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ABSTRACT 

It is revealed in the microwave-plasma 
interaction experiments that the large ampli
tude electrostatic wave propagating obliquely 

to a magnetic field accelerates electrons 
strongly ~lm2~t along the magnetic field lines 
via the process of V x B acceleration. A new 
linear accelerator ~s introduced by use of a 
TM-mode slow wave structure based on the VP x B 
acceleration scheme. 

INTRODUCTION 

In order for obtaining a high gradient 
field in an accelerator, several new concepts 
of the plasma based accelerator have been pro
posed. A beat wave accelerator (BWA)[l] which 
uses a nonlinear optical mixing of two laser 
beams is successfully proposed of its existence 
of principle in an arc plasma or a laser pro
duced plasma[2,3]. The observed field gradient 
is estimated as about 100 MVIm, although the 
theoretical field gradient of 1.5 GVIm is esti
mated, where a wave amplitude is assumed to be 

5%. Another concept of particle acceleration 
is a V x B acceleration scheme[4-6], in which 

the p~rticles are accelerated along the wave
front and across the static magnetic field 
applied externally. The proof of the existence 
of this phenomenon has been performed only in a 

microwave-plasma interaction experiment[4,5], 
and therefore, the field gradient observed so 

far is weak of about 20 kVIm or less. 

In this paper, we would like to present 

the experimental confirmation of the V x B 
acceleration phenomena performed in the Pmicro
wave-plasma interaction experiments and also a 
proto-type accelerator des~gn based on a V x 
B acceleration scheme[7], which could be rgal
ized without plasma, although the expected 
maximum field gradient would be smaller than in 

a plasma. 

Before showing the experimental results, 
it is convenient to explain a model of the VP x 

8 acceleration scheme(v :phase velocity of the 
electrostatic wave). Lit us assume there is a 
weak steady magnetic field, B , across which an 
electrostatic wave accompany~ng trapped elec
trons in its wave troughs travels obliquely to 
the magnetic field which should appear as B = 
8 = B sin e in the V x B acceleration mecha
nfsm [~ee Fig.l]. A~ the magnetic field has 
the component B = B cos e, the electron can 
also be accelerated iR the direction (-e)v x B 
= A (x direction) in addition to A = (-~)v i 
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Fig.1. Vpx B acceleration scheme. 

B via the process of the V x B a~celeration. 
T~e A component is ~lm2~t ~long the magnetic 
field xlines, as long as e is close to nl2. 

As a result, the electron is accelerated tQree 
dimensionally, and the maximum velocity v in 

the x direction could become. 2VE, where ~E = 
EIB is the maximum velocity or an eleccron 
accglerated in the y direction at e = nl2. 
From the equation of motion for an electron in 
such a situation (here, we restrict our discus
sions on accelerating an electron, but this 
kind of model is also applicable to accelerate 
an ion), we obtain 

( 1 ) 

vy(t) - U sin( wczt)' (2) 

where U = ( w I w ) v = (B IB ) v are the 
amplitude of vy7x HeRee,Pif th~ r~la~ion 

E > UBx = vpBx 21Bz (3) 

holds, Initially Deeply Trapped Particle(IDTP) 
never detraps from the wave potential. At some 

angle e = ec, 

VE vpsin 2 8 clcos 8 c (4) 

is attained. Hence, when 0 < 
v have maximum value V = V 
=YU as seen in Eqs.(1) aftd (~'· 

When nl2 > 8 > 8 , IDTP will detrap 
after an appresiable acc&leration since the 
condition (3) breaks. For a special case of e 
= nl2, which would be convenient to realize an 
accelerator based on the V x B acceleration 
scheme as will be shown l~ter, v = 0 and a 
maximum velocity of electron is giv~n as 

Vym = (eEim) w c = EIB0 , (5) 

which is attained at the time t = (EIB 0 )1 wcvp 

· = ta, the acc.eleration time. Therefore, the 
maxtmum energy of the electron is shown to be 

£ = 0/2) m{(EIB ) 2 + v 2} 
0 p 

(6) 

for a non-relativistic case and 

d r I dy = r P akP, d r 1 d z = akP < 7) 

for ~ -f72ativistic case, where ~ = {1 -
(v/c) } , r = { 1 - (v /c>'l - 112 and 
usually r >> lpand a is the. wa~e amplitude <-
0.1). Thepfield gradient is also obtained as 

G = am c w ( 1 + r 2) 1 I 2 
p p . (8) 

As for sample parameters for 1 TeV lingar ac
celerator, we can obtain ~ r = 2 x 10 , a = 

0.2, J- 0 = 0.35 ( .Um), lly = 56 em, ~z = 1670 

<em), n = 1019 (cm- 3 ), B0 = 68 kG and rp = 30. 

In the present paper we show the experi
mental results on the V x B acceleration with 
obliquely propagating iaves to the magnetic 

field lines ( e * n/2). However, the case of 
e = rr/2 has been published elesewhere[5,6]. 
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EXPERIMENTAL APPARATUS 

The experiments are performed with a cy
lindrical, nonuniform plasma produced in a 
chamber of 1 m length by 60 em diameter covered 
with multidipole magnets. The precise expla
nations of the experimental apparatus and typi
cal parameters were given elsewhere[6,9]. 

A weak magnetic field, less than 11 G, is 
applied vertically (x-direction) including re
gions of the present experiments. The magnetic 
field is made a weak mirror, the center of 
which locates at z - 28 em measured from the 
edge of the horn antenna for the microwave 
irradiation [see Fig.2]. 
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Fig.2. Schematic description of the oblique 
propagation of ES wave with angle e to the 
magnetic field lines. 

