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In this paper, we present results on a scalable high-energy electron source based on laser wakefield
acceleration. The electron accelerator using 30-80 TW, 30 fs laser pulses, operates in the blowout
regime, and produces high-quality, quasi-monoenergetic electron beams in the range 100-800
MeV. These beams have angular divergence of 1-4 mrad, and 5%—-25% energy spread, with a
resulting brightness 10'" electrons mm > MeV ' mrad 2. The beam parameters can be tuned by
varying the laser and plasma conditions. The use of a high-quality laser pulse and appropriate
target conditions enables optimization of beam quality, concentrating a significant fraction of the
accelerated charge into the quasi-monoenergetic component. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4718711]

I. INTRODUCTION

The development of high-power, short pulse lasers has
led to the development of quasi-monoenergetic electron accel-
erators based on the process of laser wakefield acceleration''°
and approaches the GeV energy range.''™'® Experiments show
that these electron beams are produced in a unique plasma
structure—an electron density “bubble”!**’>—trailing a rela-
tivistically intense laser pulse.”>>® The bubble forms behind
the driver, when the laser ponderomotive force creates com-
plete electron cavitation (due to their high inertia, fully
stripped ions remain immobile). Nonlinear evolution of the
driver causes variations in the bubble shape, which triggers
injection of ambient plasma electrons resulting in the forma-
tion of a collimated, high-energy, quasi-monoenergetic elec-
tron beam.?*

In order to better understand and control the process of
wakefield acceleration and obtain high-brightness, high-
energy electron beams with low longitudinal and transverse
emittance, it is necessary to consider in detail the process of
wakefield acceleration. As is well known on the basis of
extensive theoretical and experimental work over the past
two decades, when a high-power laser pulse propagates
through an underdense medium, strong longitudinal forces
come into play.** These arise from the fact that the pondero-
motive force of the laser expels electrons along the propaga-
tion axis. The ions, however, are relatively immobile and the
resulting field distribution corresponds to an electron plasma
wave moving at a speed governed by the density of the me-
dium, which in the underdense regime is close to the speed
of light. Energetic electrons are produced when the free elec-
trons in the plasma are trapped and accelerated by the wave.
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As has been known for a long time, the ideal situation for
generating the most stable and highest amplitude wakes is to
have the plasma resonant with the laser. Previous experi-
ments with long pulse lasers achieved resonance by self-
modulation of the pulse. However, this led to a large number
of accelerating structures leading to an electron beam with a
large energy spread. While the resonance condition could
have been satisfied in the long pulse regime by using a low
enough density, this was not useful since the maximum elec-
tric field is proportional to n,, and a minimum density is
required in order to have a large enough field to produce rel-
ativistic electrons. With the availability of short pulse lasers,
it is now possible to meet the resonance conditions at much
higher density and produce high-energy quasi-monoener-
getic distribution.

In the strongly nonlinear regime, the matching condi-
tions deviate significantly from that obtained using simple
linear theory. This regime is characterized by the fact that
the laser power P is much higher than the critical power
P.=16.8n./ n, GW, where n, is the critical density and n,
is the plasma density. Under these conditions, a cavitated
region is created behind the laser pulse. The resulting elec-
trostatic force causes plasma oscillations to be setup result-
ing in the formation of a wakefield. Starting with the early
work of Pukhov and Meyer-ter-Vehn,25 it has been demon-
strated that electrons can be injected into this wake, and pro-
duce a quasi-monoenergetic electron beam at the exit of the
plasma. The phenomenological work of Lu e al.*® provided
a prescription for optimal wakefield acceleration in the re-
gime ag > 2.

In this paper, we report a detailed parametric study of
wakefield acceleration in this strongly nonlinear (blowout
regime). We study the process of generation of high-energy
quasi-monoenergetic beams in a broad range of laser and
plasma parameters. A prescription is provided to optimize
the beam characteristics so as to produce high-quality

© 2012 American Institute of Physics
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quasi-monoenergetic bunches.***” The process is tunable
and scalable to high-energies and provides a prescription
for the generation of high-brightness electron beams by a
laser wakefield accelerator.>*—®

