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Abstract

This paper proposes a new method of proton acceleration.
A slow plasma wave produced by backward Raman scatter-
ing captures slow protons injected. A density gradient of a
plasma enables the wave phase velocity to increase as the
proton test beams are accelerated. A proof-of-principle ex-
periment is proposed using aT3 laser and test beams from a
Van de Graaff accelerator, in which a 500mJ laser will give
acceleration gain of∼ 50MeV in a distance of 500µm.

1 INTRODUCTION

This paper proposes a proton acceleration using plasma
waves[1], based on the same principle which has success-
fully accelerated electrons with a large acceleration gradi-
ent. It uses the electric field of a plasma wave excited by
a laser. The laser is scattered into either forward or back-
ward directions in a plasma. The forward scattering ex-
cites a plasma wave whose phase velocity is almost equal
to the group velocity of the pump laser. This fast plasma
wave has been used in electron acceleration. This method
is called self-modulated laser wakefield acceleration, be-
cause the laser pulse is modulated at the plasma frequency
by the forward instability. To the contrary, the backward
scattering excites a slow plasma wave, and it is this slow
wave that we are going to use for proton acceleration.

Relativistic electrons have light velocity, so they can be
synchronous with the relativistic plasma wave whatever en-
ergy they have. Protons below 1GeV, however, increases
their velocity as they are accelerated. The technical diffi-
culty of the proton acceleration using a plasma wave is to
give it increasing phase velocity synchronous with the ac-
celerated proton velocity. In this proposal, the synchroniza-
tion is enabled by the density distribution of the plasma.

This paper consists of five sections. Following this in-
troductory section, the second section describes the phase
velocity of the plasma wave that can trap the protons. The
third section briefly describes backward Raman scattering.
The fourth section proposes acceleration in a plasma with
tapered density, in which the phase velocity of the plasma
wave increases as the test beam is accelerated. A proof-
of-principle experiment is also proposed. The last section
gives discussion and conclusions.

Figure 1: Maximum and minimum proton energies that can
be trapped by a plasma wave withγp. Solid lines:n1/n0 =
1, broken lines:n1/n0 = 0.1.

2 TRAPPING OF PROTONS IN A
PLASMA WAVE

The motion of protons in a plasma wave is described by a
pair of equations:

dγ/dz = −(eE/mpc
2) sinφ,

dφ/dz = kp(1/βp − 1/β), (1)

whereE is the field of the plasma wave,mp is the proton
mass,β andγ are those of the protons andβp is that of
the plasma wave. They mean that the wave phase velocity
βp should be equal to the particle velocityβ, otherwise the
energy gain cannot be constant.

However, the protons can remain to be trapped by the
wave even if the conditionβp = β is not strictly satisfied,
as far assinφ < 0 in eq. (1). This condition of trapping
is equivalent to that the kinetic energy of protons is smaller
than the wave potentialΦ[2]. We use prime symbols to
denote variables in the wave frame. The condition then
becomes

(γ′ − 1)mpc
2 ≤ eΦ′, (2)

so the boundary energy of the protons that can be trapped
is γ′mpc

2 = eΦ′ + mpc
2. In the laboratory frame we have

two boundary energies,

γ± = γpγ
′(1 ± βpβ

′). (3)

UsingeE = ek′
pΦ′ = ekpΦ andeE = (n1/n0)meωpvp,

we haveγ′ = (n1/n0)(me/mp)γpβ
2
p + 1, wheren1 is

the electron density in the wave andn0 is the background
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Figure 2: Dependence of phase velocity of the plasma wave
produced in the Raman scattering onωp/ωL.

electron density. Inserting this into eq.(3), we have the re-
lation betweenγ andγp, which is depicted in Fig.1. This
figure gives the energy range of protons that are trapped
by a plasma wave at specificγp. This width is∼ ±7%
at γp = 1.1 and n1/n0 = 1, and decreases asγp and
n1/n0 = 1 decrease. We have to tune the phase velocity of
the plasma wave within this range in order to perform the
successful acceleration.

3 BACKWARD RAMAN SCATTERING

In the forward Raman scattering, both the plasma wave (de-
noted by suffix ’p’ hereafter) and the scattered radiation
with suffix ’F’ propagate in the same direction as the pump
radiation (denoted by suffix ’L’). In the backward scatter-
ing, the scattered radiation with suffix ’B’ propagates in the
opposite direction, though the plasma wave has the same
direction as the pump radiation. The dispersion relations
of the electromagnetic waves in a cold plasma are given by
ω2

x = ω2
p + c2k2

x, wherex = L,F or B. The conditions
for resonance areωL = ωp + ωx, kL = kp + kF , and
kL = kp − kB, wherex = F or B. They give the phase
velocity of the plasma wavevp = cβp, where

βp =
ωp

ωL

1
√

1 − (ωp/ωL)2 ∓ √
1 − (2ωp/ωL)

, (4)

with - and + signs corresponding to forward and backward
scatterings, respectively. It is shown in Fig.2 as a function
of ωp/ωL. As is clear in the figure, the phase velocity of
the plasma wave produced by the backward scattering is
the increasing function of the plasma density. The phase
velocity curves of the forward and backward scattering-
produced plasmas merge at the point whereωL = 2ωp,
at whichβp = 1/

√
3.

The backward Raman scattering had been studied vig-
orously in the 1970’s in connection with laser fusion. We
summarize here the main features obtained then [3].

