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Desktop laser plasma acceleration has proven to be able to
generate gigaelectronvolt-level quasi-monoenergetic electron beams.
Moreover, such electron beams can oscillate transversely (wig-
gling motion) in the laser-produced plasma bubble/channel and
emit collimated ultrashort X-ray flashes known as betatron radia-
tion with photon energy ranging from kiloelectronvolts to mega-
electronvolts. This implies that usually one cannot obtain bright
betatron X-rays and high-quality electron beams with low emit-
tance and small energy spread simultaneously in the same acceler-
ating wave bucket. Here, we report the first (to our knowledge)
experimental observation of two distinct electron bunches in a
single laser shot, one featured with quasi-monoenergetic spectrum
and another with continuous spectrum along with large emittance.
The latter is able to generate high-flux betatron X-rays. Such is
observed only when the laser self-guiding is extended over 4 mm
at a fixed plasma density (4 x 10'® cm~3). Numerical simulation
reveals that two bunches of electrons are injected at different
stages due to the bubble evolution. The first bunch is injected
at the beginning to form a stable quasi-monoenergetic electron
beam, whereas the second one is injected later due to the oscilla-
tion of the bubble size as a result of the change of the laser spot
size during the propagation. Due to the inherent temporal syn-
chronization, this unique electron—-photon source can be ideal for
pump-probe applications with femtosecond time resolution.

ynchrotron light sources are powerful in generating bright

X-rays for a wide range of applications in basic science, medi-
cine, and industry (1). However, these machines are usually large
in size and expensive for construction and maintenance and are
thus unaffordable to many would-be users. With the advent of
tabletop ultrashort and ultraintense lasers, laser plasma accel-
eration (LPA) proposed by Tajima and Dawson (2) has dem-
onstrated its great potential as a compact accelerator and X-ray
source. Significant progress in LPA was made in the last decade
(3-11): Well-collimated (approximately millirad) quasi-mono-
energetic electron beams were first observed in 2004, and the
electron energy above gigaelectronvolts over centimeter-scale
acceleration lengths were demonstrated in several laboratories in
the last few years.

While accelerating longitudinally in the laser wakefield, the
electron beams also oscillate transversally (wiggling motion) due
to the transverse structure of the wakeficld, which emits well-
collimated betatron X-rays (12-14). Among several mechanisms
to generate X-ray radiation from laser—plasma interactions (15—
20), betatron radiation is straightforward and able to deliver
larger X-ray photon fluxes per shot [~10® phs/shot (21)] and
higher photon energies [up to gamma rays (22)]. The betatron
oscillation frequency is given by w; = a)p(2y)’1/ 2 where o, is the
plasma frequency and y is the Lorentz factor of the accelerated
electron beam. For large-amplitude betatron oscillations (i.e.,
a few micrometers in size), the resulting broadband spectrum
extends up to the critical frequency of @, ~ 2y wp, after which it
drops exponentially. The radiation is emitted in the forward
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direction within a cone angle 6 ~ K/y, where K is the strength
parameter of the plasma wiggler given by K = 2xn(yro)/4, =
1.33 x 107'%"%n,"*[cm~Jro[um], and 4, is the betatron wavelength.
The average photon number with mean energy e, emitted by an
electron is given by N, = 5.6 x 107 N,K, where Nj; is the number
of oscillation periods. Many experiments (11, 21-25) have been
carried out to enhance the radiation flux, for example, to in-
crease the electron charge, the electron energy, the oscillation
amplitude 7y, and oscillation period Ny through extending the
acceleration length. However, these experiments have shown
that the improvement of the betatron X-ray flux is generally
accompanied by a loss of electron beam quality. For example, as
mentioned above, because N, « ry, the increasing of ry is con-
sidered an efficient way to enhance the X-ray flux, but this results
in a larger electron emittance and energy spread.

