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In a laser-plasma wakefield accelerator, the ponderomotive force of an ultrashort high intensity
laser pulse excites a longitudinal wave or plasma bubble in a way similar to the excitation of a
wake wave behind a boat as it propagates on the water surface. Electric fields inside the plasma
bubble can be several orders of magnitude higher than those available in conventional RF-based
particle accelerator facilities which are limited by material breakdown. Therefore, if an electron
bunch is properly phase-locked with the bubble’s acceleration field, it can gain relativistic energies
within an extremely short distance. Here, in the bubble regime we show the generation of stable
and reproducible sub GeV, and GeV-class electron beams. Supported by three-dimensional
particle-in-cell simulations, our experimental results show the highest acceleration gradients produced
so far. Simulations suggested that the plasma bubble elongation should be minimized in order to
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achieve higher electron beam energies.
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I. INTRODUCTION

Laser-plasma interactions at the relativistic intensity
of > 10" VV/cm2 reveal interesting nonlinear optical plasma
phenomena [1, 2]. When an ultrashort terawatt laser
pulse is focused in an underdense plasma, the radiation
pressure from the laser pulse excites large-amplitude elec-
trostatic plasma waves, which can trap and accelerate
electrons to relativistic energies in short distances. This
is known as the laser wakefield acceleration (LWFA) mec-
hanism [3] which is a subject of great importance for its
potential in developing a new generation of high-energy
compact electron accelerators. High-quality electron
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beams produced by the LWFA mechanism depend on
careful optimization of the laser-plasma parameters such
as the laser intensity, pulse duration, focal spot size and
quality, plasma density, interaction length, etc. Reasonably
large-focal spot, while keeping the intensity above 10"
VV/CmZ7 ensures long interaction length, wakefield excitation
and electron trapping. Having ultrashort pulses ensures
stable propagation of the laser pulse through plasmas,
while working at low plasma densities ensures larger
acceleration length and, correspondingly, higher maximum
electron energies. Generation of 1 GeV monoenergetic
electron beam has been observed from the interaction
of 40 TW laser pulses with a plasma capillary of 33 mm
length [4]. Supersonic gas jets have been traditionally
used as targets for LWFA research because they can
support the propagation of the laser beam for long
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FIG. 1. Schematic diagram of the LWFA experiment
at APRI. The laser pulse (27 TW-50 TW) is focused by
a spherical mirror onto a supersonic He gas jet. The generated
electron beam is diagnosed by using a strong magnet coupled
with a lanex screen which is imaged to an ICCD.
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FIG. 2. Quasimonoenergetic electron beams produced
in 4-mm long gas jet plasma at various laser powers (27-50
TW). The plasma densities are in the range of 6.5<10™
-7.5%10" em™. Error bars represent a £5% error in the
energy measurements and this is applied for all energy
values reported in this paper.

enough distances as a result of the effect of self-guiding
[5]. They have preference over capillary targets because
they are more stable, easily aligned and the simplicity in
monitoring the laser-plasma interaction volume. The
generation of 100 MeV-level quasimonoenergetic electron
beams was first observed through the LWFA in gas jet
targets [6-8]. Good quality electron beams in the 200 MeV-
level have been observed in a gas jet target by the laser
colliding injection scheme [9].

In this Article, using 100 TW-laser facility we report
on the generation of quasimonoenergetic electron beams
having energies up to 1 GeV from ~ 5-mm long plasma
channels. This is the shortest GeV-class electron beam
accelerator developed so far. By focusing wave front-
corrected 37 TW laser pulses to a spot size of 22 um
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through gas jet-plasma having a length of 4 mm and
density of ~ 7x10" cm’g, stable multi-hundred MeV
quasimonoenergetic electron beams are produced. By
increasing the laser power to the 50 TW-level, stable
electron beams having energies with maximum energies
of 1 GeV are observed. Experiments and supporting 3D
particle-in-cell (PIC) simulations showed acceleration of
multi-electron bunches in a plasma bubble formed in the
wake of the laser pulse. Breakthroughs reported in this
paper confirm the generation of stable and high quality
GeV-class electron beams by a very simple and compact
electron accelerator.

