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Abstract 
A new proton accelerator utilizing the laser wakefield 

acceleration scheme and the Vp x B mechanism is pro
posed. In the proton acceleration employing the Vp x B 
mechanism, we have performed the simulation with the 
Runge Kutta method. The results shows that the en
ergy gain per one stage is not large enough but the ac
celeration gradient is several hundred times larger than 
the conventional proton acceleration scheme. It will be 
possible to make the compact proton accelerator with 
these principles. 

1 Introduction 
The recent development of high intense laser with 

the chirped pulse amplification (CPA) technique leads 
us to investigate the laser-matter interaction phenom
ena. One of the interesting applications is to develop 
high energy particle accelerators based on plasmas with 
short pulse lasers. Recently it has been reported [1 J that 
the maximum acceleration gradient via the laser driven 
wakefield acceleration is several thousand times larger 
than the conventional accelerators. 

On the other hand, on directing our interest to other 
charged particle accelerators, new acceleration schemes 
which are more effective than the conventional rf accel
eration hasn't ever been proposed so far, to our best 
knowledge. The Vp x B scheme which can accelerate 
protons and heavy ions has attracted our attention. 
This acceleration scheme have been observed in the ex
periments on microwave-plasma interaction [3], which 
was predicted theoretically [4]. The presence of plas
ma is not essential, so the charged particles can be 
accelerated even in a vacuum [5]. The Vp x B accel
eration scheme with a transverse electromagnetic wave 
also has been demonstrated in proof-of-principle exper
iments [5]. In this paper, we propose a new proton ac
celeration method employing the Vp x B scheme [6] and 
the radial wakefield excited via an intense ultra short 
pulse laser and describe the simulation results obtained 
with Runge Kutta method. A realistic accelerator con
cept is also described. 

2 Theory 
In general, it is difficult t.o utilize the electromagnetic 

(EM) wave as a driver wave in the charged particle ac
celerator, because EM wave is a transverse mode prop
agating at the speed of light in free space. In order to 

satisfy this demand, i.e. a driver wave should have a 
longitudinal electric field, a new acceleration scheme is 
proposed such as shown in Fig.l. When the EM wave 
traveling with the speed of light is obliquely incident at 
some angle (B) with respect to the axis of the proton 
beam, the longitudinal electric field acting on the pro
tons exists, thus we expect that the proton beam can 
be accelerated by this method. It, however, has the de
merit that the trajectory of the proton beam is bent by 
the electromagnetic fields resulting from the obliquely 
incident EM wave. In order to correct this demerit, the 
Vp x B scheme, in which the external static magnetic 
field B0 is applied in the direction of the fluctuating 
magnetic field of EM wave, has been adapted to cancel 
the bending effect. 

The relativistic momentum equation of proton may 
be written as 

d 
M -d (!'v) = q[E + v x (B + B 0 )], t (1) 

where 'Y is the relativistic factor, M and q is the rest 
mass and a unit charge of the ion, respectively. For 
simplification, suppose that a transverse EM wave is 
the plane wave, whish has the maximum electric field 
Eo and the maximum magnetic field By and propagates 
with the speed of light in the direction with respect to 
an incident angle (see Fig.1). So, the electric field is 
given byE= Eo expi(kxx + kzz- wt), where wand k 
is the incident wave angular frequency and wavenum
ber. Substituting the above expression to Eq.(1), each 
component of the proton velocity is expressed in the 
form 

k 

Fig.1 Diagram for acceleration model 
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where We= qByjA1 and Oc = qBofM. 
Using Maxwell equation, the condition to remain the 

straight trajectory is given by 

I Ex I We+ Oc 1 
E, = w13 = tane· (2) 

It may be possible to satisfy Vx ~ 0 by adjusting the 
external magnetic field, even though We, Oc < w, 1 > 1 
in Eq.(2). It is apparent that as the incident angle 
() = 90°, Oc = -I we I, that is, the external magnetic 
field is applied in the opposite direction of EM wave 
magnetic field By. 

Multiplying Eq.(l) by 1.1·, the energy gain for a unit 
time is given by 

d-y 
l\1c2 dt = q11 · E ~ qvzEz. (3) 

The energy gain is decided by the interaction length of 
the charged particles with the EM wave, which is the 
same scheme as the conventional accelerators. 

Next, let us consider proton acceleration using the 
laser driven wakefield. The longitudinal and transverse 
components of a linear electron plasma wave(EPW) ex
cited by the intense laser with Gaussian radial profile 
and a Gaussian time distribution, can be expressed [7) 
as E, = Akp cos(wpt - kpz) exp( -2r2 jw~) and Er = 
A( 4rj w.;) sin( wpt - kpz) exp(- 2r'2 j w.;), with 

where I max is the maximum laser intensity, Tis the pulse 
duration at F\VHM, W 0 is the spot size of EM wave at 
focus, Eo is the dielectric constant in vacuum and Wp is 
the plasma frequency. 

In general, the longitudinal component traveling with 
the incident laser is used for the electron acceleration. 
In the normal L\VA, however, the transverse field is 
stronger than the longitudinal electric field. We pro
pose the proton acceleration employing the transverse 
wakefield. The wakefield varies with time, so the mo.st 
effective acceleration occurs when the proton always s
tays in the acceleration phase while it travels through 
the wakefield. The condition is given by viTp = 11 0 , 

where Vi is the proton velocity across the area where 
the wakefield is excited and Tp = 27r j Wp. Because 
Wp = (nelel 2 /come) 112 , this condition can be satisfied 
by adjusting the plasma density. Thus, the energy gain 
is obtained as 

~E = 2e 100 
Erdr = 2A. (eV). (4) 

3 Calculation Results and Discussion 

First, let us consider Vp x B acceleration scheme. In 
order to discuss in detail the proton energy gain, we 

have calculated the energy gain per an interaction of 
the protons with an intense laser with Runge Kutta 
method. The basic equation is the momentum equation 
(Eq.(1)). The parameters for the calculation are shown 
in Table 1. 

