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Abstract 
The magnetic self-focusing of a relativistic electron beam 

propagating through a plasma is demonstrated. The plasma 
which is produced by an RF discharge in a glass tube with no 
externally applied magnetic field, focuses a 3.5 MeV, 25 ps 
(FWHM) long electron beam from an initial size of 2.5 mm 
(FWHM) to about 0.5 mm (FWHM) at a focal length of 18 
cm . 

I. INTRODUCTION 
A relativistic electron beam propagating through a plasma 

can self pinch due to its self generated azimuthal magnetic 
field[l]. In vacuum, the beam generated Lorentz force 
counteracts the radial space charge force and the beam 
propagates with an equilibrium radius. As the beam enters the 
plasma, the plasma electrons re-distribute themselves to 
charge neutralize the beam. If the beam radius is small (r < 
c / q  = collisionless skin depth), most of the plasma return 
currents will flow outside of the beam. As a result, the beam 
magnetic field will not be reduced appreciably within the 
beam, and it will focus under its own radial Lorentz force. 
This mechmism can be used to generate focusing gradients 
exceeding MGEm which is several orders of magnitude 
greater than the s?iength of conventional quadrupole 
magnets[2]. 

While a4arge number of theoretical studies[2],[3] of this 
effect have been performed, there have been only two 
experimental studies[4],[5]. In the first experimeiN41, the 
plasma length (35 cm) was much longer than the focal length 

(8 cm), and the spot size was measured outside of the plasma 
column. In the second experiment[5], the beam focused 
outside of the plasma column but the amount of radial 
focusing was very limited (in some cases the spot size 
variations were within the experimental errors ). In this paper, 
we report on a plasma lens experiment at UCLA, where a 3.5 
MeV electron beam was focused from an initial spot size of 
2.5 mm (FWHM) to ahout 0.5 mm, well outside of the plasma 
column. 

11. EXPERIMENTAL SETUP 
The experiment was performed with the UCLA's 4.5 B 

MeV, laser driven RF gun[6]. The gun is capable of producing 
very short (1 < 10 ps) electron bunches (Q > 1 nC, Ipeak > 
100 A) at I Hz. In order to simplify the diagnostics, the 
electron bunches were stretched to about 25 ps (FWHM) by 
illuminating the cathode with a longer laser pulse. The photo 
electrons are accelerated to about 3.5 Mev in the 1.5 cell RF 
gun and transported using a focusing solenoid and four 
steering magnets to the plasma chamber 2 m downstream of 
the gun (Figure 1). The plasma chamber which is filled with 
Ar gas up to a pressure of 30 mTorr is connected to the RF 
gun (p < 5 x IO-* Torr) through a windowless, two stage 
differential pumping system (Figure 1). Each pumping stage 
consists of a low conductance tube followed by a 
turbomolecular pump. The first stage maintains a pressure 
differential of three orders of magnitude; while the second, a 
differential of two orders of magnitude. The electron beam 
which initially contains up to 1.5 nC of charge, is scraped by 
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Figure 1. Experimental Setup 
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the two low conductance tubes, and a maximum charge of 0.6 
nC is transported to the plasma chamber. Beam diagnostics 
include: phosphor screens both upstream and downstream of 
the plasma chamber, retractable faraday cups, a current 
transformer for non-destructive measurement of beam charge, 
and a Cerenkov radiator downstream of the plasma chamber. 

The plasma is produced by an RF discharge in a glass 
tube (diam. = 1.7 cm, length = 10 cm) with no external 
magnetic field. The RF amplifier (10-20 MHz, 800 W) is 
connected via a capacitive tuning circuit to a helical antenna 
wrapped on the outside of the glass tube filled with Argon 
gas. The helical antenna (5  cm long, 12 turns) induces large 
azimuthal electric fields inside the tube where the Ar gas is 
ionized by impact ionization. Under optimum tuning, about 
75% of the input RF power is coupled to the plasma. The RF 
plasma density is diagnosed by a small cylindrical (dim.  = 
0.76 mm, length = 2.5 mm) Langmuir probe. Figures 2(a) and 
(b) show typical radial and axial density profiles. The radial 
profile, measured at an axial position 0.5 cm away from the 
edge of the antenna. has a flat profile in the middle and 
decreases sharply near the tube walll. Axially, the plasma 
density peaks under the antenna and falls rapidly away from 
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Figure 2. (a) Radial profile of plasma density. (b) Axial 
profile of plasma density. 

the antenna (n/Vn G 5 cm). The density directly undemeath 
the antenna cannot be measured because the Langmuir probe 
perturbs the RF discharge. The plasma density can be varied 
over an order of magnitude by varying the gas pressure and 
the RF power. 

