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Abstract

High-power, ultrashort laser pulses have been shown to
generate quasi-monoenergetic electron beams from under-
dense plasmas. Severa groups have reported generating
high-energy electron beams using either supersonic noz-
Zles or a capillary based system to guide the laser pulse.
While, significant progress has been achieved in the last
several years, many issues till remain, with respect to
pointing and energy stability of the beam, charge in the
monoenergetic component, energy spread, and robustness.
Our results demonstrate for the first time the generation of
300 — 400 MeV electron beamswith 600 pC of charge, us-
ing self-guided laser pulses and a stable, high-quality laser
pulse. Fluid simulations show that matching the laser to the
plasmais crucia for stable operation since thereis minimal
nonlinear evolution of the pulse. The beam is highly repro-
ducible in terms of pointing stability and energy - with pa-
rameters superior to those previously obtained using optical
injection. The stability and compactness of this accel erator
make it possible to conceive of mobile applicationsin non-
destructive testing, or long-standoff detection of shielded
specia nuclear materials. Scaling laws indicate that with a
longer plasmaand higher laser powersit should be possible
to obtain stable, GeV class electron beams.

INTRODUCTION

Laser systems based on chirped pulse amplification are
extremely compact devices capable of producing simulta-
neously ultra-high peak power, >100 TW, ultra-short dura-
tion pulses, <30 fs, at 10-Hz repetition rate. The develop-
ment of robust high-power laser systems has been accom-
panied by similar progressin laser-based particle accelera-
tors[1]. Early breakthroughsin laser-based electron accel-
eration resulted in the generation of MeV energy €electron
beams with mm-sized accel erators. While these beams had
extremely low transverse emittance, the accel eration mech-
anism led to a Boltzmann-like distribution in energy that
resulted in poor longitudinal emittance and would severely
limit the brightness of any radiation source constructed
with these electron sources. However, in the last couple of
years, this problem has been partially overcome by the dis-
covery of anew mechanism, the so-called " bubbleregime,”
and quasi-monoenergeticbeams |2, 3] havebeen produced.
The energy of these beams is also significantly larger than
that obtained using longer laser pulses|4], and opens up the
possibility of generating v-rays, for long-standoff detection
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as well as atable-top source of bright, ultrafast x-rays for
the study of real-time dynamicsin chemical and biological
systems.

WAKEFIELD ACCELERATOR

In order to generate quasi-monoenergetic electron
beams, a high-power laser pulse is focused onto a super-
sonic jet. The laser pulse as it propagates through the
medium, ionizes it and drives a highly nonlinear wake.
Electrons are subsequently injected into the wake and ac-
celerated to high-energies. In order to determine the pre-
cise conditions under which the acceleration processis op-
timized, it is necessary to accurately characterize the laser
pulses. The high laser power involved made this pro-
cess extremely challenging. Empirical observations indi-
catethat it is not correct to extrapol ate measurements done
at low power with one or more amplifiers turned off, to
actual laser performance at high power. The laser sys
tem was fully characterized with respect to pulse param-
eters (energy, spectrum, pulse duration, spatial profile, and
nanosecond contrast) and reliability (fluctuationsin energy
and pointing from minutes to hours) while operating at full
100 TW output and nondispersive beam sampling. Con-
trast measurements on the femtosecond and picosecond
time scale required a scanning third-order autocorrelator
and were, therefore, performed periodically. The laser sys-
tem is al so equipped with an acousto-optic spectrum modu-
lator (DAZZLER) which permits optimization of the spec-
tral characteristicsat the output to compensate for gain nar-
rowing and red shifting during amplification, and control of
the temporal pulse profile.

In order to access the relativistic intensity needed to
drive anonlinear wake, it was necessary to focus the beam.
The spatial characteristics of the laser pulse are greatly de-
graded during the amplification process. Without any cor-
rection, and using a 1-meter focal length paraboloid, afocal
spot of 25 — 30 microns containing 30 — 40% of the inci-
dent energy could be obtained. In this mode, measurements
indicated an electron beam with a large divergence, low-
energy and poor shot-to-shot reproducibility. This largely
arosefromthefact that theintensity accessed, evenwith the
relatively large energy available, was quite low and close
to the threshold for wakefield acceleration. A large aper-
ture (4-inch) dielectric deformable mirror integrated with
a wavefront sensor was implemented to improve the spa-
tial quality of the laser beam. The use of adaptive optics
to correct the beam leads to a dramatic improvement in the
focusahility of the laser and a corresponding improvement
of the electron beam. The Strehl ratio of the pulse could be
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improved to 0.95, which indicated a nearly perfect beamin
terms of the spatial intensity and phase. In practical terms,
this implied a beam which could be focused to the diffrac-
tion limit. Direct measurement of the focus with a 1-m
focal length paraboloid demonstrated a focal spot with a
diameter of 16 um, for an incident beam of 2.7 inches di-
ameter with a top-hat profile containing 75 — 80% of the
incident energy.