Growth rate of the backward Raman scattering is given
by γ = (vq/c)2(ωLωp)1/2. Landau damping suppresses
this scattering, unless [3]

ωp/ωL > 2vth/c, (5)

wherevth = (kBTe/me)1/2. This requirement is most dif-
ficult to fulfill at beam injection. Approximatingkp = 2kL

andωL = ckL, we haveωp/ωL = 2βp. Theβ value of
the injected protons should be equal to theβp value of
the plasma wave. The condition of eq.(5) then becomes
β > vth/c. This restriction limits the lowest-possible in-
jection energy. Electron temperatures 10eV, 100eV, 1keV
... requires the injectionβ of 0.006, 0.02, 0.06,..., respec-
tively.

The plasma wave decay can be slower than the growth
of the backward instability. However, once the pump laser
fades out, the plasma wave decays so quickly because of
the Landau damping that we cannot expect a short laser
pulse to leave a wake which survives until a slow proton
beam arrives. In other words, the laser pulsewidth has to
be longer than the acceleration time. This situation differs
from the case of electron acceleration where ”wakefield ac-
celeration” is possible.

The electric field associated with a fast plasma wave is
approximatelyeE = (n1/n0)meωpc. This cannot be ap-
plied to our case of a slow plasma wave. We have instead

eE = (n1/n0)meωpvp. (6)

The Manley-Rowe relation gives the maximum-possible
n1/n0 value as a function of the electron quiver velocity
vq in the laser field[4]:

(n1/n0)2 ∼ (ωL/ωp)(2v2
q/γv2

th), (7)

where γ is the specific heat ratio. In one-dimensional
model we haveγ = 3.

In this proposal, we use a plasma with tapered density. In
such an inhomogeneous plasma, the resonant condition can
hold only locally. The propagation of the plasma wave out
of this resonant region then provides an additional thresh-
old, which is [3],

(vq/c)2kLL > 1, (2ωp < ωL), (8)

whereL = [(1/n)(dn/ds)]−1 is a length characterizing
the density gradient, withs, the distance along the density
gradient.

The laser-driven instability growth has to balance the
plasma wave decay. It remains an open question whether
such a balance is achievable. One solution to control this
instability is the use of a second laser which acts as a seed
for the instability[1]. This seed laser should be frequency-
shifted byωp from the pump laser and injected from the
counter direction of the pump laser. In other words, the
seed laser should have the same frequency and direction of
the backscattered radiation. This is a beatwave accelera-
tion in which the beat frequency of pump and seed lasers is
equal to the plasma frequency.

4 TAPERED DENSITY METHOD AND
PROOF-OF-PRINCIPLE EXPERIMENT

We now try to carry out a simple calculation, with a
proof-of-principle experiment in mind. We assume to
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Figure 3: Results of the calculation. (a) beam energy (γ)
vs. distance, (b) propagation distance vs time, (c) required
plasma density vs distance.

use 2.5MeV proton beams (β = 0.078, γ = 1.00267)
from a Van de Graaff of Hiroshima University, and a
Ti:sapphire laser withλL =800nm. We set the final en-
ergy as 50MeV (β = 0.314, γ = 1.0533). We as-
sumen1/n0 = 1/2 to have the acceleration gradient as
eE(s) = mecβp(s)ωp(s)/2. A more realisticn1/n0 value
should be determined by PIC simulations.

The calculation is based on eq.(1): The second equation
is used to derive theβp which makesdφ/dt = 0 for given
β by the first equation. The plasma density to give thisβp

is the solution of eq.(4).

Figure 3 shows results of the calculation. Figure 3 (a)
and (b) show that the energy gain of∼50MeV is attained
in the acceleration time of∼ 12ps and acceleration distance
of ∼ 0.5mm. Figure 3 (c) shows that the plasma density has
to be tapered from∼ 2.5× 1019cm−3 to∼ 3× 1020cm−3.
Figure 3 (d) shows tha the density-gradient length defined
by eq. (8) was larger than 150µm.

Thevq/c value required by eq. (8) is∼ 0.03, or laser in-
tensityI = 3.90× 1015W · cm−2. If we assume the waist
size as 15µm, the laser power becomes 27.5GW. The laser
pulse width of 15ps requires the laser energy of 413mJ.
This laser intensity makes the tunneling ionization possi-
ble. Equation 7 tells that then1/n0 value slightly exceeds
unity in this laser intensity, though it does not take the spa-
tial inhomogeneity into account.

5 DISCUSSION

There of course exist some problems to be solved in this
method. First of all good simulation studies are necessary,
which checks the phase continuity of the plasma wave in
the density gradient, and estimates exact value of accelera-
tion gradient and its time evolution.

The major technical problem is the creation of the
plasma density gradient. A gas flow flux from an orifice
limited by a skimmer has the radial distribution similar to
that in Fig. 3(c)[5]. Further studies are necessary to apply
this method to our experiment. Development of the chirped
seed laser may become necessary to control the instabil-
ity. Even if each technique were independently established,
there would remain the problem of synchronization among
the acceleration gradient, the plasma-density gradient and
the laser-frequency chirping. Some good diagnostics and
feedback control are essential to perform the experiment.

In conclusion, a method is proposed to accelerate pro-
tons by a slow plasma wave produced in the backward Ra-
man scattering. It adjusts the plasma density to match the
phase velocity of the plasma wave to the velocity of the
protons accelerated. Energy of a commercially-available
laser is large enough to excite such a plasma wave. Physi-
cal and technical problems are remain to be studied, which
include Raman instability studies and realization of a ta-
pered plasma.
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