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Abstract

A proton and/or heavy ion accelerator utilizing the transverse electric field of the laser wakefield is
proposed. We have performed the simulation in the proton acceleration employing the transverse laser
wakefield. The results show that the energy gain per one stage is not large enough but the acceleration
gradient is several hundred times larger than the conventional proton acceleration scheme. The proton

acceleration by the transverse wakefield is more effective in lower proton energy. It will be possible to

make the compact proton accelerator with this method.
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1. Introduction

There has been currently great interest in the
application of the highly energetic electrons generated
from the interaction of an intense ultra-short laser pulse
with a plasma. Acceleration of electrons by an electron
plasma wave has been of considerable attention because
it has potentiality to exceed the acceleration gradient
much larger than that of a conventional radio frequency
(rf) linear accelerator. Several methods have been
proposed for high energy particle accelerators with
ultrahigh acceleration gradients with the help of the
plasma wave generated by an intense microwave or
laser, such as the plasma beat wave accelerator, laser
wakefield accelerator (LWA) [1] in 1979, V, x B
accelerator [2] and self-modulated laser wakefield
accelerator [3]. Present day high power laser systems
with the chirped pulse amplification technique can
produce an ultra short pulse with an intensity well above
10'® W/cm? and enable us to perform proof-of-principle
experiments of laser driven plasma accelerators.
Recently it has been reported that electrons accelerated
up to the energy of 300 MeV by the laser wakefield and
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the plasma wave have been observed [4-6], but plasma
based electron accelerators are too premature to be used
as a real linear collider.

On the other hand, the study of acceleration of
protons and/or ions has a longer history than that of
electron acceleration. More recently the “electron ring
accelerator” had been studied until early 1970’s in
USSR, USA, Germany and Japan [7]. The studies have
terminated without remarkable successes. The
investigation on the proton/ion accelerators has not been
so active for several decades in spite of a high demand
for ion accelerators. Such developments of laser
systems, however, have promoted an interest in compact
ion accelerators with various applications for high
energy physics and medical field. The above mentioned
plasma based acceleration schemes which have
successfully accelerated electrons, cannot be employed
for the acceleration of protons and ions with energy less
than 1 GeV, since the phase velocity of the plasma wave
is much faster than the particle’s velocity because of
their heavier mass than electrons. Several ideas for
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accelerating proton/ion based on the plasma wave have
got an attention including the backward Ramman
scattering [8] and Alfvén wave [9] which slow waves
are to trap the accelerated particles.

An acceleration method for accelerating proton
beam using lasers and plasmas is an acceleration method
using a transverse components of the laser wakefield
excited by the interaction of the high intense ultra short
laser pulse with the plasma. This acceleration method
has been already proposed and reported in the
simulations that protons are accelerated by transverse
laser wakefield [10]. The simulations in Ref. [10] have
been performed for the one-dimensional motion of
protons, i.e. the transverse direction. In this paper, we
perform the simulations extended to two-dimensions and
discuss in detail the behavior of protons in the laser
driven wakefield and the phase matching between the
proton beam and the transverse wakefield.

2. Theory

An electron plasma wave (EPW) is excited by the
ponderomotive force of the EM wave exciting a density
oscillation with the plasma frequency in an underdense
plasma. The EPW with large amplitude driven by the
laser pulse has both transverse and longitudinal
components. The transverse component is induced both
by the temporal and radial profiles of the laser pulse and
the longitudinal component corresponds to the
longitudinal motion induced by the temporal profile of
the pulse. The plasma electrons are described by cold
fluid equations with the ponderomotive potential term
induced by the spatial and temporal profiles of the laser
pulse. Assuming the linear approximation, in which the
electron density perturbation is small compared with the
equilibrium electron density and that ions are fixed, the
equations can be solved. The longitudinal component of
the density perturbation én, corresponds to longitudinal
electron oscillations. The electric field E, deduced by
the Poisson equation is also longitudinal. The transverse
contribution &n, corresponds to cylindrical electron
oscillations associated with the radial electric field E,.
Each component of a linear EPW excited by the intense
laser with Gaussian radial profile and a Gaussian
temporal distribution, can be expressed [11,12] as
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Fig. 1 Schematic diagram for the proton acceleration by
the laser driven wakefield.
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where I, is the maximum laser intensity, 7 is the pulse
duration at FWHM, w is the spot radius of the EM
wave at focus, @, is the plasma frequency, m, is the rest
mass of the electron, and &, is the dielectric constant in
vacuum.