Results

In this paper, we demonstrate the simultaneous generation
of quasi-monoenergetic electron beams and collimated high flux
X-ray sources from multiple injections in self-injected laser wake-
field acceleration on a 100-TW laser system using 1-cm-long
helium gas jet. Two sequentially injected bunches of electrons
are observed in experiment, where the first bunch forms a quasi-
monoenergetic spectrum around 0.46 GeV with <9% energy
spread and the second bunch contains more electrons but forms
a broad spectrum with highest energy up to 1.4 GeV. Such
energy is beyond the energy gain estimated by the usual dephasing
limit (12). A betatron X-ray flash, which had 4.5 x 108 photons per
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shot and with critical photon energy ~15 keV, was generated si-
multaneously at a fixed plasma density (4 x 10'® cm™). This is
higher than the density matched to the blowout regime (26).
Two-dimensional particle-in-cell (2D-PIC) simulations illustrate
that the experimental observation can be attributed to sequential
injections of two electron bunches as the plasma channel length
increases. The first injection is found at an early time, which fi-
nally forms a stable quasi-monoenergetic electron beam. The
second bunch, which contains more electrons, is injected at
a later time and produces a continuous spectrum. As the in-
teraction length gets longer, the second beam is accelerated to
the gigaelectronvolt level, and the large transverse oscillation
amplitude, which is triggered by the oscillation of the laser spot
size, results in enhancement of the bright betatron X-ray flux.

The experimental setup is shown in Fig. 1. The laser pulses
from a 100-TW laser system are focused on a helium gas jet
nozzle (see Materials and Methods for details) to create a fully
ionized plasma and to excite a relativistic wakefield (plasma
wave) that self-traps and accelerates electrons. Because the
critical laser power for relativistic self-guiding in the plasma is
given by P.(GW)=17.70 /0, at the plasma density of 4 x
10'8cm™ that was used, our laser pulses were well above the self-
guiding threshold (P = 100 TW = 13 P,,) and can be self-guided
over a long distance (>1 cm = 10zg) (27). The dephasing length
for the accelerated electrons Ld~/13 /43 is 7 mm at the above
density for 800-nm laser wavelength.

Fig. 24 shows a well-collimated (~4 mrad) quasi-mono-
energetic electron bunch at 180 MeV (AE/E ~ 10%) that con-
tains 5 pC of charge (see Materials and Methods for calibration
references); the electron bunch is observed for ~2-mm channel
length, as shown in Fig. 2F. Betatron radiation was not observed
in this case. As we increased the incident laser power, the ob-
served channel length was increased to ~4 mm (Fig. 2G). In the
meanwhile, the energy of the quasi-monoenergetic electron
bunch approaches 290 MeV (AE/E ~ 20%) and a low-energy
second bunch starts to appear in the spectrum (Fig. 2B). In this
laser shot, a weak betatron radiation signal of 2.7 x 107 photons
(E. ~ 15 keV) also appears. For a longer channel of 6 mm re-
alized by further increasing the laser power (Fig. 2H), the max-
imum energy of the second electron bunch surpasses the first
bunch. From the Fig. 2 C and K, the two electron bunches
overlap in the energy spectra but are still distinguishable, with
central energy ~0.43 GeV for first electron bunch and the maxi-
mum energy up to 0.6 GeV for the second one. Correspondingly,
the betatron radiation becomes much brighter; 1.2 x 10® photons
are detected in this shot. As the laser-plasma channel length

‘@\“ Top-view CCD Thomson scattering

Fig. 1. Schematic of the experimental setup. All image plates were wrap-
ped with 25-pm Al foil. A 1.5-mm-thick Beryllium vacuum window was set
100 cm away from the gas jet to seal the vacuum. The Lower Right Inset
shows a Thomson scattering image of the plasma channel.
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reaches 9 and 10 mm as shown in Fig. 2 I and J, the electron
bunches accelerated beyond 1 GeV contain 60 and 90 pC of
charge, respectively, as shown in Fig. 2 D and E. Inset 1 of Fig. 2K
shows the cutoff (maximum) energy are up to 1.2 and 1.4 GeV
with uncertainty of 0.1 GeV at 9- and 10-mm channel lengths,
respectively. The energy spectra of these two bunches are obvi-
ously broad, however, with peaks around 0.5 and 0.35 GeV, re-
spectively. Inset 2 of Fig. 2K is a typical X-ray beam image with
different filters. Considering the attenuating filters between the
gas jet and the X-ray detector, the critical energy of the observed
betatron radiation (at image plate 3) was around 15 keV (Materials
and Methods). Moreover, the betatron radiation increases its
brightness with the channel length, which is measured with flux
of 2.7 x 10® and 4.5 x 10® photons and divergence angles of ~5
and 7 mrad, respectively, for the channel lengths of 9 and 10 mm.
These yields of hard X-ray photons represent a ~10-fold enhance-
ment compared with earlier reports (21).