II. EXPERIMENTAL SETUP AND FACILITIES

2.1. Laser system

Our experiments have been carried out at the Center
for Femto-Atto Science and Technology (c-FAST) where
we have a table-top Ti: sapphire (laser wavelength A
~ 0.8 wm) laser facility that delivers up to 100 TW
laser pulses with a pulse duration of 30 fs and a repetition
rate of 10 Hz. The upgrade of this facility to the
petawatt level is ongoing. The laser system of APRI and
the experimental scheme were presented elsewhere [10];
here we highlight key elements of the setup. A
deformable mirror (DM) and wavefront sensor were
used to minimize the wavefront aberration of the laser
beam (after compression), this led to a significant
improvement of the quality of the focal spot and hence
the focused intensity [11]. The laser was focused onto
the gas jet by a spherical mirror having a focal length
of 150 c¢m, which corresponds to the f-number of 21.4.
The focal spot was nearly Gaussian with a size of w,=22
um(FWHM). An ultrafast Pockels cell was installed in
the regenerative amplifier in order to reduce the
nanosecond pre-pulse level to ~ 6X10°. The laser pulse
energy was monitored shot-to-shot and the rms (ratio
of the standard deviation to the mean) energy was
9.3% over 635 shots. A spectral phase interferometry for
direct electric field reconstruction (SPIDER) system was
used to measure the laser pulse duration daily, and it
was 35 1 fs.

2.2 Gas jets

Two rectangular nozzles having dimensions of 4%<1.2
mm® and 10X1.2 mm® were used in our experiments.
The two nozzles are Laval-type, and designed via the
method of characteristics to produce supersonic flows
with Mach number of 5 for the helium gas. Therefore,
the gas flow was shock-free, well-localized with sharp
boundaries and uniform along the laser propagation direc-
tion. Stagnation gas pressures corresponding to plasma den-
sities in the range 3.4x10" to 7.4x10" e¢m™ are used.
The same type of gas jets are widely used in LWFA
experiments [14-16].
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FIG. 3. (a) Quasimonoenergetic electron beams of ten
consecutive shots produced in 4-mm long gas jet at the
laser power of 37 TW and plasma density of 7.0%10" c¢m®,
and (b) the corresponding laser-plasma channles.

2.3 Electron beam detection

In the electron detection setup, see Fig. 1, we used
a permanent dipole magnet with the following dimensions:
20 c¢m long, 7 cm wide, and 0.9 cm gap. The field intensity
was mapped inside (0.94 T) and outside of the poles.
By taking the edge effect into account, the electron tra-
jectory was calculated by solving the equation of motion
numerically. A lanex screen was used for detection of
the beam position that corresponds to a certain energy.
Detection with an acceptable resolution (of ~ 5%) was
achieved for the high-energy electrons in the range of

140 - 600 MeV. An electron beam of 1 GeV energy makes
a total deflection angle of 1.8 degrees at the position
of lanex, therefore, electrons with peak energies in the
1 GeV-level can be detected but without accurately
resolving the energy spread. The total charge of emitted
electrons (nC-level) was measured by using an ICT (inte-
grating current transformer) installed midway between
the gas jet and the magnet. The high-energy (after magnet)
electron beam charge (pC-level) was measured (following
the method in Ref. [17]) by counting the number of
created photons in the lanex screen (intrinsic conversion
efficiency of 16% =2) per incident relativistic electron
and detected by the ICCD with known gain.

III. EXPERIMENTAL RESULTS

3.1 Scaling of quasimonoenergetic electron beam
energies

In the experiments reported in this paper, three
levels of laser power were used, namely 27 TW, 37 TW
and 50 TW. The focal spot size was about 22 um,
obtained with a focusing optic having a focal length of
1.5 m, thus, the laser intensities at the above mentioned
powers were I ~ 4.7x10", 6.5x10" and 8.8%10" W/cm’,
respectively. At those intensities, the laser normalized
vector potentials were 1.6, 1.75, and 2. The normalized
vector potential a0 is defined by ag=8.6x10"" A [um]
I'? [W/em?). Figure (2) shows raw images obtained by
the electron spectrometer of multi-hundred MeV quasi-
monoenergetic electron beams generated at various laser
and plasma parameters in a 4-mm long gas jet target.
At the laser intensity of 4.710" W/cm® (27 TW) and
plasma density of n, = 7x10" em® (the plasma wave-
length can be estimated as A um] =3.3x10"/