The ratio of the two components of the density
perturbation on the laser axis is given by én,/6n, = (4,/
mwo)?, where A, = 2nc/w, is the wavelength of the
excited plasma wave. Thus, the electron density
perturbation can be treated as longitudinal when $\pi
Two > A, and radial when 7w, <« 4, [13,14]. In the
conventional LWA, the transverse field is stronger than
the longitudinal electric field, since EPW excitation
takes place mainly in the radial region. We proposed the
ion acceleration by employing the transverse wakefield,
i.e. the ion beam is injected into the wakefield from the
radial direction. Depending on its relative phase @ = @,
— kyz with respect to the wakefield, an injected ion is
accelerated or decelerated by E, and focussed or
defocused by E,. Thus, as shown in Fig. 1 which
represents the ion motion in the frame of the wakefield,
the most effective acceleration occurs when the ion
always stays in the acceleration phase during the
wakefield. The laser driven wakefield useful for the
charged particle acceleration is limited within the spot
size, since it decreases exponentially in the radial
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direction as seen in Eqs. (1) and (2). The condition for
the most effective acceleration, which require phase
matching between the transverse wakefield and the ion
beam, is given by v,T,, = 2wy, where v; is the ion velocity
across the area where the wakefield is excited and T, =
27/@, is the period of wakefield. This condition can be
satisfied by adjusting the plasma density, since ®,
depends on the plasma density, @, = (n, |e|*/e;m)"2. The
plasma density required for the appropriate ion
acceleration is rewritten as

17 & [MCV]
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where & is the initial ion energy and M is the ratio of the
ion mass to the proton mass. In the ideal case in which
the above condition is satisfied and the effect of
longitudinal wakefield is negligibly small, the maximum
energy gain is obtained as

@

The coefficient A is a function of the product @,7 and is
maximum when ®,7 = V2. For the proton energy & =1
MeV, for examples, the maximum energy gain is
expected when the plasma density is n, = 10 cm™ and
the laser pulse duration is 7= 250 fsec.
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0

3. Simulation Results

The acceleration mechanism of heavy ion is the
same as that of proton in principle in spite of the
difference between the proton and heavy ion, i.e. mass

and charge state. For the simplest discussion, let us
consider the energy gain for the proton acceleration
utilizing the laser-driven transverse wakefield. We have
performed two-dimensional time dependent simulations
based on the momentum equation in order to study the
behavior of protons in the laser wakefield in detail. Each
small displacement of proton for the time step is
calculated by the Time center Leap Frog method [15].
The final proton energy is obtained by repeating the
procedure until the proton passes through the wakefield.

The simulation has been performed in the case
where the laser for the excitation of EPW has the
parameters of wavelength 4 = 800 nm, and maximum
power P = 1 TW focused into the spot size 2wy = 10
pm, corresponding to a Ti-Sapphire laser system.
Assuming that the proton is injected in the +r direction,
we need to take into account the dependence of the
electric field E; on the relative phase ¢ for obtaining
more efficient acceleration of the proton by the laser
wakefield. Thus, in the simulations the proton is injected
into the wakefield when its phase is ¢ = 7. Figure 2
represents the typical simulation result for the proton
with an initial energy & = 1 MeV, where the plasma
density is n, = 10'® cm™ satisfing v;T, = 3w,. In this
simulation, the laser pulse duration is assumed to be 7=
250 fsec, since the wakefield amplitude is maximum at
W,T = V2 as above-mentioned. The solid and dashed
lines represent respectively the proton energy and the
electric field of the wakefield acting on the proton while
the proton travels through the wakefield. It is evident
from Fig. 2 that the proton continuously feels the
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Fig. 2 Variation of the proton energy and the electric field of wakefield accelerating proton as the proton travels. (a) and
(b) represent the radial and axial component of the proton’s motion. Solid and dashed lines are the proton energy