The plasma density has to be high enough to charge 
neutralize the beam in a time less than the electron bunch 
length T = 2.5 ps; i.e. zwp  >1 where wp = (4nne2/m)lr-. 
Hence, the minimum required plasma density is n = 5 x lo1 
~ m - ~  which can easily be attained by this source. The 
transverse beam size is about 3 mm FWHM (< c/op) at the 
entrance of plasma which im lies that the beam density is 
approximately lib < 4 x 1olJ cm-3 (nb < npIasma);  i.e., the 
lens operates in "overdense" plasma regime. One can roughly 
estimate the focal length of the lens from the "thin" lens 
approximation , which is given by[2] 

f = (C/obP)2(2r/l) 

where f is the focal length, 1 is the plasma length. c is speed of 
light, and obp is the beam plasma angular frequency. For a 5 
cm long plasma and a typical beam density of 3 x10lo cm3, 
the predicted focal length is about 27 cm. The focal length 

0 20  40  6 0  8 0  100 
Time (ps) 

Figure 3. Temporal Profile of the electron beam. 

calculation is for a beam with uniform density in space and 
time. In reality, the focal strength of the lens is not constant 
and has both longitudinal and radial variations. 

111. EXPERIMENTAL RESULTS 
The time integrated electron beam size and the total 

charge were measured 22 cm upstream of the plasma. The 
bcam is about 2.5 m m  FWHM in the vertical dimension, and 
contains up to .6 nC of charge. The electron bunch length is 
measured 27 cm downstream of plasma source by streaking 
the Cerenkov ligh from a 0.5 m m  thick fused silica[7]. Figure 
3 shows the temporal profile of the electron bunch. It has a 
sharp rise and a fairly long tail. The electron beam propagates 
through the plasma and hits the first phosphor screen 18 cm 
downstream of the plasma. Figure 4(a) shows the time 
integrated beam size at the first phosphor screen with no 
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Figure 3. (a) Unfocused beam image 18 cm downstream of plasma. source. (b) Vertical line out of image (a). (c) Focused 
beam image. (d) Vertical line out of image (c). 

plasma. The beam dimensions are measured by taking either a 
vertical or horizontal line-out through the pixel with the 
highest intensity. As Figure 4 (b) shows, the vertical 
dimension of the unfocused beam is about 3.2 mm FWHM. 
When the plasma is turned on, the beam focuses down to 
about 0.55 mm (Figs. 4 (c) and (d)). The spot size increases to 
about 1.1 mm at a second phosphor screen, 22 cm 
downstream of the first. The apparent plasma focal length (18 
cm) is shorter than that predicted from the th in  lens 
approximation (27 cm). This can be attributed in part to the 
finite length of the plasma. As the beam propagates through 
the plasma, it begins to focus within the lens, increases its 
density, and shortens the lens focal length. 

on the focusing. Furthermore, experimental results will be 
compared with both particle simulation and analytical 
calculation results. 
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Abstract 
T h e  physical processes in t h e  magnet ized p lasma waveguide, 
in which t h e  high-current relat ivist ic electron beam (Sudan 
parameter S > 1) is  injected, are investigated by the  devel- 
oped 2.5-D relat ivist ic e lect romagnet ic  code. T h e  computer  
s tudy has shown t h a t  t h e  charge and current  compensations 
of t h e  h igh-current  b e a m  are considerably difFerent f r o m  those 
of t h e  low-current  beam. In  addi t ion t h e  self-consistent elec- 
t romagne t i c  f ields generated by  a beam a t  t h e  in i t ia l  s ta te 
radical ly a l ter  both t h e  l inear and t h e  nonlinear instab i l i ty  
stages. 

I INTRODUCTION 
T h e  advantages o f  a use of t h e  high-current relativis- 

t i c  electron b e a m  (HCREB) fo r  development  of a powerfu l  
e lect romagnet ic  rad iat ion sources, and  t h e  new t ype  acceler- 
ators based on t h e  col lect ive me thods  of the  particles accel- 
erat ion, and  etc. are presented in [1]-[3]. It was noted t h a t  
t h e  s imul taneous g rowt )  b o t h  of t h e  beam energy and the  
non-equil ibr ium degree of a system def in ing by the  Sudan pa- 
rameter  s = (nb/n,)1/3y (nb, n,  are t h e  beam and plasma 
densities, y i s  t h e  relat ivist ic factor )  is a very i m p o r t a n t  f ac t .  
In t h e  unbounded systems th i s  can results i n  the  decrease of 
the  energy ( a t  S > 1) transferr ing f r o m  a beam to  the  plasma 
for  t he  osci l lat ions exc i ta t ion.  In t h e  system bounded i n  the  
radial d i rect ion th i s  f a c t  decreases t h e  efficiency of the  elec- 
t romagnet ic  waves rad iat ion due to  t h e  osci l lat ions exc i ta t ion 
w i t h  t h e  sma l l  r a t i o  between t h e  transverse and longi tud ina l  
components [3, 41. t e r e n k o v  mechanism was proved to be 
changed to t h e  anomalous Doppler  mechanism for  HCREB 
[5]. T h i s  al lows to  rema in  t h e  high efficiency of t h e  electro- 
magnet ic  rad iat ion a t  t h e  certain parameters of a system such 
as t h e  magnet ized p lasma waveguide (MPW) - HCREB. 