3] ~124 pm and the dephasing length as

n,lem™
;= X)/A\* ~3 mm), the generated electron beam was
quasimonoenergetic with a peak energy of ~ 180 MeV,
as shown in Fig. 2 (a). By increasing the laser intensity
to 6.5x10"° W/cm® (37 TW) while the plasma density
was in the range of = 6.6x10"-7.4x10" cm® we could
obtain electron beams having a peak energy of about
260 MeV, as shown in Fig. ng). Again, by increasing
the laser intensity to 8.8<10" W/cm® (50 TW) while
the plasma density was ~7.0x10"® c¢m®, the peak
energy of the electron beam increased to 306 MeV, as
shown in the graph Fig. 2(d). The observed energies
agree well with previous experimental and simulation
results, for approximately similar laser and plasma
parameters L’G, 18]. At slightly lower plasma density of
6.6x10" cm™(1,~3.3 mm) while the laser intensity was
fixed at 8.8x10" W/cmZ, the peak energy of the
quasimonoenergetic electron beam reached 350 MeV
while its maximum energy reached up to 870 MeV, as
shown in Fig. 2 (c). The measured total charge of the
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FIG. 4. Quasimonoenergetic electron beam produced in
(a) 1 cm -long gas jet plasma at the laser power of 50

TW and plasma density of 3.4<10"cm™.
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FIG. 5. Three-dimensional PIC simulation results by
using the code VORPAL. The plasma electron density
distribution and the corresponding energy spectra are
shown in (a)-(e) and (f)-(j), respectively. The evolutions
of the electron beam charge in the bubble are shown in
(k) for the plasma density of 3.4x10" cm® and in (1) for
the density of 6.8<10" cm™. The laser pulse propagates
from left to right and its position is marked by an ellipse
in (a). Areas enclosed in the rectangles are enlarged in
the upper row. Figure reprinted with the permission of
N. Hafz et al., Nature Photonics 2, 571 (2008). Copyright
(2008) Nature Publishing Group.

electron beam in this case was about 500 pC and its
divergence angle was about 5 mrad (FWHM), while
the most intense part of the electron beam had a
divergence of 3.2 mrad. The laser-plasma channel
lengths were observed to be longer at higher laser
intensities due to the self focusing. Channels of lengths
2.5 mm, 3.5 mm and 4 mm (+100 um) are produced
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at the laser intensities of 4.7<10" W/cmZ, 6.5x10"
W/ em” and 8.8%10" W/cm2, respectively. Those channel
lengths were approximately equal to the dephasing lengths
for the plasma densities mentioned above, and this is
important for obtaining quasimonoenergetic spectrum
[6, 8]. Experimental data in the graph of Fig. 2 (d)
clearly shows the linear scaling of doubling the electron
beam energy by doubling the laser power, i.e., the
electron beam energy scales as ~ aj(for given plasma
parameters). This is an important experimental result
for multi-hundred MeV electron beam generation by
the LWFA scheme.

3.2 Stability testing of quasimonoenegetic electron
beams

Recent experimental and simulations[5, 10, 19] reported
long laser focusing geometries (f/ number 21.4, in our
case) are necessary for the stability of laser pulse
propagation through the plasma and the generation of
stable wakefields and electron beams. Motivated by
those predictions, we have performed a stability test for
electron beams produced by our laser-plasma accelerator
with the following parameters: laser intensity of 6.510"
W/ch, 4-mm long gas jet and plasma density of 7x10"
cm”®. Figure 3 (a) shows raw images of the electron
beam energy spectra obtained in 10 consecutive shots.
The averaged peak energy, and the energy fluctuation
were ~ 237 MeV and ~ 5%, respectively. The average
charge per electron bunch and the charge fluctuation
were ~ 205 pC and ~ 32%, respectively. We think that
the large fluctuation in the electron beam charge was
originated from fluctuations in the laser beam direction
and spot size which control the electron trapping process
[20], however, this topic is currently under investigation.
The measured fluctuation in the laser energy during
those 10 consecutive shots was ~ 4.5% which is very
close to the electron beam energy fluctuations. This
leads to a conclusion that ultra stable electron beam
energies can be realized by stabilizing the shot to shot
laser pulse energy. The reproducibility of quasimonoe-
nergetic electron beam generation was 100%. The laser-
plasma channels, Fig. 3 (b), observed in these 10 shots
were almost identical, stable and reproducible; each
channel was ~ 3.5 mm long. Recent results obtained by
the optical injection mechanism [9] through a gas jet
showed stable electron beam energy in the 200 MeV
range with large charge fluctuation, however this scheme
requires colliding two or more ultrashort laser beams
(perfectly overlapped in time and space) inside the plasma
[21, 22]. Based on single laser pulse LWFA experiments,
our stability test shows quite stable quasimonoenergetic
electron generation in the energy range of 240 MeV.

