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Abstract

Theory and simulation of shori-pulse laser plasma
accelerators is presented. The plasma beat wave and laser
wakelield accelerators are examined for the paramcters of
rccently developed high-brightness lasers.  For typical
parameters, encrgy gains of .3 to 1GeV over a few centimeters
length appear fcasible with a short pulse beat wave design.
[ssues important for extending these designs to multi-GeV
acceleration of beams with high beam quality are examined,
including optical guiding of the lasers, non-lincar laser and
wake velocity shifts, and long-term stability of the laser
pulses.

I. INTRODUCTION

The recent success of the plasma beat wave accelerator at
UCLA (sec C. Clayton, these proceedings), coupled with the
rapid advancement of lascr technology point 1o a promising
future for short pulse laser-plasma accelerators. It is natural
then (o consider what are the key issues for next generation
cxperiments at the 100 MeV o GeV level and beyond. These
issues include long-term stability of intensc laser pulscs, non-
lincar cftects on the laser group velocity and resulting
accelerating wake velocity, and techniques for guiding the laser
pulses over many diffraction lengths.

First, we illustrate with an example that with present
technology it 1s possible to design a GeV experiment that is a
straight forward extension of the UCLA experiment. In the
UCLA cxperiment, it was demonstrated that short pulses could
avoid competing instabilitics and that the ¢nergy gain of
approximately 20 MeV was conststent with an acceleration
length equal to the laser depth of focus.

Then we take up the Tong-term stability of lascr pulses.
The parametric instabilities of radiation in plasmas has been
long studied. For pulses shorter than an ion plasma period all
of the ion instabilities can be avoided. Thus we consider the
coupling to clectron plasma noisc known as Raman scattering.
For pulscs shorter than a few times the e-folding time of the
Raman backscatier instability (tg = 2 [(Vos/O N U)(,(opl’l,
where V,4/c = (:Ao/mc2 is the normalized laser amplitude and
Wy 18 115 frequency), this can be avoided. On the other hand,
cven for pulses shorter than the Raman forward scutter

‘ 2 .
temporal growth time (Tf ~ 2\[2 [(Ve/O) (op/u)(,l"') this

instability can still be important because the decay waves
travel in the direction of the pulse at nearly ¢. We consider for
the first time the spaiial-temporal growth of the forward
Raman instability for arbitrarity intense laser pulses,
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Another possible limitation to the energy gain and beam
quality in a plasma accelerator is the dephasing between the
particle and the wave. Therefore, in laser plasma accelerators
it is important to understand the relationship between the
laser's paramcters (i.c. shape, amplitude, and frequency) and the
excited plasma wave phase velocity. In the limit of small

. . Vos = CA,
laser amplitude, 1.c., . = —5 << 1, the plasma waves
mc

phase velocily is equal to the laser pulse's group velocity.
Howcver, as the laser amplitude increases these relationships
become more complicated because the laser's group velocity
(vg) depends on its amplitude and the wake's phase velocity
(V) depends on pump depletion. In Scc. IV we examine the
non-lincar laser group vclocity and wake phase velocity
analytically and computationally.

Finally, in Sec. V we examine one technique for guiding
laser pulses over many dilfraction lengths,

II. DESIGN EXAMPLE
An illustrative example of a short-pulse beat wave
accelerator is given in Table | and Figure 1. We call this a
hybrid design because it uses very short laser pulses like the
lascr wakeficld scheme but two frequencies as in the beat wave
scheme,
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PIC sumulation ol Plasma wake (above) and
laser in hybrid example

Figure 1.
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The parameters are typical of a CPA Nd: Yag laserl. As
shown in thc moving PIC simulation in Fig. 1, the plasma
wake gr()ws rcsondmly, but only over a few plasmd Lyclcs
So the uUHlUgCﬂCiLy wquircmcm on plasma (u,u’suy {Ang/n, <
onc ovcr the number of growth cycles) is greatly relaxed over
previous beat wave designs. For this example the energy gain
is limited by the laser Rayleigh rangce to about 300 McV in 2
cm.