Il. EXPERIMENTAL SETUP

The experiments were carried out with the 100 TW
diocles laser system. The system produces linearly polarized
pulses with a central wavelength 0.805 yum. The maximum
energy is 3.57J at 10-Hz repetition rate and pulse full width at
half-maximum (FWHM) t; = 30 fs. The laser beam is inci-
dent on a deformable mirror that operates in a feedback loop
with a wavefront sensor. The 70-mm diameter laser pulse
with spatial aberrations corrected, is focused to a nearly dif-
fraction limited spot (Strehl ratio 0.95) using a one meter
focal length dielectric-coated off-axis paraboloid. The inten-
sity profile in the central spot (shown in the inset of Fig. 1)
allows a Gaussian fit with a radius ry = 13.6 um. High-
energy beams were generated using 30-90 TW laser power
on target. The laser pulse was spatially and temporally char-
acterized at full power using a multi-stage beam sampling
system. The energy on target was varied using a combination
of a waveplate and polarizers. The temporal duration is opti-
mized by varying the separation between the compressor
gratings, and adjusting the second and third order phase by
use of a spectral phase modulator (dazzler). The shot-to-shot
pointing stability of the laser pulse on target was =7y rad.

The experimental setup is presented in Fig. 1. The tar-
get is a high-density jet of neutral helium produced by 3 and
4 diameter cylindrical nozzles (Laval type) as well as 5 and
10 mm long slit nozzles. The neutral density profile (charac-
terized interferometrically) has symmetric downramps along
the edges extending over 0.5 mm for the cylindrical nozzles,
0.75 mm for the 5 mm slit nozzle, and 1 mm for the 10 mm
slit nozzle, with a flat-top central region. The laser pulse is
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FIG. 1. Schematic of the experimental setup. The high-power laser pulse is
focused using a 1-m focal length, dielectric coated, off-axis paraboloid at
the front edge of a supersonic helium gas jet. The electron beam passes
through a magnetic spectrometer consisting of a uniform rectangular mag-
netic field and a drift free region and then impinges on a LANEX screen.
Optical emission from the LANEX is imaged onto the CCD1 to measure the
beam angular divergence and energy spectrum, along the non-dispersive and
dispersive axes respectively. The propagation of the optical pulse through
the medium is monitored by imaging the Thomson-scattered light using
CCD2. Inset: image of the laser focal spot in vacuum (full-power shot) and
its vertical (blue/dark gray) and horizontal (red/light gray) lineouts.
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focused close to the front edge of the nozzle. During the
experiments, an equivalent plane imaging system locates the
longitudinal position of the focal plane with a precision of
*0.5mm. The focused pulse fully ionizes the medium
producing a plasma with 7,0 = 0.4 — 2 X 10" cm™3. For ny
< 10" cm™3, images of the plasma emission at 800 nm
show a uniform laser-created plasma column spanning the
entire jet length. The accelerated electrons exiting the
plasma impinge on a fluorescent screen (LANEX) that is
imaged with a 12-bit CCD.

The absolute response of LANEX to electrons, calibrated
using an 18 MeV radio-frequency linear accelerator (Siemens
Primus), is used to obtain the charge in a specified energy
interval. The calibration with the low-energy electron source
can be extrapolated to higher energies based on the fact that
the energy deposition curve for electrons in LANEX is invari-
ant in the range 10—1000 MeV.* Electron energy is measured
using different magnetic spectrometers operating in a slit-free
geometry and having a range of 20-800 MeV. The energy re-
solution is better than 10% at 500 MeV, and rapidly degrades
beyond 800 MeV. The spectrometer response function has
been modeled with the General Particle Tracer (GPT)
code,**** which propagates the electron beam from source to
detector. The final energy distribution is obtained, taking into
account the finite beam divergence.

lll. OPTIMAL ELECTRON BEAMS FROM 3-4 mm JETS

A detailed empirical study was performed to obtain (in a
reproducible way) and optimize (energy, energy spread, diver-
gence, and stability) the electron beam produced by high-
power, short laser pulses. We studied in detail the dependence
of the electron beam characteristics on both laser and plasma
parameters. It was empirically ascertained that production of
stable, quasi-monoenergetic, high-energy beams needs the
laser power above 30 TW, pulse duration 30 fs, nanosecond
laser contrast 2 x 1078, and focal spot free of aberrations.
Any deviations from these conditions led to a poor quality
beam (lower energy, larger energy spread) with significant
shot-to-shot variation in energy and pointing. High-quality
optical pulses are therefore required for the production of sta-
ble, quasi-monoenergetic, self-injected electron beams, from
underdense helium targets. The results reported in this paper
were all obtained using an optimized, optically perfect laser
pulse.

