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ABSTRACT:

A new method for driving relativistic plasma
waves capable of ultra-high acceleration gradients
(order 1GeV/cm) is presented. By injecting a single
laser frequency from the side, rather than colinearly
with the accelerated particles, both pump depletion
and particle dephasing may be avoidable. The coupling
of the side injected laser to the relativistic plasma
wave via a pre—formed density ripple in the plasma is
modelled analytically and with computer simulation.

INTRODUCTION:

Present laser schemes for realizing the ultra-
high gradients possible in plasma space charge waves
(order 1GeV/cm.) are generally colinear and suffer
from the problem of pump depletion.i‘" That is, the
laser continually feeds its energy to plasma waves
which, although having high phase velocity, have low
group velocity and hence leave their energy behind.

In this paper, we present a side-injected-laser
scheme which enables the laser energy to be resup-—
plied along the length of the accelerator. Only one
laser frequency is needed for this scheme, and the
phase velocity of the excited plasma waves can be
controlled along the accelerator. Thus, both pump
depletion and particle dephasing can be avoided.

The basic ideas is illustrated in Fig. 1. Laser
radiation of frequency w, is incident approximately
perpendicular to the axis of a long column of plasma.
The plasma is of average den31ty n, such that the
plasma frequency w (w = 4mnge /m) is slightly
below w, and contalns a neutral density ripple of
wavenumber kp along the plasma axis. Such a ripple
might be produced by launching an ion acoustic wave
in the plasma or by ionizing a grating to form the
plasma. 1If the laser is polarized along the plasma
axis, a quisiresonant coupling between the laser and
the ripple drives a plasma space charge wave with
phase velocity wy/k, along the axis,
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Figure 1. A laser polarized along a preformed plasma
density ripple wiggles electrons to produce a
relativistic space charge wave.

This scheme somewhat resembles the so called near
field laser acceleratior schemes which use a grating
to couple laser energy to accelerated particles.?
Here the role of the grating is played by the plasma
density ripple (with the advantage that the plasma is
already ionized and cannot be destroyed by the laser
fields). The plasma dynamics are similar to the
quasiresonant mode coupling between long wavelength
plasma waves and ion acoustic waves’, and also to

8

parametric decay.
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The coupling of laser energy to longitudinal
wave energy via the ion acoustic or density ripple
can be viewed as a three-wave process. The vector
addition of the wave energy-momentum 4-vector of the
laser (w,, k,) plus that of the ripple (wac = 0, kg)
equals that oE the plasma wave (wp, kp):
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kp = kp

Since w, must be greater than w, in order to propa-
gate in the plasma (k, 2 = [wO - wpzl/c2 is the dis-
perslon relation for llght in a plasma), these equa-
tions can only be satisfied approximately (hence the

1f we take w. as close
we Laxe i, as close
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to w, as possible while still allowing propagation,
the dispersion relation for light waves indicates
that k, will be small and kp will lie approximately
along the k. axis. The gradient in plasma density
which often occurs in-the y direction will further
facilitate propagating the laser into the ripple.

The plasma velocity of the resulting plasma wave
is evidently from (1)

where we have assumed w, near wp so that k, ~ 0.

By slightly varying the ripple wavelength (Ap)
in such a way that A (x) = 2mv(x)/w, where v(x) is
the velocity of an accelerating particle (=c), the
phase velocity can be adjusted to match the accelera-
ting particles. Alterunatively, the particles might
be surfed? (phase locked by an imposed DC magnetic
field).