3.3 Quasimonoenergetic GeV-class electron beam
generation in a low density plasma
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A long gas jet can be very useful for achieving higher
electron beam energies if it is operated at significantly
low plasma densities (10"-10" ecm™, for example) so that
the depahsing length can be of the order of cm-scale.
In this case, the full length of a gas jet can be used
for electron acceleration if the laser pulse is powerful
enough to be guided over the distance. This scenario
predicts the generation of a multi-GeV electron beam
by using a multi hundred terawatt laser system [19].

In this regime and using tens of terawatt laser pulses,
we report on significantly boosting the electron beam
energies in a long gas jet operating in the low plasma
density regime. In this phase of the experiment, we
focused laser pulses having an intensity of 8.8%10"
VV/cm2 (50 TW) in a l-cm long supersonic gas jet operating
at the plasma density of ~ 3.4x10" cm™ (Ap~18 um
I, ~9 mm). A typical raw image for the electron beam
energy spectrum obtained in this case is shown in Fig. 4.
The figure shows quasimonoenergetic peak energy of 540
MeV and maximum energy exceeding 1 GeV, significantly
larger than the bunch energy obtained in the 4-mm long
gas jet at higher plasma density (Fig. 2 ¢). In addition
to the high-energy bunch shown in Fig 4, there is another
lower energy bunch peaked at 270 MeV, which is also
higher than energy of the second bunch of Fig. 2c. The
total beam charge of Fig. 4 is ~ 200 pC, which is lower
(but still acceptable) than half the charge of the beam
shown in Fig. 2c. This can be understood because a lower
plasma density was used for the longer gas jet case.

The observed length of a laser-plasma channel in this
case was ~ 5 mm, which is half the gas jet’s length.
Thus, the maximum acceleration gradient was approxi-
mately 4 orders of magnitude higher than available by
conventional RF-based accelerator technologies.

IV. THREE DIMENSIONAL PIC SIMULATIONS
AND DISCUSSIONS

Recently, simulation based -empirical theories have
been developed for the laser-plasma bubble regime at
very high laser intensities and either low [19] or high
plasma densities [23]. However, in our case, the parame-
ters are different, therefore theories of Refs. [19, 23] can-
not be applied. Thus, we have performed 3D simulations
for our problem by using the PIC-code VORPAL [24].
The simulation parameters (50 TW laser power, 35 fs
pulse duration, 24 um spot size, ap = 2, plasma densities
3.4x10" em™ and 6.8%10"™ cm™® and plasma length up
to 6.5 mm) are chosen to be close to those of the experi-
ment. Figure 5 (except panel 1) shows simulation results
at the lower plasma density case, 3.4x10" cm™. First
of all, the generation of several plasma bubbles in the
wake of the laser pulse was clearly observed in the simu-
lation. Electron injection from the bubble base occurs
when the local electron density increases due to the con-