We proceed with the detailed study of the dependence of
electron beam characteristics on plasma conditions and laser
power. The laser pulse is focused close to the front edge of
the nozzle. At high plasma density, 7,0 > 2 x 10"%cm~3, the
electron beam spectrum was largely polychromatic with no
quasi-monoenergetic features. A typical spectrum for the
high-density case is depicted in Fig. 2(a). There is significant
variation in the electron beam for different shots in terms of
the energy spectrum and pointing. Increasing the power
to 3040 TW does not result in production of quasi-
monoenergetic electrons. Significantly better results are
obtained when the plasma density is reduced. Examples of
such beams are shown in Figs. 3(a) and 3(b). With 30 TW on
target and n,0 = 10" cm™3, a monoenergetic beam with
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FIG. 2. Electron beams obtained from a laser-plasma accelerator in the low-
power, high-density regime using underdense Helium target. (a) 20 TW,
1o =3 x 10 em™3. (b) 20 TW, n,0 =2 x 10" cm™3. In the former case,
the electron beam is quasi-Maxwellian with no quasi-monoenergetic fea-
tures. A monoenergetic feature (pointed at with an arrow) is observed in the
lower density case (b); such features were observed in 10%—20% of shots
with significant pointing and energy fluctuation. Raising the laser power
beyond 30 TW does not help produce monoenergetic beams at these high
densities.

central energy of ~100 MeV is observed. The beam has an
angular divergence of ~8 mrad (measured along the non-
dispersive axis) and a low energy tail that extends to 20 MeV
(spectrometer cutoff). When the plasma density is further
reduced to 8 x 10'® cm™3, the energy of the beam increases
to 200 MeV, and the divergence decreases to 5 mrad. A
prominent low-energy tail is still observed extending to the
spectrometer cutoff at 20 MeV.

In order to optimize the beam quality, we performed a
detailed study of the dependence of the electron beam char-
acteristics on the plasma density. First, for a fixed plasma
density, we varied the position of the focal plane of the laser
pulse with respect to the front edge of the jet until the best
quality beams were produced. Using an equivalent plane
imaging system, we were able to control the position of the
laser focus with respect to the jet with a precision of
*0.5mm. This imaging system also measured the pointing
of the beam on target, =7u rad, which appears to be three
orders of magnitude smaller than the pointing fluctuation of
the electron beam. Once the optimal position of the focus
was established, a feedback controlled valve was used to
vary the backing pressure of helium on the jet. Interferomet-
ric measurements were used to determine that the plasma
density is linear with the backing pressure. The plasma den-
sity on target was varied over a range from 2 x 10'® cm~3 to
4 x 10" cm™3. The results obtained at higher densities are
displayed in Figs. 2 and 3. Decrease of the density raises the
beam energy until the highest energy electrons are produced
at ny, = 5-6 x 10" cm=3. Further reduction of density
causes abrupt drop in energy, and eventually no beams are

1x10* cm3

8x10¥ cm3

FIG. 3. Quasi-monoenergetic electron beams obtained with higher-power,
lower-density plasma. (a) 30 TW, n, = 10" cm™=3. (b) 40 TW, n, =8
x10'® cm~3. Reduction of plasma density leads to increase of the beam
energy, and decrease in the energy spread and divergence.
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observed. The lowest density at which we could produce
electron beams in our experiments is 4 x 10'® cm~3. We per-
formed this optimization procedure for a variety of laser and
plasma conditions. Representative results are shown in
Fig. 4. Two different cases are considered: the results in
Figs. 4(a) and 4(b) show that keeping the acceleration length
fixed (3 mm jet) and using different laser powers, an optimal
density can be found that produces a high-energy beam. As
expected, higher laser power corresponds to higher electron
energy. Indeed, the higher power means that the pulse self-
focuses more rapidly, the bubble forms sooner, and electron
gets self-injected earlier, having longer distance to acceler-
ate. In addition, higher laser power means the larger bubble
size, and, hence, larger fields acting on the self-injected
electrons. Larger bubble size also means increase of the
dephasing length.”® Therefore, increasing plasma length in
combination with higher laser power is favorable for boost-
ing the electron energy. This is demonstrated using a 4 mm
long jet. The electron distribution for this case is shown in
Fig. 4(c). The highest energy beam obtained for 4 mm accel-
eration length has E ~ 420 MeV. This trend was found to
hold at higher laser power and longer length scale jets as
described later.