The p-polarized electromagnetic wave (EM 
wave) with frequency f = ( w/2 n: ) = 2.86 GHz 
and maximum power 11 kW is launched along the 
chamber axis from a high gain horn antenna 
located at the lower density end of the cham
ber. The EM wave is reflected back at the 
reflection layer with electron density n = 
n cos2 a, and it excites the electron plasma 
w~ve (ES wave) around the critical layer n ( w 
= w ) • The ES wave with ( w, k ) propa~ates 
downpethe density gradient, and i~s wave front 
is almost in parallel to the equidensity line. 
When we shift up the critical layer along the 
z-axis, the propagation directioB e between k 
and B can be changed through 20 ~ e ~ 98P 
(in the x * 0 area), because of the bending of 
the magnetic field lines [see Fig.2], while the 
magnetic field strength does not change in the 
y-direction within our experimental area. 

EXPERIMENTAL RESULTS AND DISCUSSIONS 

An example of accelerated high energy 
electron flux with energy over 60 eV shot out 
in the x direction is shown in Fig.3 to have 
dependence on propagation angle 8. Here, the 
experimeMtal data of the high energy electron 
flux Ihx is assumed to be in proportion to v , 
and .ff is estimated by the use of the calc~
lated spatial profile of the magnetic field 
such as schematically shown in Fig.2. From 
this figure, we can obtain the optimum angle 
8 . Therefore, it is possible to depict the 

deBendence of e on the rf power as shown in 
the inset of Fig.3. 

In order to interpret the experimental 
results, we have used the theory based on the 
model of IDTP[8]. By use of Eqs6 (1) and (4), 
numerical results for ec = 81~84 are obtained 
as shown by a solid line in Fig.3. In the 
present experiment, the maximum acceleration 
length in the x-direction is restricted to less 
than about 4-5 em because of the detector sys
tems. Therefore, we could use the acceleration 
time - 1/ w in calculating the theoretical 
value v . Th!zacceleration le~gth would exceed 
the prisent system when 65-70 ~ e ;::iii 90Q in 
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Fig.3. High energy electron flux, I m, (open 
circles) and calculated value of v <H~lid and 
dot-dash line) vs. the propagationxangle e. p 

4.8 kW. Inset shows the optimum angle 
8 vs. the square root of rf power normalized 

bycp = 1 kW at B = - 5 G. Solid line in the 
inse~ shows the rgsults of Eq.(4). 

Fig.3, while for e ~ 60° maximum value of v 
can be expected within this acceleration time~ 
In calcula\ing the velocity vx in the range 70 

;::iii e ~ 90 , we may use the constant accelera-
tion length x - 5 em, and the result is shown 
in the same figure by a dot-dash line, showing 
reasonable agreement with the theoretical 
result. 

The optimum angle e is also calculated 
as a function of electric field strength. The 
angle e is given in Eq.(4). The result is 
shown in €he inset of Fig.3 by a solid line ob
tained with our parameters . Here, both of the 
results of ex~'2iments and theory are adjusted 
at {P/P } = 1.0 after assuming that the 
electric 0 field strength of ES wave is in pro
portion to the square root of the incident 
power of EM wave. 

Most of the observed characteristics are 
well interpreted by the theoretical prediction 
of Sugihara et al[ 8]. 

NEW ACCELERATION SCHEME BASED ON THE vp X B 
ACCELERATION 

In this section, we would like to show 
the new accelerator scheme based on the V x B 
acceleration principle. As there arep some 
problems in the accelerator using the plasma, 
specifically reliability and stability prob
lems, we want to use the vacuum system (i.e. 
without plasma) for realizing the accelerator, 
still keeping the V x B acceleration princi
ple. Therefore, tRe maximum attainable field 
gradient is weaker than in the system based on 
the plasma. 

The linear accelerator consists of a slow 
wave structure and a static magnetic field 
applied vertically as shown in Fig.4. In this 

Fig.4. Example of the slow-wave structure type 
accelerator. 
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scheme we use the perpendicular propagation 8 
= n/2 of the TM-mode microwave (f = 2.45 GHz). 
The whole system of the experimental apparatus 
under construction is shown in Fig.5. The main 
purpose of the present experiment is the proof 
of principle of the V x B acceleration scheme 
in a vacuum system. ~hererfore, the interac
tion section of the wave and an electron beam 
is short as shown in Table 1 with other para
meters of the present accelerator. 

In the slow wave structure, the field 
components for dominant mode can be calculated, 
and an example of the field distribution is 
shown in Fig.6 for Ex, Ez and H components. 
As easily seen from the figure, t~e Hx compo
nent is weak enough in the region wnere the 
electrons are trapped in a wave trough, no 
major effect on the static magnetic field B0 • 

The phase stability of the trapped parti
cle in a wave frame is also investigated. When 
there is no magnetic field, the phase of the 
trapped particle once delays and then advances 
against the wave by gaining the energy and 
finally the electron detraps (see Fig.7). If 
the VP x B scheme is constructed, however, the 
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Fig.5. Set-up of the linear accelerator. 
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Fig.6. An example of the field distribution. 

Table 1. Design parameters 

Initial velocity (v0 /c) V/c Injection 

0.448 0.464 90 
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Fig.7. Phase shift of the trapped particle in 
aceeleration. 

CONCLUSION 

The experimental confirmation of the 
tence of the V x B acceleration is shown 
microwave-plasia interaction experiment. 
linear accelerator scheme is explained, 
bases on the V x B scheme by use of a 
wave structure. P 
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angle B (G) 
0 

Gain(keV) Z(m) Ez 

5.3 8.08 0.48 ·20kV/m 
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