tinuous accumulation of electrons. Electron trapping
and acceleration took place mostly in the first bubble
behind the laser pulse, where the highest wakefield
strength exists. Negligible electron trapping was observed
in the second or third bubble. We also note that, no
clear trapping has been observed in the 2D simulations
at such low-plasma density [18]. The electron injection
started at about 1 mm of propagation distance after
some evolution of the laser pulse, which resulted in an
increase of laser field amplitude by ~ 2.3 times. After
a propagation distance of 1.47 mm, the electrons accel-
erated in the bubble reached a maximum energy of 400
MeV, Figs. 5(a) and 5(f). However, the first electron
bunch in the bubble was still not properly formed here,
giving a relatively large-energy spread of about 170 MeV.
As the laser pulse propagates further through the plasma,
the peak energy and the monoenergetic features of the
first injected bunch were enhanced, Figs. 5(b) and 5(g).
The injection of the first electron bunch into the bubble
is terminated at the propagation length of ~2 mm due
to the increasing Coulomb force of the trapped electrons,
Fig. 5(b). After the injection of the first bunch and its
forward acceleration, the injection of another (second)
electron bunch started at around 2.4 mm and it was
terminated at 3 mm, Figs. 5(c) and 5(h). Similarly, a
third separate electron bunch is injected into the cavity,
Figs. 5(d), 5(i). The charge of each subsequent bunch
is higher than the charge of its predecessors. Finally,
at the distance of 5.2 mm, the injection of the last electron
bunch started. This last bunch had large charge (with
respect to initial plasma density) to have a nC level
and high trapping rate of electrons, Figs. 5(e) and 5(j).
The electron beam’s charge evolution in the bubble is
shown in Fig. 5(k), where the charge increases sharply
after ~5 mm of propagation distance. Due to this feature,
the bubble started to elongate, Fig. 5(e) and this resulted
in joining of the first and second bubbles to form one
large bubble. Then, the first-trapped electron bunch
started to experience a deceleration phase of the large
bubble’s field where no further acceleration is possible.
Thus, the effective acceleration range was limited in
this case by the bubbles elongation and joining mecha-
nism rather than through the dephasing length of 9 mm
that was estimated through the kinematic approach or
by other mechanisms such as laser pulse depletion or
diffraction. The rate of acceleration for the secondary-
trapped electron bunches in the first cavity was also
decreased due to bubble elongation, but still they were
accelerated further. After propagating about 5.2 mm,
the first quasimonoenergetic electron bunch had a peak
energy beyond 1 GeV and a maximum energy of ~ 1.3
GeV, a charge of 38 pC, and an energy spread of about
2.3% (half width at half maximum). The second quasi-
monoenergetic peak had a peak energy of 680 MeV with
an energy spread 3.1% and a charge of 22 pC. For the
third peak, these parameters are 540 MeV, 14.5%, and
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75 pC, respectively. Electrons in the last-injected high-
charge peak have energies from 35 MeV to 320 MeV
at the propagation distance of 5.2 mm.

Simulation results for the higher plasma density of
6.8<10" cm™ gives almost a similar general scenario for
the particle trapping, injection and acceleration. How-
ever, due to the high plasma density in this case, the
electron trapping started after propagation of 0.5 mm
(earlier than the lower density case). Also, the recovery
of the injection occurs much faster than that of the
low-density case. The successively trapped electron
bunches form almost a continuous electron beam. This
is a typical picture for the high-density bubble-acceleration
regime (25, 26]. Figure 5 (1), shows the electron charge
evolution in the high-density case. The increase in the
trapping rate and the elongation of the cavity started
at around 1.5 mm causing a limitation of the effective
acceleration range and maximum energy on the level
of 650 MeV. In addition, a deterioration of the longitudinal
accelerating field was observed due to the beam-loading
effect. In future simulations, scanning more interaction
parameters will be required in order to achieve a closer
understanding to the experimental results, and more
attention should be paid to the mechanism of acceleration
saturation due to the bubble elongation.

In conclusion, this paper reports significant achieve-
ments on laser-driven electron acceleration in the bubble
regime. First of all, a doubling of electron beam peak
energy in the multi-hundred MeV-range by doubling
the laser intensity. Second, a generation of stable 240
MeV-range electron beams. Third, generation of high
quality quasimonoenergetic GeV-class electron beams
at low plasma density through 5-mm long plasma channel
in 1 cm gas jet. Those results are achieved by using
wave-front corrected 27-50 TW, 35 fs laser pulses. Due
to their simplicity in alignment and diagnostics, laser-
plasmas produced on top of supersonic gas jets proved
to be the practical targets for compact 100 MeV -1
GeV electron accelerators. Clear features of our results
are the stability and achieving the highest acceleration
gradients in a laser-driven accelerator. This opens a new
way toward the realization of ultra-compact electron ac-
celerators and their applications in science and technology.
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