These results can be understood by making reference to
the evolution of the laser pulse in the plasma. At the highest
densities, the laser pulse is longer than a plasma period,
¢t > 4y, and is strongly overcritical for relativistic self-
focusing.*®*° As a result, it experiences catastrophic self-
focusing,24 filamentation,”! and longitudinal breakup.52 As a
result, several plasma buckets may be created, and electrons
may be self-injected and accelerated in all of them,?!? pro-
ducing broad energy distributions such as seen in Fig. 2.
Reducing the plasma density slows down focusing of the
pulse, reducing the risk of filamentation; once the pulse is
shorter than a plasma period, it remains confined and self-
guided within a single wake bucket—electron density bubble.
In this case, electrons are injected and accelerated primarily
within the single bubble. This process is scalable and tractable
with reduced physics models.>*****33 Nonlinear optical

T 10 mrad

400 300 200
electron energy (MeV)

FIG. 4. Images of spectrally dispersed electron beams as a function of
laser power and plasma density for two different acceleration lengths (a)
P=34TW, no =7.8 x 10¥cm™3; (b) P=42 TW, n, =6 x 10"® cm3;
and (¢c) P=58 TW, n,o = 5.3 x 10" cm™3. Images (a) and (b) are obtained
with a 3mm jet. Image (c) is obtained with a 4mm jet and a higher-
resolution spectrometer. 0, and 0, denote the divergence angle in the hori-
zontal and vertical direction.
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evolution of the self-guided pulse may still cause deforma-
tions of the bubble, resulting in a continuous injection (the
process also known as “dark current”), contaminating the
electron spectra with poorly collimated, polychromatic
background,'*'*** contributing to the generation of electron
beams with significant lower energy tails, such as shown in
Fig. 3. At even lower densities, injection of electrons into the
bubble occurs over a limited length of the jet and the resulting
electron beams have negligible low-energy tail (Fig. 4).
Under these optimal conditions, the bubble forms before the
end of the plasma, experiences minimal evolution, and creates
a quasi-monoenergetic electron bunch.?*2*>* Below a certain
cutoff density, the bubble does not form during the laser
transit through the plasma, and self-injection into the first
bucket does not occur. For the experimental results depicted
previously, this cutoff density corresponds to 4 x 10'® cm=3.

IV. PIC SIMULATIONS

To explain the origin of quasi-monoenergetic electron
beams under conditions close to the optimal ones, we
performed a series of 3D PIC simulations using a quasi-
cylindrical, fully explicit electromagnetic PIC code calder-
circ.>®> We present here the results for the regime close
to that of Fig. 4(b). To suppress the sampling noise, 45
particles per cylindrical cell were taken, with the longitudi-
nal resolution of 50 grid points per laser wavelength. To
enable better comparison of the simulation with experimen-
tal data, electrons exiting the plasma were propagated
through the experimental detection system using the parti-
cle tracking code GPT.

A Gaussian laser pulse, polarized in the x-direction,
with 42 TW power, central wavelength 4y = 0.805 ym, and
FWHM in intensity t;, = 30 fs, is focused into a spot size
with the radius ro = 13.6 um, and propagates in the positive
z-direction. This waist size gives the Rayleigh length
zgr = (n/20)r ~ 0.72 mm. The peak intensity in the focus is
1.77 x 10" W/ecm ™2, corresponding to the normalized peak
vector potential ap = 2.53. In the simulations, pre-ionized
helium plasma with a trapezoidal profile extended from z =0
to 3mm (0.5 mm linear entrance and exit ramps, and a 2 mm
plateau). Electron density in the plateau region, n, = 7.2
x10'% cm~2, corresponds to Ve = wo/Wpe = 15.5, PPy =
10.8 (where P, = 16.2y§ GW is the critical power for rela-
tivistic self—focusing48), and wp, 1 = 4.54.