Simulations

To further understand our experimental results, 2D-PIC simu-
lations have been carried out (Materials and Methods) using
similar laser and target parameters. Different normalized laser
amplitudes ay = 2.3~3.8 have been set in the simulation, corre-
sponding to the peak laser intensity of 1.1 x 10" to 3.0 x 10"
W-cm™. When a, = 2.3, only one electron bunch was injected
into a stable bubble to form a quasi-monoenergetic electrons
beam. With the increase of ay, the second electron injection
starts to appear. Our simulation illustrates comprehensively the
injection and acceleration processes, as shown in Fig. 3 for the
electron density (Fig. 3 A-D), the longitudinal wakefields and
trapped electrons in the longitudinal phase space (Fig. 3 E-H),
and the longitudinal profiles of the laser field (Fig. 3 I-L). At the
beginning (Fig. 3 A and E), a bubble structure surrounded by
a high-density sheath of compressed electron fluid is formed
immediately behind the laser pulse (28, 29). A bunch of electrons
is self-injected and accelerated to ~300 MeV with a narrow
energy spread due to the beam-loading effects. At this stage, the
bubble structure remains intact and stable, allowing the first
bunch to obtain stable acceleration with small-amplitude beta-
tron oscillations. As the laser pulse propagates further into the
plasma (Fig. 3 B and F), the first bunch is now quasi-mono-
energetic with a higher energy.

During the laser propagation, the laser pulse front begins to
steepen due to the relativistic self-phase modulation and the
high-density sheath at the front of the laser pulse (30), as shown
in Fig. 3 I-L. This steepening in turn leads to a notable increase
in the plasma wave amplitude and wavelength, which results in
stretching and broadening of the bubble structure as shown in
Fig. 3 C and G at 11.7 ps. At this time, the second wave bucket
in the wakefield begins merging with the first bubble to form one
large bubble. During this merging process, a second bunch
containing more electrons is injected into the large bubble and
accelerated to an even higher energy than the first bunch, as
shown in Fig. 3 D and H. At this time, the first quasi-mono-
energetic bunch is in the decelerating phase and its maximum
energy is reduced. Comparing the simulation in Fig. 3 D and A4,
the elongation of plasma wavelength during the bubble evolution
makes the dephasing length for the second-injected electron
bunch much longer (>1 cm), leading to the higher energy than
the normal dephasing limit. In the experiment, we have our laser
pulse guided for 1 cm; therefore, a 1.4-GeV maximum electron
energy gain is reasonable. This corresponds to the acceleration
gradient (1.4 GV/cm) achieved for electrons. Interestingly, the
second bunch strongly oscillates up and down at the tail of
the large bubble with amplitude as large as about 4 pm, relative
to the first electron bunch that experienced negligibly small
transverse oscillations (~0.4 pm). The betatron oscillations can
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Fig. 2. Accelerated electron beams, betatron X-rays and plasma channel measurement. A—E show the spectrum characteristics of the electron beams and the
betatron X-ray beam profiles on image plate 3. F-J show the corresponding Thomson scattering images obtained from the top view CCD for the nozzle (F-J).

The normalized peak laser amplitude ag in the experiments is 2.6 for A and F,

2.8 forBand G, 3.1 for Cand H, 3.3 for D and /, and 3.6 for E and J, respectively. K

is the deconvoluted spectra of electron energy for different channel lengths, where Inset 1 is the cutoff (maximum) energy spectra of the electrons accel-
erated beyond 1 GeV. Inset 2 in K is a typical X-ray beam image with different filters, including 78-um Al (1), 250-um Al (I1), 129-um Ti (lll), 264-um Ti (1V), 130-

pum Cu (V), and 56-um W (VI).

be found in Fig. 3 C and D and are traced in Fig. 4 as explained
in the following.