>
The small amount of angle in k, relative to the
plasma axis can be compensated for by angling the
wavefronts of the density ripple as shown in Fig. 2.
Alternatively, one might inject lasers from both
sides of the plasma and accelerate down the symmetry
axis of the converging plasma waves that result,
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Figure 2. Angled ripples enable kp along axis.
THEORY:

We may describe the growth and saturation of the
plasma wave by a simple cold fluid model. Consider a
neutral, rippled plasma of density n(x)=ny+Snsink.x.
Linearizing the electron plasma density as
n=ny+8n(x)+n)(x,t) and velocity vy=v, +v|(x,t), where
vy = (—eEj/muy)cosw,t = =vigcoswyt, we obtain for the
momentum and continuity equations:

v Bvy _ =& 2
5t +VO % mEl ()
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%%l+8x[(no+6nsiner+nl)(vl—voscoswot)l =0 (3)

.
Subtracting the spatial decrivative of (2) from the

time derivative of (3), we obtain a wave equation for
the clectron plasma wave density:

32 ;
Fr2{n1/no) +up?(ny/ng) = (&)
ﬂ%)wpz(ﬁn/no)(vos/c){sin(mot—er)+sin(w0t+er)}

where we have kept only the lowest order terms
(assuming dn/nd<1, v,og/ed<1), and we have used
Poisson's equation for 3E/3x = —4rmenj.

Each term on the right hand side of (4)
represents a driver for the plasma wave which 1is
analogous to the pondermotive force term ia the beat
wave excitatioa scheme. 1In fackt, equation (4) whould
be just like that of the laser beat excited plasma
waves with the replacement of 8n/ny with v,g/c of the
second laser and the Lluclusion of the ralativistic
corcection to mp2 {wy? » wpz (1—(3/8)(n1/n0)2)}9.

The present case dif?ers in that here both left and
right going plasma waves are excited.

Initially, since w, = w,, each wave exhiblts the
secular growth of a resonant%y driven harmonic

oscillator:

e = S:knzﬂ%%ﬁiziﬁal o (5)

where € is the amplitude of nj/n,. The correspondiag
electric field amplitude associated with the plasma
space charge waves i{s from Poisson's equation:

E = 4reny/kp = &/n; V/cm

where n, 1s in units of cm~3.

The growth of the plasma wave will be limited by
the onset of any of the following three mechanisms.
First, the plasma wave cannot grow beyoud the
amplitude corresponding to wavebreaking or trappling
of the background plasma; namely!:

e $1 =3 veple - AR (ba)

where V., 1s the plasma thermal velocity and th =
(1—Vph2§c2)‘1’2 >> L.

Second, the detuning between the laser at w, and the
plasma at w, will stop the wave growth after a time

(wy — wy)t = 1 at which time
0 P

(vos/c)(8,/n4)
€ i“@?ﬁ};‘mﬁ)‘ﬂM (6b)

Finally, if w, is very close to uw,, then the relat-
ivistic frequency shift of the plasma wave may domin-
ate the detuning. TIn analogy with the beat wave¥,
the relativistic detuning will cause saturation at
113
16 vue Sp
e L (=28 no) (6c)

The actual saturation amplitude will then be goveraed
by the smaller of Eqs. (6a-c).

SIMULATLON:

The mechanisms described in the previous sec-—
tions have been studied with one-and-three-halves
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dimensional (i.e., x, vy, Vys V) particle-in~cell
simulation codes. The simulacions illustrate the
growth and saturation of the plasma waves and demon-
strate subsequent accelaration of particles injected
along the ripple direction. 1In all simulations, the
density ripple is iaitially siausoidal, ions are
{mmohile, the imposed electric field is of the form
E = x Eysinwyt (ky = 0) and periodic boundary condi-
tions are ased.

In Fiz. 3, we show the growth of the plasma wave
() in time at a fixed x position for a simulation
with Sn/n = .2, v,/ = .1, wy; = 1.01 w,. The
theoretical growth rate from Eq. (5) is shown for
comparison (actually the growth rate plotted is twice
Eq. (5) since e represents the sum of both left and
right golng waves). The wave detuning and subsequent
decrease in amplitude after time 50w, ,"! is visible in
the figure. The saturation amplitude 1is about 50%
smaller than predicted by Eq. (b6c).
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Figure 3, Plasma wave growth, € vs. t at fixed x in
1-D simulation, Straight llones are linear theory.
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Figure 4. Particle energy Y vs. X.