The pulse is very overcritical, and its length makes a sig-
nificant fraction of the electron Langmuir period. Therefore,
once its focal plane is placed at the foot of the density ramp
(z=0), a very strong overfocusing occurs, and the bubble
forms as soon as the pulse enters the density plateau. Due to
flapping of the pulse tail inside the bubble, the bubble size
oscillates, causing initiation and rapid termination of electron
self-injection. Further on, the pulse front, constantly witness-
ing the nonlinear index down-ramp (viz. the front edge of the
bubble), accumulates considerable red shift. Group velocity
dispersion of the plasma slows down the red-shifted spectral
components, leading to the front etching and self-compression
of the pulse into a relativistically intense, few-cycle-length
“piston.”>>7 As the pulse transforms into a piston, the bubble
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constantly elongates, trapping copious amounts of electrons,
leading to the formation of poorly collimated bunch (charge
and angular divergence an order of magnitude higher than
observed in the experiment). This unfavorable dynamical sce-
nario featuring massive continuous injection (“dark current”),
leading to a catastrophic emittance dilution, was observed
by various authors*'*'* and has been recently explained by
Kalmykov e al.**>> In this situation, the only way to produce
a highly collimated electron beam with low-charge is to termi-
nate acceleration before the piston forms, by either limiting
the plasma length,***"* or delaying the laser focusing in a
finite-length plasma. To explore the latter option, we made
serial PIC runs, varying the positions of the pulse focal plane
with respect to the plasma edge. The beams with parameters
close to experimental ones have been recovered with a focal
plane offset z= —1 mm (or —1.4zg). This offset is at the limit
of experimental uncertainty. With this focusing geometry, it
takes ~2/3 of the plasma length to refocus the diverging laser
pulse, create the bubble, and inject electrons; once the bubble
forms late, the pulse front steepening remains insignificant,
and continuous injection does not occur.

The structure of the plasma wake at different stages of
pulse evolution is shown in Fig. 5. The pulse arriving into
plasma has the spot size 70% larger than the waist size, and
is diverging. Therefore, it takes nearly two Rayleigh lengths,
or half of the plasma length to refocus it and to create the
bubble (cf. Fig. 5(b)). It takes another half-mm for the laser
to start diffracting again, and for the bubble to expand; it is
only at this point, as is seen in Fig. 5(c), electrons start get-
ting injected. By the end of the plateau, the bubble expansion
stabilizes, and injection almost ceases. The resulting bunch
is clearly seen in Fig. 5(d). The pulse self-compression at
this point is insignificant, and continuous injection remains
at low level, keeping the bunch quasi-monoenergetic, pro-
ducing weak low-energy tail in the energy spectrum shown
in Fig. 6(b). The electron distribution (angle and energy)
measured in the laboratory under slightly different laser and
plasma condition, Fig. 6(a), agrees fairly well with the simu-
lated energy spectrum depicted in Fig. 6(b). At the same
time, simulations overestimate the beam divergence roughly
by a factor 3.5.

In conclusion of this section, a few important points are
to be made. First, in support of the observed experimental
trend, calder-circ simulations with the same focusing geome-
try confirmed the absence of injection into the first bucket,
and revealed sharp reduction of electron energy gain at den-
sities below 5.5 x 10" cm™3. Second, we see that electrons
get injected at less than a millimeter distance from the end
of the plateau. Given the cold wavebreaking electric
field, Eyg ~ 260 MV/mm, where Eyp ~ 0.96(nq[cm3])"/?
V/em, and knowing that the accelerating gradient inside the
bubble actually exceeds the cold wavebreaking limit, we find
the simulation result noncontradictory. Third, electrons in
Fig. 5(d) are obviously far from dephasing. However, pursu-
ing acceleration until dephasing in this high-density regime
unavoidably brings about the dark current, solely because
the too dense plasma reshapes the pulse into a piston too
soon. Therefore, based on the results of simulation, it is
possible that production of optimal beams in the laboratory
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FIG. 5. Structure of the plasma wake at different stages of laser evolution
(calder-circ simulation). Axis at the bottom of each panel shows the distance
from the plasma border in microns; axis at the top of the panel shows the
“co-moving” variable, z—it ct (also in microns; z = ct is the trajectory of the
pulse maximum in vacuum). Density cuts are taken in the plane of laser
polarization. The pulse focal plane is situated at a distance z=—1 mm from
the plasma border. Plasma extends from z=0 to 3 mm. (a) I mm inside the
plasma, the pulse is not yet focused, and the wake is still weakly nonlinear
and unbroken; (b) 1.5 mm (or roughly 2zg) inside the plasma, the pulse even-
tually focuses and produces electron cavitation (the bubble); (c) the bubble
starts expanding, initiating electron self-injection; (d) near the end of density
plateau, the bubble stabilizes, self-injection terminates, and the quasi-
monoenergetic beam forms.

was associated with the details of focusing geometry and
transient dynamics of the laser pulse in plasma, rather than
with the stable self-guiding of the pulse until electron
dephasing and (or) pulse depletion.