T h e  equi l ibr ium and  stab i l i ty  condi t ions of HCREB were 
investigated i n  m a n y  works (see Refs. in [1]-[5]). T h e  injec- 
t i on  of t h e  low-current  (S<<l) st r ingent  REB is also studied 
in detai l  both with t h e  magne t i c  f ield and w i t h o u t  f ield. It 
was shown if t h e  b e a m  radius a to be greater t han  the  skin- 
depth XE = c / w ,  ( e  is t h e  light velocity, w e  is t he  Langmuir  
plasma frequency) t h e  beam current  is compensated by a 
re turn p lasma current  d a m p i n g  in a p lasma w i t h  the  f in i te  
conductivi ty. T h e  external magne t i c  f ield modi f ies the  cur- 
rent  compensat ion condi t ion to  t h e  f o r m  u > > X ~ ( l +  Qa/w," )  
(Q, is t h e  La rmor  electron frequency). 

I n  th is  work  both t h e  charge-current compensat ion and 
the  s tab i l i ty  of HCREB (S > 1) i n  MPW are investigated. 
T h e  hol low narrow b e a m  of t h e  U radius and  of t h e  A, thick- 
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ness (so t h a t  Ab < c / w e ,  b u t  a > c / w e )  is considered, and 
t h e  hol low wide beam w i t h  &,zrL ( r ~  is t h e  waveguide ra- 
dius) is also. I n  the  both cases t h e  Cerenkov resonance con- 
d i t ion of t h e  beam w i t h  t h e  p lasma wave is  not va l id  i.e. 
y > w e / ( c k l )  (%I is a transverse wave number) .  For corn- 
parison, t h e  s tudy of t h e  low-current  b e a m  is also presented. 

I1 MODEL AND EQUATIONS 
In order to study t h e  dynamics of a coll isionless p lasma 

w i t h  the  relat ivist ic electron beam i n  both t h e  self-consistent 
and the  external e lect romagnet ic  f ields i n  ax isymmetr ic  
(ala0 = 0) geometry, w e  use t h e  set of relat ivist ic Vlasov's 
equations for  t h e  d is t r ibut ion funct ions of t h e  given ,type 
o f  particles fs(p',g,t).  Here p' = 7nsv'y, v' = {+,YO,>}, 

9 -112 
y = [l - (I  v' l/e)*] is t h e  relat ivist ic factor ,  2 = { r ,  z } .  
T h e  self-consistent e lect romagnet ic  f ields i n  Vlasov's equa- 
t i on  are determined by Maxwe l l ' s  equations in t h e  f o r m  of 
wave equations fo r  t h e  dimensionless scalar & and  vector 4 
potent ia ls  in which t h e  r i gh t  side is defined by t h e  t o t a l  charge 
and current  densities [6]. 

W e  w i l l  consider t h e  in f in i te  value of t h e  un i fo rm external 
magnet ic  f ield H i m  then t h e  motion of t h e  part icles can 
be treated as t h e  one-dimensional. Thus w e  have the  only  
equat ion of t h e  m o t i o n  and the  equations fo r  t h e  potentials 
$ ( r ,  z )  and A,(r, z ) .  

I n  these equations the  quant i t ies  involved are used in  
the  dimensionless fo rm:  [ U ]  = e ;  [r ,  z ]  = c/w,; [t] = w ; '  ; 
[n] = nee; [q] = e ;  [m] = mo; [&,A] = & h / e ;  [ E , B ]  = 

112 ( 4 7 r n 0 ~ & ) ~ / ~ ;  [ J ]  = eno,c, where w e  = (47rno,e2/??10) 
is t he  electron plasma frequency, € c h  = 7noc2 is t h e  rest 
energy of the  beam electron, R O ~ ,  mo, e are t h e  in i t ia l  density, 
rest mass and charge of the  electrons respectively. 

T h e  dimensionless equat ion of m o t i o n ,  obta ined as char- 
acterist ic equat ion of Vlasov's equat ion,  was wr i t t en  as 

d U ,  - dA, 84 
- d t  - -: (dt + 51) 

113 
. 

a&/& =dA,/ar = 0;  

where U, = yw,, y = [ 1 + u Z 2 ]  
T h e  boundary condi t ions for t h e  potent ia ls  are 

r = 0 : 
I ' = ~ L :  d = A , = 0 ;  

T h e  in i t ia l  condi t ions fo r  t h e  self-consistent f ields are 
A& = - p ,  A, = 0. Here h i s  Laplassian. 
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