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Abstract

Several aspects of the laser electron accelerator
concept are studied. The minimum laser intensity
necessary for electron trapping is strongly dependent
on frequency. A pulse length equal to the plasmon
wavelength (27 wp’ ) produces significantly better
acceleration than one with half that length. Relati-
vistic plasma effects enhance acceleration and in-
crease the maximum accelerating field. If the laser
risetime or intensity is such that electron trapping
does not take place, plasma heating by the nonlinear
ponderomotive force still occurs producing suprathermal
electrons. Application of this mechanism to microwaves
has severe drawbacks.

Introduction

The concept of laser electron acceleration ad-
vanced by Tajima and Dawsonl has been examined both
numerically and analytically. The mechanism depends
upon the interaction between an intense electromagnetic
wave packet and the electrons of an underdense plasma.
The nonlinear ponderomotive force associated with the
light wave's propagation in the plasma displaces the
electrons. This leads to a charge separation and coin-
cident restoring force producing a train of plasma
oscillations. The phase velocity of the wake plasma
wave is equal to the group velocity of the EM wave,
which is derived from the dispersion relation

wz = k2c2 + wpz to be
w/k =v_=v =(1-uw 2/wz)l/zc, (1)
PP P g P
where w_ is the electron plasma frequency, k, the plas-

ma wave' number, Vp the plasma wave phase velocity, vg
the EM wave group velocity, w the EM wave frequency
and ¢ the speed of light. Because of the mobility of
electrons, and the fact that large changes in energy
for relativistic electrons translate into small velo-
city changes, the electrons are synchronous with the
wave front for long periods.

In the wave frame the electrostatic field asso-
ciated with the plasma ¢an be viewed as a particle mir-
ror with the maximum electron acceleration taking place
when the electron experiences a momentum change of
2v2mc, where m is the electron rest mass, B is the wave
velocity normalized to ¢ and y is the usual relativis-
tic factor given by (1 - 32)-%, Transforming back to
the laboratory frame yields a maximum electron energy
of Y"aXmc2 where Y™@X = 2 w2/u, 2. The critical plasmon
electric field derived from wave-breaking arguments is
E; = mcwp/e, which implies an accelerating field on the
order of a GeV/cm for a 1018 cm™ plasma density. The
optimal pulse length was reported to be half a plasma
wavelength or T wy This is a severe constraint on
the mechanism, because it jmplies a 0.056 picosecond
laser pulse for a 10!% cm™> plasma. However, a proposed
alternate method! of using two lasers with a frequency
difference of wp to produce a beat wave has been shown
to be feasibleZ.
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The purpose of this paper is to report on certain
important aspects of the acceleration mechanism which
were not addressed in the original paperl. These in-
clude the minimum laser intensity necessary for electron
trapping, relativistic plasma effects, injection of the
pulse through the plasma boundary, and effects of tem-
perature, plasma gradient, and intensity on the acceler-
ation. The role of pulse length was also studied.
Finally, microwaves were looked at as a possible driver
for acceleration, since particle energy depends on w/wp
and the analysis is valid for any EM radiation.

Minimum Intensity

One can determine a relationship for the minimum
wave E-field amplitude, ER'T, from trapping arguments
and the nonlinear ponderomotive force equations. In
the wave frame trapping requires that the potential be
large enough to stop the electrons moving in the nega-
tive direction. Therefore, ed¥aVe€ > ymc¢. Transforming
back to the laboratory frame vields that edlaP > mc2.
Using the relation that E, = kp¢la and v = Vg, One
obtains for the minimum plasma wave electric field
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This is an interesting result since it appears that the

minimum E_ required for trapping exceeds the wave break-

ing limit“noted earlier-.