gain and the electric field of the wakefield, respectively.
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acceleration force in the wakefield and is accelerated
with the energy gain of about 175 keV. Considering that
the acceleration length is 3wy =15 um, the acceleration
gradient is estimated to be 12 GeV/m, which is much
larger than the conventional rf accelerator. On the other
hand, it is obvious from Fig. 2 that the longitudinal
electric field is ten times smaller than the transverse one
and that the proton is accelerated little in the axial
direction.

Neglecting the nonlinear effect, we can expect that
the proton is accelerated to high energy in proportion to
the laser power, because E, is directly proportional to
the amplitude of the laser wakefield and so the incident
laser power. If the laser with power 10 TW is used for
the excitation of the wakefield, the proton with the same
injection energy can be accelerated with the energy gain
of about 1.7 MeV.

The amplitude of the wakefield depends on the
initial proton energy, since the mean plasma density
need to be adjusted to satisfy the phase matching
condition between the laser wakefield and the proton. It
is important to perform the simulation of the
dependence of the energy gain on the initial injection
energy. The simulation result is shown in Fig. 3, where
the laser pulse duration is 100 fsec and other parameters
are the same as the above simulation. It is seen that this
acceleration method employing the transverse wakefield
is not suitable for the high energy proton acceleration. It
is readily shown from Eq. (2) that the wakefield
amplitude decreases exponentially beyond the maximum
point @,T = V2. Thus, the wakefield acceleration for
protons is not adequate for the high energy particles. It

is not also easy to excite the wakefield with large
amplitude in high density region. Figure 4 shows the
energy gain as a function of the plasma density. The
most effective acceleration occurs at the plasma density
which satisfies the matching condition Eq. (3). The
proton traverses the deceleration phase of wakefield,
since the oscillation period of plasma wave becomes
large with increase of the plasma density. It turns out
from Fig. 4 that the matching condition can be satisfied
by adjusting the plasma density.

Finally, we propose the compact proton accelerator
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Fig. 3 Proton energy gain as a function of the initial
energy. The laser parameters are A = 800 nm, P=
1 TW, and 7= 100 fsec.
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Fig. 4 Dependence of proton energy on plasma density.
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employing the above-mentioned acceleration method. In
order to realize this accelerator, the multistage
acceleration has to be used, since the energy gain per
one stage is small. We expect that this method can be
realized by precisely arranging the position and the
interval of mirrors.

4. Summary

We have proposed a proton acceleration method
and the design of the accelerator employed this method
mentioned in this paper. Possibility of the proton
acceleration due to the laser driven wakefield has been
confirmed from the simulations. Thus, it has been
demonstrated that this acceleration method can be used
for the heavy ion. The energy gain per one stage is not
large, the acceleration gradient, however, is several
hundred times larger than a conventional rf acceleration
scheme. We expect that the compact proton accelerator
employing this scheme can be realized by using the
present apparatuses. The increase of laser power can
lead to increased gain in proton energy per stage at the
cost of the accelerator’s compactness. Such a proton
accelerator using a huge laser system cannot be regarded
as a compact accelerator. Similar to the electron
accelerator which the longitudinal component of
wakefield traveling with the incident laser is used, there
are some limitations in the accelerator with this
acceleration scheme. 1) The radius of accelerated beam
cannot be larger than the laser spot size. 2) The length
of the beam will be smaller than the pulse of laser.
However, we consider that these problems may be
solved by using some parallel lasers. There seems to be
some room for making improvements including new
acceleration schemes. More detailed discussions are
required for further improvement of the acceleration
efficiency.
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