r e s o -  
m a l i c e  z o n e  

d~ m ~ (17) 
e t6:XenotOr 

Zp 1 
2 t dE 

zp-d 0 

For  compar i son  with exper iment  the dependence of the width of the  resonance  zone on the  frequency,  
the nonuniformity gradient  of the magnet ic  f ie ld  6, and the amplitude of the h igh- f requency  field, r e la ted  to 
the quantity T, a r e  of imteresL Exper imen t s  should enable a judgment to be made on the c o r r e c t n e s s  of the 
chosen model  of p l a s m a  acce le ra t ion  in the  resonance  zone, and on the par t  p layed by this  zone in the o v e r -  
all ene rgy  inc remen t  of the p la sma .  
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