EXPERIMENTAL RESULTS

The setup used to study laser-wakefield acceleration is
shown in Fig. 1. A high-intensity laser pulse was focused
onto the supersonic nozzle using a 1-meter foca length
paraboloid. The resulting intensity in vacuum per Joule
of laser energy was I~10'® W cm~2. This corresponded
to a normalized vector potential of ay = 2.1. In order to
obtain the best electron beam, it was necessary to position
the nozzle precisely with respect to the focus. Experiments
indicated that the best el ectron beams were obtained when
the focal spot was placed at the gas-vacuum interface, the
beam propagated along the middle of the nozzle, and the
focal spot was 300 — 400 pm above the nozzle. This re-
quirement is significantly relaxed when the laser pulse is
precisely matched to the plasma. During actual experi-
ments, the laser intensity and plasma density were scanned
and the supersonic nozzle was moved along the laser prop-
agation direction to optimize the channeling of the laser
beam through the plasma, obtaining the best el ectron beam.
It can be concluded on the basis of this investigation that
the best monoenergetic electron beams were produced for
pulse duration of ~30 fs, Strehl ratio of 0.9 and laser power
> 30 TW. Additionally, the nanosecond contrast of the
beam needed to be at least 10~7-7 of the main pulse. Any
degradation of laser parameters from these values resulted
in electron beams with low charge, large divergence angle,
large energy spread or no beam at all.
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Figure 1: Schematic of deviceto produceenergetic electron
beams. A high-power laser pulse is focused onto a super-
sonic helium nozzle and drives anonlinear wake. Electrons
injected into the wake are accelerated and exit the plasma
as a well-collimated high-energy electron beam. The spa-
tial and energy profile of the electron beam are measured
using afluorescent screen imaged by a CCD.
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Under optimal laser conditions, the dependence of elec-
tron beam parameters on the plasma condition was studied.
This was varied by adjusting the backing pressure, which
resulted in a change of the plasma density, or by using su-
personic nozzles with different lengths which effectively
altered the acceleration length. Electron beam character-
istics for electron densities in the range 2x10'8-2x 1019
cm~—2 and for acceleration lengthsin the range 1 — 4 mm.
As a result of the optimization process, very high quality
electron beams were obtained. The best electron beams
were obtained for laser power of 40— 70 TW, with3—4 mm
nozzles and resonant density. The resonant density corre-
sponded to the case where the plasma period equaled the
temporal duration of the laser pulse. At high-density (self-
modul ated regime), the electron beam had large divergence
and Maxwellian energy distribution. As the density was
lowered, the energy distribution became more monochro-
matic. These experimentswere done at relatively low pow-
ers: 20 — 30 TW. Use of higher laser power at high plasma
density was not beneficial, as beam filamentation became
significant, and the electron beam actually degraded as the
power level was increased.

In order to better understand and control the process of
wakefield acceleration and obtain high-brightness, high-
energy electron beams with low longitudinal and trans-
verse emittance, it was necessary to consider the process
of wakefield acceleration. The ponderomotive force of the
laser expels electrons along the propagation axis. Theions
however, arerelatively immobileand theresulting field dis-
tribution correspondsto an el ectron plasmawave moving at
a speed governed by the density of the medium, which in
the underdense regime is close to the speed of light. En-
ergetic electrons are produced when the free electrons in
the plasma are trapped and accelerated by the wave. The
ideal situation for generating the most stable and highest
amplitude wakes is to have the plasma resonant with the
laser [5]. The resonance condition is set by the pulse dura-
tion of the laser, 71,. The largest plasma wave is obtained
when the laser pulseis shorter than the plasmawavelength,
Ap [6]. The maximum accelerating field is obtained when
the laser pulse length L=(cry) is equal to half the plasma
wavelength i.e. crp=X,/2. For the most efficient propa-
gation with minimum filamentation, the transverse length
of the pulse needs to equal the plasma wavelength. Thus,
the most efficient electron acceleration is achieved when
the laser pulse is focused down to a A,® spot. With the
availability of short pulse lasers, it has now become possi-
ble to fulfill this resonance condition and obtain energetic
electron beams. Previous experiments with longer pulse
lasers achieved resonance by self-modulation of the pulse
or forced laser wakefield acceleration. When a short pulse
is used, only one period of the plasmais excited leading to
a monoenergetic beam [7]. For a 30 fs laser pulse corre-
sponding to a pulse length of 9 microns plasmawavelength
needsto be 18 um.

