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Abstract

This paper proposes a new method of proton acceleration. 1.0
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-

MR enerdgy

perimentis proposed usinglZ laser and test beams from a 1.02 ° lines:nqing=1

Van de Graaff accelerator, in which a 500mJ laser will give ~ dashedlines: ning=0.1

acceleration gain of 50MeV in a distance of 500m. e s
L

Figure 1: Maximum and minimum proton energies that can

1 INTRODUCTION be trapped by a plasma wave with Solid lines:n /ng =
1, broken linesny /ng = 0.1.

This paper proposes a proton acceleration using plasma

waves[1], based on the same principle which has success- 2 TRAPPING OF PROTONS IN A
fully accelerated electrons with a large acceleration gradi- PLASMA WAVE

ent. It uses the electric field of a plasma wave excited b¥h i f orot . | is d ibed b

a laser. The laser is scattered into either forward or back:'c oHon O prt? ons ina plasma wave IS described by a
ward directions in a plasma. The forward scattering e>fgaerf equations:

cites a plasma wave whose phase velocity is almost equal —(eE/myc?)sin
to the group velocity of the pump laser. This fast plasma P ’

wave has been used in electron acceleration. This method do/dz ky(1/Bp —1/8), (1)
is called self-modulated laser wakefield acceleration, be- . ) .

cause the laser pulse is modulated at the plasma frequeH\’:%'ereE is the field of the plasma wave,, is the proton
by the forward instability. To the contrary, the backward" ss,0 andy are those of the protons arft} is that of

scattering excites a slow plasma wave, and it is this slo%’e plasma wave. They mean that the wave phgse velocity
wave that we are going to use for proton acceleration. » Should _be equal to the particle velocifyotherwise the
energy gain cannot be constant.

Relativistic electrons have light velocity, so they can be However, the protons can remain to be trapped by the
synchronous with the relativistic plasma wave whatever envave even if the conditios, = 3 is not strictly satisfied,
ergy they have. Protons below 1GeV, however, increases far assin¢ < 0 in eq. (1). This condition of trapping
their velocity as they are accelerated. The technical diffis equivalent to that the kinetic energy of protons is smaller
culty of the proton acceleration using a plasma wave is tthan the wave potentiab[2]. We use prime symbols to
give it increasing phase velocity synchronous with the adenote variables in the wave frame. The condition then
celerated proton velocity. In this proposal, the synchronizdsecomes
tion is enabled by the density distribution of the plasma. (v — 1)mp62 < ed’, 2

dy/dz

This paper consists of five sections. Following this inso the boundary energy of the protons that can be trapped
troductory section, the second section describes the ph3§e/mpc2 = e®’ + m,c2. In the laboratory frame we have
velocity of the plasma wave that can trap the protons. Theuo boundary energies,
third section briefly describes backward Raman scattering.

The fourth section proposes acceleration in a plasma with v+ =77 (1 £ BpB). (3)
tapered density, in which the phase velocity of the plasma

wave increases as the test beam is accelerated. A probkingeE = ek;@’ = ekp,® andeE = (n1/no)mewpvp,
of-principle experiment is also proposed. The last sectione havey’ = (n1/no)(me/my)v,05 + 1, Wheren, is
gives discussion and conclusions. the electron density in the wave ang is the background
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1 AR wherev;, = (kpT./m.)"/?. This requirement is most dif-
; ficult to fulfill at beam injection. Approximating, = 2k,
andwy, = ckr, we havew,/w;, = 28,. Thej value of
e the injected protons should be equal to thevalue of
Bp the plasma wave. The condition of eq.(5) then becomes
0.t B > v /c. This restriction limits the lowest-possible in-
jection energy. Electron temperatures 10eV, 100eV, 1keV
. requires the injectiors 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
Figure 2: Dependence of phase velocity of the plasmawayge | andau damping that we cannot expect a short laser
produced in the Raman scatteringwgy wr. . pulse to leave a wake which survives until a slow proton
beam arrives. In other words, the laser pulsewidth has to

electron density. Inserting this into eq.(3), we have the rde longer than the acceleration time. This situation differs
lation between, and-y,, which is depicted in Fig.1. This from the case of electron acceleration where "wakefield ac-
” 1.

figure gives the energy range of protons that are trapp&§ €ration” is possible. . _
by a plasma wave at specifig. This width is~ +7% The electric field associated with a fast plasma wave is
aty, = 1.1 andni/no = 1, and decreases ag and approxmatelyeE = (n1/no)mewpc. This cannot bg ap-
n1 /no = 1 decrease. We have to tune the phase velocity Hiied to our case of a slow plasma wave. We have instead
the plasma wave within this range in order to perform the eE = (n1 /no)mewyvy,. (6)
successful acceleration.