Discussion

To understand the injection mechanism for the second electron
bunch and the occurrence of the betatron oscillation, we have
examined the evolution of the laser spot size from numerical
simulations. As shown in Fig. 4, the laser spot size is slowly self-
focused to a minimum value at the beginning and then defocused
and so on. This kind of oscillation of the laser spot size is typical
when the initial matching condition between the laser spot size
and the laser amplitude kpR~kpw=2a(1)/ * is not satisfied (26),
where k, is the plasma wave number, R is the bubble radius, and
w is the laser spot size. However, a distinct feature appears later
at t = 8 ps when the oscillation period of the laser spot size
reduces dramatically from 5 to 0.8 ps. Approximately at this
time, the injection of the second bunch starts to occur. We call
this new injection mechanism “oscillating bubble injection”
(OBI) because the laser spot size oscillation causes the trans-
verse oscillation of the bubble. During the OBI, the bubble os-
cillation can effectively couple to the transverse motion of the
second electron bunch by the restoring force in the plasma
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bubble, starting a betatron resonance. As a result, the betatron
transverse oscillation period coincides with the laser spot oscil-
lation period at the beginning of injection. The OBI electrons
are injected continuously, resulting in a broad energy spread.
Meanwhile, the strong betatron oscillations of the OBI electron
bunch lead to the generation of high-flux betatron radiation.
These simulation results agree well with the experimental
results for both the electron energy spectra and corresponding
betatron characteristics for X-ray emission. As illustrated in Figs.
2 and 3, our numerical simulation and experiment show quite
similar features for the generation and evolution of the produced
two electron bunches. The first electron bunch is generated and
accelerated at the early stage with a quasi-monoenergetic peak
(see Fig. 2 A and B for experiment and Fig. 3 E and F for sim-
ulation), which also experiences deceleration or dephasing at the
later stage (Figs. 2 C-E and 3 G and H), whereas the second
electron bunch emerges through OBI when the laser pulse starts
to evolve violently with its transverse profile oscillating quickly
after propagating over 4 mm (see Fig. 2B for experiment and Fig.
3F for simulation). Because of this oscillation, the transverse
momentum of the second bunch is much larger than the first
bunch, resulting in a larger divergence angle as observed in the
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experiment (Fig. 2F). During the first bunch dephasing, the
second bunch is still in its acceleration phase and finally results
in a much higher energy. The energy evolution of two electron
bunches is summarized in Fig. 5, both for experiment and sim-
ulation (Inset of Fig. 5), and good agreement is evident. There-
fore, the OBI mechanism can explain well the second electron
bunch and corresponding high-flux betatron radiation observed
in the experiment.

It is experimentally demonstrated that the second injected
electron bunch is correlated to the emergence of intense beta-
tron X-ray emission. Fig. 5 shows the X-ray photon flux mea-
sured in the experiment and calculated for small (0.4-pm) and
large-amplitude (4-pm) betatron oscillations related to the first
and second electron bunches correspondingly. The calculated
photon number from different amplitudes can be deduced as
mentioned in the introduction: The X-ray photon number is
given by N,;, = N, X N,, where N, is the electron number con-
tribution to the radiation. Let us take laser-plasma channeling
length L = 10 mm as an example. For the small amplitude, taking
70 = 0.4 pm from simulation and y = 700, n, = 4 X 10" cm™3 from
experiment, the plasma wiggler strength parameter K = 2n(yro)/
A» = 2.7, where betatron wavelength 4, = (27)"?2, = 636 pm, the
number of betatron oscillations executed by an electron in ion
channel Ny = L/4;, = 14. The charge of the quasi-monoenegertic
electron bunch (35 pC) in experiment corresponds to 2 x 10°
electrons. So the average number of photons can be calculated to
be N, = 4.5 x 107 photons. For the large amplitude, taking ry =
4 pm from simulation at this position and y = 2,800, n, = 4 X
10" cm™3 according to the experiment, we obtain K = 56.3, 4, =
1,272 ym, Ny = 7. The calculated photon number is N, = 4.6 x
10® with the same experimental electron charge. As shown in
Fig. 5, measured and calculated (for 4-um amplitude) photon
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flux increase monotonically following the evolution of the second
electron bunch. The calculated flux (green dashed line) for 0.4-pm
amplitudes is far lower than what we observed experimentally. The
results in Fig. 5 clearly show that intense and highly collimated
X-ray emission can be ascribed mainly to the second-injected
electron bunch due to its high-energy and large transverse
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Fig. 4. The time evolution of the laser beam size and the transverse elec-
tron oscillations. Initially, the laser spot oscillates slowly until around t = 8 ps
when the oscillation period drops dramatically. The injection due to the
oscillating bubble (for the second electron bunch) starts afterward, which is
accompanied by the resonantly enhanced transverse oscillations of the
trapped electron bunch (blue curve).
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oscillation amplitude. Moreover, based on the simulation, one
may estimate the pulse duration of the betatron radiation to be
around 30 fs, which is the beam length of the high-energy part of
the second electron bunch, as shown in Fig. 3. The simulation
reveals that the source size estimated from the amplitudes of the
electron oscillation is ~6 pm. Hence, the peak brightness of the
betatron source is 1.2 x 10> photons-s™"-mm~%mrad=2-(0.1%)
bandwidth™".