V. HIGH ENERGY BEAMS FROM LONGER LENGTH
JETS

In order to generate >500 MeV energy electron beams,
the 7090 TW laser pulse is focused onto a 5 or 10 mm su-
personic jet from a slit nozzle. The experimental setup is
similar to that shown in Fig. 1. The nozzles used in this case
have a rectangular rather than a circular opening. This was
necessary because the gas load associated with a cm-scale jet
becomes significant both in terms of flow through the nozzle
(viz. limitation on the load that can be handled by the sole-
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FIG. 6. Quasi-monoenergetic spectrum of electrons reaching the detector.
Parameters of laboratory experiment correspond to 34 TW on target and the
plasma density was 6 x 10'® cm—3. For these conditions, the measured electron
energy, E ~ 250 MeV (panel (a)), is in excellent agreement with the electron
energy computed in the simulation of Fig. 5, E' ~ 240 MeV. In the simulation,
electron beam exiting the plasma was propagated through a detector identical
to that used in experiment using the GPT code. Resulting computed spectrum
(axial lineout of the detector image) is presented in the panel (b).

noid valve) and the need for large pumps in order to remove
the ambient gas in the chamber between successive laser
shots. The jet profile measured interferometrically has a flat-
top profile along the longitudinal direction and a Gaussian
transverse profile. The absolute density calibration has been
made using interferometric techniques. For a non-symmetric
structure, two different axes are chosen to measure the inter-
ferometric fringe shift and a semi-analytic model is used to
obtain the effective neutral density. The laser pulse self-
channels through the medium and stays self-focused over the
entire length of the jet. This self-channeling of the laser pulse
is shown in Figs. 7(a) for a Smm jet and 7(b) for a 10 mm
jet. The laser power in the former case is 80 TW, while in
the latter case 90 TW. Given zz ~ 0.72 mm, this demon-
strates propagation of a 90 TW laser pulse over ~14 Ray-
leigh lengths, viz. over 10-mm distance without any external
guiding (e.g., a pre-ionized capillary). Even though the
power needed to maintain self-guiding over this large dis-
tance is rather high, the entire setup is simpler and more ro-
bust than devices based on guiding structures.

Under conditions when a high-energy laser pulse is
incident on a 5 or 10mm jet, a low-divergence, quasi-
monoenergetic electron beam is produced. The higher laser

FIG. 7. Self-channeling of laser pulse through the plasma monitored by
imaging the Thomson scattered light at 800 nm from the target. (a) 80 TW,
ng =6 x 10 ecm=3. (b) 90 TW, n, =5 x 10" cm 3. Based on an esti-
mated Rayleigh range of 720 um, (a) corresponds to propagation of the laser
pulse over 7 Rayleigh ranges, while (b) corresponds to 14 Rayleigh ranges.
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power combined with the longer acceleration length results
in electron beams with significantly higher energy than
that obtained for lower power and jets 3—4 mm length. As
described previously for the supersonic jets, we performed
a detailed study of the electron beam characteristics when
high-power laser pulses interact with such long length
plasma. To this end, we performed a parametric study for
different acceleration lengths, laser power, and plasma
density. The spectrometer used was modified by the use of
a larger magnet with a stronger magnetic field in order to
have the necessary resolution to perform accurate measure-
ments of the electron beams with the energy above 500
MeV. Several single-shot measurements were performed
with meter scale propagation of the electron beam in order
to obtain precise measurement of the energy spread. We
also studied the influence of the focal position of the laser
with respect to the jet. Two specific cases were considered:
(a) with the focus placed close the edge of the jet, similar
to the studies for the 3 and 4 mm cylindrical nozzles and
(b) with the focus located 1.5 mm relative inside the jet rel-
ative to position in (a). A detailed study was performed to
study the characteristics of the electron beam produced
from longer acceleration length slit nozzles.