0.8 forward scattering

backward scattering

o 0.1 0.2 0.3 0.4 0.5

wpfel

The Manley-Rowe relation gives the maximum-possible

3 BACKWARD RAMAN SCATTERING nl/no value as a function of the electron quiver velocity

vq in the laser field[4]:
In the forward Raman scattering, both the plasma wave (de- 9 9, o
noted by suffix 'p’ hereafter) and the scattered radiation (n1/m0)” ~ (wr/wp)(2v/vi), (7)
with suffix 'F’ propagate in the same direction as the pumgyhere v is the specific heat ratio. In one-dimensional
radiation (denoted by suffix 'L’). In the backward scattermodel we have = 3.
ing, the scattered radiation with suffix ‘B’ propagatesin the |n this proposal, we use a plasma with tapered density. In
opposite direction, though the plasma wave has the sagch an inhomogeneous plasma, the resonant condition can
direction as the pump radiation. The dispersion relationsold only locally. The propagation of the plasma wave out
of the electromagnetic waves in a cold plasma are given f this resonant region then provides an additional thresh-
w? = w2 + k2, wherex = L, F or B. The conditions ol|d, which is [3],
for resonance are;, = w, + wy, ki = kp, + kp, and )
ki = k, — kp, wherez = F or B. They give the phase (vg/c)"krL > 1, (2wp <wr), (8)
velocity of the plasma wave, = ¢[3,, where where L = [(1/n)(dn/ds)]~" is a length characterizing
@ the density gradient, with, the distance along the density
Bp=— , (4) gradient.

Wi /1= (wp/wr)? F V1 = Qwp/wr) The laser-driven instability growth has to balance the
with - and + signs corresponding to forward and backwarBlasma wave decay. It remains an open question whether
scatterings, respectively. It is shown in Fig.2 as a functiopuch & balance is achievable. One solution to control this
of w,/wr. Asis clear in the figure, the phase velocity ofinstability is the use of a second laser which acts as a seed
the plasma wave produced by the backward scattering flar the instability[1]. This seed laser should be frequency-
the increasing function of the plasma density. The phasdifted byw, from the pump laser and injected from the

velocity curves of the forward and backward scatteringcounter direction of the pump laser. In other words, the
produced plasmas merge at the point whefe = 2w, seed laser should have the same frequency and direction of

atwhichg, = 1/v/3. the backscattered radiation. This is a beatwave accelera-
The backward Raman scattering had been studied vifion in which the beat frequency of pump and seed lasers is
orously in the 1970's in connection with laser fusion. Weequal to the plasma frequency.
summarize here the main features obtained then [3].
Growth rate of the backward Raman scattering is given4 TAPERED DENSITY METHOD AND

by v = (vg/c)*(wrwp)'/?. Landau damping suppresses  PROOF-OF-PRINCIPLE EXPERIMENT
this scattering, unless [3]

wp 1

We now try to carry out a simple calculation, with a
wp/wr, > 2u/c, (5) proof-of-principle experiment in mind. We assume to
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¥ 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.

Wy o1 0z 03 04 oS The major technical problem is the creation of the
o i) plasma density gradient. A gas flow flux from an orifice
0.5 limited by a skimmer has the radial distribution similar to
0af ® that in Fig. 3(c)[5]. Further studies are necessary to apply
0.3 this method to our experiment. Development of the chirped
0.2 seed laser may become necessary to control the instabil-
4 ity. Even if each technique were independently established,
there would remain the problem of synchronization among

G owe B the acceleration gradient, the plasma-density gradient and

”“”23‘”"3) ) the laser-frequency chirping. Some good diagnostics and
25t (©) feedback control are essential to perform the experiment.

4 In conclusion, a method is proposed to accelerate pro-

15" tons by a slow plasma wave produced in the backward Ra-

1 man scattering. It adjusts the plasma density to match the
05" phase velocity of the plasma wave to the velocity of the

0 protons accelerated. Energy of a commercially-available

oAk bE U ”-4S(rm”q-;3 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-
é)(fred plasma.

One of the author (A.0.) is grateful to Dr. T. Ishida of
Nagoya University for useful discussions on gas dynamics
of a gas jet. The present work is supported by the JAERI's
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Figure 3: Results of the calculation. (a) beam energy (
vs. distance, (b) propagation distance vs time, (c) requir
plasma density vs distance.

use 2.5MeV proton beamg}(= 0.078, v = 1.00267)
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Thew,/c value required by eq. (8) is 0.03, or laser in-
tensityl = 3.90 x 10°W - cm~2. If we assume the waist
size as 1pm, 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 the, /n, value slightly exceeds
unity in this laser intensity, though it does not take the spa-
tial inhomogeneity into account.
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