Close to resonant density and high peak power (40 TW),
highly monoenergetic beams were obtained with extremely
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low divergence. With further lowering of the plasma den-
sity and a 3mm nozzle with a peak power of 45 TW, the
highest energy electron beams were produced. A typica
spectrum is shown in Fig. 2. The beam had energy of 320
MeV, aspread of 10% (limited by the spectrometer resolu-
tion) and an angular divergence of 6 mrad. At these high
energies, even with magnetic fields of 1 T from a combina
tion of two permanent magnets, the deflection of the beam
was small and it was required to know the undeflected po-
sition of the beam very precisely. This was accomplished
by having the magnets mounted on motorized stages that
moved the magnets into and out of the beam. An interest-
ing result obtained was that the electron beam position did
not exactly correspond with the position of the laser beam
in vacuum.

oo 200 100 50
Energy (MeV)

Figure 2: Monoenergetic, low-divergence beam with 45
TW of laser power at a plasma density of 7x10'® cm=3,
The energy is peaked around 320 MeV with a spread of
10%. The angular divergence of the beam (vertical axis) is
6 mrad.

The stability and reproducibility of the accelerator was
also investigated in detail. The pointing and angular stabil-
ity of the electron beam was found to sensitively depend on
the laser contrast. Preliminary experiments done in a low-
contrast mode, corresponding to a nanosecond pedestal of
3x10~7, produced €lectron beams with a shot-to-shot an-
gular variation of ~10 mrad. The location of the monoen-
ergetic peak was found to vary by approximately 20 — 30%
shot-to-shot. In order to stabilize the accelerator, the con-
trast of the laser system was improved to 2x 108, In the
high-contrast mode, the stability of the systemwas 1 — 2%
in angle and angular spread, while the energy fluctuated by
10%shot-to-shat.

DISCUSSION

Preliminary simulations of the laser plasma interaction
have been performed to determine the conditionsleading to
the production of these high-energy electron beams.A fluid
code has been used to study the evolution of the laser pulse
inthe plasma. When a40 TW pulseisalowed to propagate
in aplasmawith density 8x 10 cm™3, it is found that the
pulse evolves to its final form after propagating only 340
wmwhich equals only 10% of the acceleration length. The
minimal evolution of the laser leads one to conclude that
the pulse is matched with the plasma and explains the high
energy and high stability obtained with the accelerator as
well as the relatively insensitivity of the nozzle relative to
the precise position of the focus. With the laser and plasma
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matched, the pulse is rapidly evolving due to relativistic
self-focusing and the inefficient conditioning phase is un-
necessary. Not only does this lead to higher beam ener-
gies (due to the greater acceleration distance), the fact that
the bubble forms quickly means that the particles form-
ing the bunch are quickly swept up from the background
plasma leading to spatial-temporal localization of source
of beam electrons. Once enough charge has been accu-
mulated to give the bunch a large wake of its own, beam
loading reducesthe total wake field and halts trapping. Ac-
complishing this process quickly (in our case due to rapid
pulse evolution), limits the beam energy spread and diver-
gence. Asthe density is lowered, the pulse length, relative
to the plasma period decreases. At the higher density the
laser pulse extends into the bubble region and can interact
directly with the trapped bunch, scattering the beam lead-
ing to anincrease in divergence. At lower density, only the
low intensity trailing edge of the laser pulse extend into the
bubble, which has significantly less effect on the trapped
bunch than in the high-density case. Furthermore, at lower
density, the pulse is much closer to resonance and a larger
wake field is produced and results in faster bubble forma-
tion and more rapid trapping leading to the exceptional sta-
bility observed experimentally.

CONCLUSION

We have demonstrated a source of stable high-energy
electron beams using a compact short-pulse laser system.
Scaling laws indicate that the use of acm-scale plasmaand
higher laser power permits the generation of GeV-energy
electron beams [8]. Preliminary experiments indicate that
itispossibleto generate 600 — 800 MeV electron beams us-
ing 5 — 10 mm long plasmas and 80 — 90 TW laser power.
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