If one neglects ion motion due to the high frequency
nature of the phenomena, the restoring force on the
electrons is due solely to space charge. Thus, the non-
linear ponderomotive force per cm? can be equated to
the energy density gradient of the resulting plasma
wave, or
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where E_ is the EM wave electric field. Solving for EO
and substituting E?ln from equation (2) yields

(3)
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This is valid provided the laser pulse is shorter than
the plasma period, 2m wp

The minimum laser intensity is readily calculated
from equation (4) to be

(53

This is an absolute minimum, since the analysis assumed
an effectively instantaneous risetime. Nevertheless,
the strong dependence on laser frequency must be noted.
For example, a 1.06 um Nd-Glass laser requires an in-
tensit{ 100 times greater than a 10.6 um CO, laser or
2.4x1018 y/cm? assuming w/mp >> 1. -
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An absolute minimum power can also be obtained
assuming EMIN = V2 mew/e and the focal spot size is
the laser wavelength. Then

min m 2 ch mc3
g (?)T—é‘ (6)

or approximately 21.5 Gigawatts. Since such a tight
focus can only be maintained over a few laser wave-
lengths, this is not the best configuration for elec-
tron acceleration. Rather, a more powerful laser beam
over a larger area is necessary, which will assure the
minimum intensity over the acceleration saturation
length*.

Simulations

Simulations were carried out in conjunction with
this analysis using a two-dimensional, fully relativis-
tic and electromagnetic, particle-in-cell code, CCUBE,
The code can solve self-consistently for the time de-
pendent trajectories of tens of thousands of plasma
particles over thousands of plasma periods. All
variables are expressed in dimensionless terms. There-
fore, lengtb'is in units of c/mp; time is measured in
units of w , and particle velocity is given by
vi = Bjy (i =1,2,3), where w_ is the initial electron
plasma frequency. P

In the laser simulations a plane polarized electro-
magnetic wave is launched into a Cartesian geometry.
Periodic boundary conditions in the transverse (y)
direction make configuration space effectively one-
dimensional. In general, the simulation had 1250 cells
in the longitudinal (z) direction modelling a length
of 100 c/wy. The cells in the y direction appeared
uniform because of periodicity. Each of these macro-
cells initially contained 24 particles. The ions were
taken to be an infinitely massive neutralizing back-
ground. A vacuum region 107 c/w, long was left between
the left hand boundary and the p%asma in order to accu-
rately determine the dynamics of laser injection into
the plasma. Different runs were made in which the
values of m/mp, E,, plasma gradient length, Vnz, elec-
tron temperature, Te, and pulse length, Ty, were varied.
The canonical simulation has values: w = gwp, Eo = Egln,
Vnz = 0.01 c/wp, Te = 0 and Tp = mup‘

When the laser pulse encounters the plasma, the
nonlinear ponderomotive force resulting from the in-
tensity gradient causes the electrons to snow plow.
This continues until the force arising from charge
separation is greater than the ponderomotive force and
the electrons attempt to restore the charge imbalance
by moving in the negative z direction. This motion
initiates a train of large amplitude plasma waves. The
electrons are trapped by the waves and accelerated. In
several code runs the electron density momentarily ex-
ceeded the critical density for the laser pulse and
part of the wave was reflected. The plasma wave train
and resultant electron bunching are shown in Figure 1.
The wave steepening evident in the electric field pro-
file indicates the nonlinear nature of the mechanism
even at minimum intensity.

If the laser intensity exceeds the minimum required
by a factor of two, the plasma becomes so turbulent that
a discernible plasma wave train cannot be established.
Coherent acceleration takes place primarily at the
pulse front. This is depicted in Figure 2a). More
importantly, both the particle acceleration and plasma
wave accelerating field exceed their anticipated maxi-
mumsl. This is the result of relativistic plasma ef-
fects which must be accounted for as seen in Figure 2b).
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Figure 1. CCUBE diagnostic of the plasma wave electric
field and normalized electron charge density
versus axial distance z.
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verse electron acceleration versus z.