Table 1

Hybrid Wakeficld/Beatwave Accclerator

An Example:

Lascr Wavcelengths 1.05, 1.06 um
Laser Pulsce Length 1.4 psce

Lascr Powcer 10 TW

Lascr Spotsize (20) 100 um
Raylcigh Length 0.8 ¢cm
Plasma Decnsity 1017 ¢m-3
Plasma Homogeneity +/-20%
Accelerating Field 160 McV/em
Acccleration Length”™ 6.4 cm

Encrgy 1000 MceV

*Assumcs optical guiding. Max cnergy without guiding is
300 MeV

ITT. FORWARD RAMAN INSTABILITY OF
SHORT PULSES
We consider a laser pulsc of vector potential A = me2a/e
o L 2,
propagaling in a plasma of density ng = mmp/41tc . The
coupled cquations for the lascr potential A and plasma

potential ¢ = (y — Dmc? are found in the coordinates y =t -
xfcand T=1

_2awara=§- )
2 1 1+a2 _
AL+, [1—){2 =09 @

This is the quasi-static appr()ximalionz. Wc cxpand these for

2 2 a
large a and ¥ about y = X, + 8 where x = 1+ ay/2,a = f
: a; - a_ .
cifo 4 7019* + *?_"c‘9 +C.C 0= -ky - (0;-kj)1, dy

= 6x5ci9, and 6+ =8 + 6,. The details and an cxact solution
in y and T arc given in a longer paper3. Here we give the
asymplotic growth rate for T >y (i.c., distance moved

through the plasma longer than the pulse length) and large a,:

%> A grow as el where

B
1

I VIRRYRTE 4
Z

I
inlvwvb¢t \J
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7

Ynl = y‘,/x%) and ¥, is thce usual small-amplitude temporal

growth rate (Yo = aou)g/Z \5 We)

TINEADR 2DNT'TD AND WAKER
N-LINEAR GROUP AND WAKE

VELOCITY

An analytical expression for the nonlincar group velocity
is obtained by starting from the conservation of energy
cquations for a fluid plasma

9 [E2+B2
ol 8n

+lnc l‘l"J

N .2 :
+V [4nExB+nmcyu] 4)

2
) )

where v is the clectron momentum and v = (1 - —21‘1. A
c

group vclocity is given by the ratio of the cnergy flux to the
encrgy density. For long pulses this provides the expression

CQ/UC)
vy =—— ©)

Wy v10 -1
202 Yio(YLo+])

where v 6= (1 4+ < ( 0) >)112, < > represents averaging

of the laser oscillations and Faraday's law was used to relate B
to E. An expression for vy is provided by the well known

X . . 2
results of Ahkicrzer and Polovin, 1)¢ = I . Therefore,
0>
b -
W Y10

in the nonlincar limit vy v, no longer equals c2. Note that
expression (4) does reduce to the linear results as y) o — 1. If

2 -
v + 1
i ~ (1 - By =\/ Yio ¥ &
we define vy = (1 & ) then yg 3 oy

while if vg = UL then yg = \/ Ylo ﬂ)&p The relationship

between vg and vy, was investigated using PIC simulations.
Analytical results are difficull because the wake's phase
velocity is influenced by vy, linear and nonlincar dispersion,
photon deccleration (pump deplction), photon acceleration and
pulsc distortion.

It was found that the group velocity of symmetrically
shaped pulsed of length < 27 ¢/wy, is always above the lincar
vy but below the nonlincar vy of fong pulses. However, the
wake's phase velocity monotonically decreases from the linear
Vg as the laser's amplitude is increased. We believe this ariscs
from pump depletion which causes the front of the pulse 1o
distort. Furthermore, we have found that pulses with slow
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rise times and rapid fall times provide wakes with phase
velocities exceeding the nonlinear group velocity. We note
diffcrent conclusions regarding vy and vy, have been reached
when the lowest order non lincaritics and times exceeding the
pump depletion time were considered. Clearly, further work is
necded to fully understand the dependence of vy on laser
paramecters.

V. HOLLOW CHANNEL LASER
WAKEFIELD ACCELERATOR*

In order to guide a short pulse over long distances without
diffraction we consider a hollow evacuated channcl in the
plasma. Since the index of refraction in the channcl (g = 1) is

. . 2,2
greater than that in the surrounding plasma (€ = 1 ~(np/w0),

the channel guides the laser as would an optical {iber. The
channel can be formed by a precursor laser (of high {requency,
low intensity and long pulse length) or by hydrodynamic
means prior to ionization (¢.g., a partially blocked gas jeu).

The laser excites a wake on the surface of the channcl; the
ficlds of the wake cxtend into the channcl where a particle
beam can be accelerated. The wake is illustrated in Fig. 2 and
the laser pulse, initially and afier 13 Rayleigh lengths, is
shown in Fig. 3.

The hollow channel scheme presented here has scveral
altractive features: (1) The Rayleigh length limit on
acceleration lfength is overcome. (2) The wake is ncarly
uniform as a function of radial position in the channcl, so
beam quality should be good. (3) The laser and wake velocity
arc higher than in a uniform plasma, so phasc slippage is
reduced.

Further study of the stability of such pulses is planned.

Figurc 2. Wake in a hollow plasma channcl
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(b) Laser pulse after 13 Rayleigh lengths

Figure 3.
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