Table 1 Calculation Parameter 

Laser wavelength 800 nm 
Laser intensity 6.4 x 1017 W/cm2 

Laser phase velocity 3 x 1010 em/sec 
Initial energy 10 .MeV (;3 = 0.145) 
Calculation time 240 (100 fsec) 
Number of particle 100 particles 

Figure 2 represents the energy gain ~E as a function 
of the incident angle, where the external static magnet
ic field is not applied. At the incident angle is 60°, the 
protons are accelerated with a maximum energy gain 
of 75 ke V. The maximum acceleration gradient is es
timated to be 2.5 Ge V /m, which is much larger than 
the conventional rf accelerator. On the other hand, the 
intense laser cannot accelerate the protons at the inci
dent angle 0°. \Ve consider this result to be reasonable, 
since the laser does not have the longitudinal compo
nent. In the following calculations, the incident angle 
is fixed at 60°. 
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Fig.2 Energy gain as a function of the incident angle 

The effect of the external static magnetic field B 0 

is shown in Fig.3. It turns out from Fig.3 that the 
change of the energy gain due to the static magnetic 
field appears at around Bo = 103 T and is remarkable at 
about 7x 103 T, which is the same value as the magnetic 
field of the incident laser field. When the polarity of the 
static magnetic field is reversed, the strong acceleration 
does not occur and thus we have confirmed the effect 
of the static magnetic field. It is impossible to generate 
such a large magnetic field with the present technology. 
It is evident from the above results that the protons are 
accelerated without the external static field. 

The proton acceleration due to obliquely incident 
laser has been presented. The energy gain, however, 
is not large enough, which is less than 1% of initial en
ergy. Only a fraction of the laser energy can transfer 
to the proton, since the protons are not trapped in the 
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wave trough because of the much difference between 
the proton beam velocity and the phase velocity of the 
laser. As a result, we consider that the effective accel
eration does not occur. In an actual accelerator, the 
protons should be accelerated and speed up. The de
pendence of the energy gain on the initial proton energy 
is shown in Fig.4. As is expected, it is apparent that 
the energy gain becomes larger with the increase of the 
initial energy. We consider this result that the inter
action length becomes longer, since the beam velocity 
approaches to the phase velocity of the laser. 
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Fig.3 Energy gain as a function of the static magnetic 
field 

Next, let us consider the proton acceleration due to 
the wakefield acceleration. Amplitude of EPW depends 
on the injection energy, since the mean plasma density 
need to be adjusted to satisfy the condition viTp = w 0 • 

The laser parameters for the excitation of EPW is the 
same as in Table.l. The dependence of the initial pro
ton energy is shown in Fig.4. It turns out that the accel
eration method by a radial wakefield excited by an in
tense laser has more advantage than the one mentioned 
above in lower injection energy ( < 10 MeV). The wake
field amplitude is also a function of the product WpT 

and is maximum at Wp T = J2, that is, plasma density 
ne = 6.25 x 1016 cm-3 . If the pulse duration become':> 
shorter, the boundary between the Vp x B method and 
the wakefield acceleration in Fig.4 can be moved to the 
higher energy side. 
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Fig.4 Energy gain as a function of the initial energy 

In order to realize the accelerator employed these 
method, the multistage acceleration has to be used, 
since the energy gain per one stage is small. The 

schematic diagram for the multistage is shown in Fig.5. 
The protons are accelerated by the wakefield accelera
tion in lower energy and the Vp x B method in higher 
energy. We expect that this method is realized by ar
ranging the position and the interval of mirrors. 
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Fig.5 Schematic diagram for multistaging 

4 Conclusion 

We have been proposed the new proton acceleration 
method in this paper. The proton acceleration due to 
both the Vp x B and the wakefield has been confirmed 
from the calculations. The acceleration gradient is sev
eral hundred times larger than the conventional rf ac
celeration scheme. In the proton less than 1 GeV, the 
laser energy used for the interaction with the protons is 
a small amount, since the beam velocity is much smaller 
than phase velocity. We expect that the compact pro
ton accelerator employed these schemes is realized by 
using the present apparatuses except for the external 
magnetic field. More detailed discussions are required 
for farther improvement of acceleration efficiency. 

Acknowledgment 

This work is supported in part by the Grant-in-Aid 
for Scientific Research from the Ministry of Education, 
Science, Sports and Culture, Japan. 

References 

[1] K. Nakajima, et al., Phys. Rev. Lett. 74, 4428 
(1995), F. Amiranoff, et al., Phys. Rev. Lett. 81, 995 
(1998). 
[2] Y. Nishida, M. Yoshizumi, and R. Sugihara, Phys. 
Lett. 105A, 300 (1984), Y. Nishida and T. Shinozaki, 
Phys. Rev. Lett. 65, 2386 (1990). 
[3] R. Sugihara, andY. Midzuno, J. Phys. Soc. Jpn., 
47 1290 (1979}. 
[4] Y. Nishida, N.Yugami, H. Onihashi, T. Taura, and 
K. Otsuka, Phys. Rev. Lett. 66, 1854 (1991). 
[5] N. Yugami, K. Kikuta, andY. Nishida, Phys. Rev. 
Lett. 76, 1635 (1996). 
[6] Y. Nishida, Yayoi-kennkyu Kai, March,1998, U. of 
Tokyo (in Japanese). 
[7] E. Esarey, et al., IEEE Trans. Plasma Sci. 24, 252 
(1996)' 

-126-