For the 5mm jet, high-energy beams could be obtained
with the focus located inside the jet, at a 1.5 mm distance
from the front edge. A sequence of shots is depicted in Fig. 8
for laser power 90 TW and 7n.,0 = 8 x 10'® cm™3. The quasi-
monoenergetic beams have large energy spread and high
charge (>50 pC). The pointing stability is ~10 mrad, signifi-
cantly worse than that obtained for the 3—4 mm jets. There-
fore, the use of high laser power, combined with high plasma
density and long acceleration length leads to high-energy

4 6 8 0

E (x100) MeV

FIG. 8. Spectrum of electrons obtained with 5 mm slit jet. The laser pulse
was at 90 TW and the focus was located inside plasma, at 1.5 mm distance
from the edge of the nozzle. On average, the divergence of presented elec-
tron beams is ~10 mrad. The beam charge is rather high, 50-100 pC, but the
energy spread and shot-to-shot fluctuations are significant as well. The mean
energy is 710 = 140 MeV, and the uncertainty in energy is primarily from
the fluctuation in the beam pointing.
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electrons. However, in this regime, the laser pulse is signifi-
cantly modulated and continuous injection can occur over an
extended length of the jet (see, e.g., the discussion of similar
regime by Kneip et al.'*). The strong nonlinear evolution of
the system leads to strong fluctuation in the electron beam
characteristics. Observation of the laser propagation via
imaging of the scattered light from the plasma supports this
thesis—the plasma channel fluctuates shot-to-shot both in
terms of brightness and the length over which light emission
is observed.

In order to produce high-energy beams in a more stable
way, and reduce their energy spread, 80 TW pulses were
focused onto the 5 mm jets using the same focusing configu-
rations as above. The results for this case are shown in Fig. 9.
In this case, the beam charge is lower than that depicted in
Fig. 8. However, the beams are more monoenergetic with
improved shot-to-shot pointing. For the case where the laser
focus is placed inside the jet, quasi-monoenergetic beams
with energy ~500 MeV are produced at a density of 6 x
10" cm— as shown in Fig. 9(a). Below this density, no elec-
tron beams were observed in our experiments. With the laser
focus placed closer to the edge of the nozzle, higher-energy
electron beams could be produced at lower density. This is
shown in Fig. 9(b) for a plasma density of 5 x 10" cm™3.
The beam energy did not increase further when higher power
laser pulse was used.

In order to increase the beam energy even further we
used a 10mm long jet. The configuration is similar to that
used for 5 mm jet. The laser power was 90 TW with the focus
placed close to the front edge of the nozzle. The electron
spectrum with a plasma density of 3.8 x 10! cm~ is shown
in Fig. 10(a). For this case, we observe electron beams with
the highest energies close to 800 MeV. In this low-density,
high-power configuration, the electron beams are stable with

200 400 600

Energy (MeV)

FIG. 9. Spectrum of electron beam obtained with 80 TW laser power and
5mm slit nozzle for (a) 6 x 10'® (b) 5 x 10'®. The laser is focused 1.5 mm
inside the jet. 550 MeV electron beams result when the focus is moved to
the front edge of the nozzle and the plasma density is reduced to
5% 10" cm3.
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FIG. 10. (a) Spectrum of electron beam obtained with 90 TW laser power
and 10 mm slit nozzle for plasma density 3.8 x 10'® and laser focused at the
front of the nozzle. (b) Spectrum of electron beam obtained from CALDER-
circ simulations with the same experimental geometry, plasma density
3.8 x 10", and 90 TW laser power on target. The measured energy is lower
than the computed one on account of a non-ideal focus which results in a
lowering of the effective laser power on target.

excellent shot-to-shot reproducibility. We supported these
observations using calder-circ simulations. The computed
spectrum for a plasma density of 3.25 x 10"’ cm~> and a
laser power of 90 TW is shown in Fig. 10(b). The computed
energy is higher than the experimentally measured value for
two primary reasons: (a) the laser power on target is lower
than the estimated 90 TW because of non-ideal focus and (b)
the density used in the simulations is slightly lower than that
used in the experiment. Despite these differences, the mea-
surement and simulation agree well. We also verified that
the threshold for self-injection matches that predicted by
experiments.

VI. CONCLUSION

We have performed a detailed study of electron beam
characteristics produced by high-energy, short-pulse lasers.
The study encompasses optimization of beam characteristics
as well as the generation of electron beams over a broad
energy range. It is shown that by an appropriate choice of
laser and plasma parameters and different acceleration
lengths it is possible to produce stable electron beams over a
broad energy range. A high-quality optical pulse is crucial
for this work. In future, we propose to generate multi-GeV
electron beams using PW level pulse made possible by the
recent upgrade of the diocles laser system.
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