The laser pulse is coupled to plasma motion in the
transverse direction. In contrast to acceleration in
the longitudinal direction where only a fraction of the
electrons at any given position are trapped and accele-
rated, all electrons experience the same transverse ac-
celeration for a set value of z and time. It is, there-
fore, appropriate q"antlfv the motion by a plasma
relativistic factor, yp. An estimate for Yp can be
obtained from the relativistic power equation

annronriate to

£ G-nme® = e BV 7
If we assume that the electron velocity approaches the
speed of light, and E has the form E = Eg cos wt then

= V2 o sin wt — 8
o ut o= (8)
g
min
where o = EO/Eo . The effect of the relativistic
plasma entefs Into the wave breaking limit for the
plasma electric field and the maximum electron energy,
because
2 2 2
(w:el) _ 4mme” _ wE 9)
p Y,m Ty
N r r
T
where wPe is the relativistic plasma frequency. The
critical electric field is then modified to be
mew,
ST . 3/2 "p (10)
z P e

which explains the simulation results where the magni-
tude of E; has attained values several times mcwp/e.
Similarly the maximum energy becomes

V= 2y (e ) (11
where Y'&* = V7 o c/v
P g

A plot of ¥™#% and energy conversion efficiency, n,

versus the laser wave electric field is given in Flgure
3. The horizontal line indicates yMaX = 2(m/mﬁ] or 18,
The sloped line is given by equation (11). The symbols
refer to simulations with various physical parameters.
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mining the maximum electron energy. The graph also
shows the results of varying Tg, Vpz, and Tp from the
standard values. Increasing the electron temperature

to 10 keV and the plasma gradient length by three orders
of magnitude had minimal effect on YM&X, 1In contrast,
using a laser pulse length equal to the plasma wave-
length, rather than one half that value, significantly
increases both the maximum electron energy and the
efficiency. Code runs with w = 5 wy, produced similar
results verifying the scaling of equation (11).

The simulations discusseéd thus far were for chort
laser pulses (Tp < 2m wp_ )} and instantaneous Tisetimes.
Two long pulse simulations were made. In the first, a
laser pulse of length greater than 100 c/mp {the length
of the simulation) and an instantaneous risetime was
injected into the plasma. The maximum acceleration at

the wavefront wag the same as the equlvalent simulation

with Tn = 21T W©. it is pulse shape and

not length which is 1mportant for the acceleratlon me-
chanism. The plasma behind the front was heated to a
temperature of several MeV. In the second run a Gaussian
shaped laser pulse of 721 w "1 duration was injected

with a peak wave field of Eo . No electron trapping

and subsequent coherent acceleration were observed, be-
cause the gradient of the laser wave (equation (3)) was
insufficient to produce the minimum plasma wave fields
necessary for electron trapping. However, the laser
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Figure 3. Graphs of Ymax and energy conversion effi-
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ciency‘, M, as a function of incident EM wave
electric field amplltude, Ey. The horizontal
line is ymaX = 2(w/wp) = 18. The sloped

line is given by equation (11). The dots in-
dicate simulation results with Vhz = 0.01 c/mp,

Te =0, and Ty, = T w?_ The other symbols
are as noted.
plasma interaction again produced a thermal electron
distribution in the direction of propagation with elec-

tron energies up to 4 MeV. The process of producing
hot electrons during the laser pulse risetime has impii-
cations for laser pellet fusion which will be addressed
in a separate paper. This effect may already have been
observed experimentally”

Power Enhancement

The electron bunching evident in Figure 1 is even
more pronounced when wave intensity exceeds the mi
required. In this case the electron bunch at the pulse
front can be seven to eight times as dense as the ini-
tial plasma. The electron packet's spatial extent is
a small fraction of a plasma wavelength. The particle
energy spectrum is basically exponential with a low-
density, high-energy tail out to the maximum value at-
tained. This single pulse contains from 25 to 50 per-
cent of the total particle energy with a power as high

as 50 times the 1n3ected wave power.
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