In Fig. 4, we show the energy gained by injected
electrons in another simulation (uwy = l.lwp, vos/c =
.37, 8n/n = .2, wy/ky = .996c). The electrons have
gained energy from v = 1.3 to vy ~ 100 in a distance
380 c/usp (approximately .6mm for CO, parameters). The
particles in Fig. 4 have reached their maximum enerygy
as determined by the length over which they dephase
{outrun) from the wave (the BWA limit": AYxZGthQ,
approximately 90 for this case).

In principal, higher energies can be reached by
increasing the ripple spacing to speed up the wave or
by surfing the particles across the wavefronts. Ia
Fig. 5, we have applied a DC magnetic field By in the
z direction in order to test the surfatron phase
locking mechanism3, The ripple and laser parameters
were chosen such that ypp=3.2, €~.,5. The maximum
energy galn for such a case without phase locking
(By=0) would be from above: Ay~10. In Fig. 5, the
particles are phase locked and have already gained
three times this dephasing limict.

The simulations provide insight into some
interesting self-consisteant effects. 1In Fig 6a, we
show the plasma space charge field E vs. x at time
48mp‘1 in a surfatron run (w./w,=.01, Ypn~10, vog/c=
.12, &n/n=.1). The wave fleld amplitude is roughly
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€=,21 at this time and peaked at €~.38; the theoret-
ical values from Egqs. (5) and (6c) are e=.29 and .4,
respectively.
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Figure 5. Yy vs. x in a surfatron run (th=3.2) and
energy limit without phase locking (dashed).

V2FA A N}

A A n X R
1
0
€ a
-1
-2

e Rt e st o S U R ol e s s o

15F
N
10t -
L b
Py
mc 3T L '
Y ‘T. . RPN /
2 {
py 1 it “p aem Pl L \ -, - c
mc O
o x[c/wg | 43.4

Figure 6. a) € vs. x at t=48, b) py vs. x and
c) py Vvs. x at wpt=120 in a surfatron run.

Secondary peaks at the trough of each wave are
distianctly visible in the figure. These are due to
the space charge filelds of trapped particles.
Although injected uniformly with only.l% of the back-
ground plasma density, it is clear from the phase
space figures (6b & ¢) that they have become bunched
in each of the plasma waves. Note also that the
ratio of momenta p /pK is near the asymptotic surfa-
tron value of l/th (from Py/PZ”Vy/Vx”(CQ‘VX2)1’Z/Vx
and vx~vph).

DISCUSSION

One readily conceivable way to experimentally
verify the wave excitation and acceleration mechanism
would be to use a COp laser prepulse to ionize a
solid target upon which was etched a grating of ten
micron periodicityii. This would produce a rippled
plasma. A second pulse which contained a few
millijoules in the first couple of picoseconds of its
rise could then accelerate electrons from the
background plasma to up to lOMeV in .5 mm.

The realization of the present scheme as a full
scale accelerator faces several technological
hurdles. Requiremeats on the acubacy of the density
ripple spacing are severe. A practical way of sweep-
ing the laser energy along the system must be develo-
ped (such as that depicted in Fig. 7). Without sweep-
ing the laser energy, the length of each stage would
be limited by the onset of ion motion to be about
(Mi/m) plasma wavelengths (where M; is the ion mass).
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Figure 7. 2 possible means of sweeping laser energy.

A number of physics issues remain to be studied.
For example, the effect of the pondermotive force
caused by the finite width of the lasers is of
interest, as are ripple decay times and finite kg
effaects, The potential advantages of this scheme-—
ultra~high gradients, avoidance of pump depletion and
particle dephasing, and the use of a single frequency
laser—-make these issues worth pursuing,
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