In conclusion, we have reported experimental observation of
simultaneous generation of two energetic electron bunches and
bright betatron X-ray emission. The two electron bunches have
distinct features, one with a quasi-monoenergetic peak at about
300 MeV and another with a continuous spectrum extending up
to over 1 GeV and with a large divergence angle. The betatron
X-ray emission is associated with the second electron bunch
emerging at later time when significant evolution of the laser
pulse appears. The violent oscillations of the laser spot size lead
to OBI, which produces the second electron bunch with large
betatron oscillation amplitudes for bright betatron X-ray radia-
tion. Our results suggest a way toward the concurrence of high-
quality monoenergetic electron beams and bright betatron X-rays
in a single-shot laser wakefield accelerator. This is potentially
interesting for “single-shot” ultrafast X-ray/electron pump-probe
applications, such as phase contrast imaging, X-ray absorption
fine structure, and X-ray diffraction studies of warm dense
matter with femtosecond time resolution.
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Materials and Methods

Laser System. The experiments were performed at the Jupiter Laser Facility,
Lawrence Livermore National Laboratory, using the Callisto laser system. This
Ti:sapphire system can delivers up to 200 TW in power in a 60-fs laser pulse at
the central wavelength 1o of 806 nm. The laser pulse was focused with an
/12 off-axis parabolic mirror to a vacuum spot of 18 pm in diameter with
35% energy contained at the full width at half-maximum (FWHM). During
the experiments, the peak laser power ranged from 60 to 155 TW on the
target. In the focused region, the laser intensity was / = 1.1 x 10" to 3.0 x
10" W-cm~2, which corresponded to the normalized vector potential ag =
2.3~3.8, where ap = 8.6 x 107'° A[um]/"2[W/cm?].

Gas Jet. A supersonic helium gas jet nozzle was used, which is commercially
available (31). It has a rectangular shape of 10 mm in length and 1.2 mm in
width, capable of produces a supersonic gas flow with a Mach number ~5.
The gas densities generated from the gas jet were characterized using fluid
dynamic calculations from the manufacturer (31). The gas jet can generate
well-defined uniform gas density profiles in the range of 1 x 10'® ~ 3 x
10" cm~3 by changing the helium stagnation pressure. The laser was fo-
cused in vacuum at the front edge of the nozzle and at the height of 2 mm
above the nozzle.

Diagnostics of Electron Beams and X-Ray Radiation. A 16-cm-long 0.98-T dipole
magnet, which was centered 112 cm from the exit of the gas jet, was set to
disperse the electron beams. Four image plates (Fuji BAS-SR) were arranged as
shown in Fig. 1. Image plate 1 was placed to get the profile information of
the electrons without the magnet. Image plate 2 was pasted on the side of
the magnet to measure the electron energy spectrum from 6 to 100 MeV.
Image plates 3 and 4 were located at 155 and 205 cm away from the exit of
the gas jet, respectively, which provided unambiguous energy spectrum
measurement of the high-energy electrons (8, 32). A 1.5-mm-thick Be-win-
dow was used to seal the vacuum. This setup provided a total error in energy
of 2.5% at 500 MeV. The published calibration of the image plate’s photo-
stimulated luminescence provided information on the electron beam charge
and the betatron photon flux (33, 34). Various filters (1.5-mm-thick Be-
window, 30-um Al foils, 350-pm-thick image plate, and 55-cm air) between the
gas jet and image plate 3 allowed the detection of X-ray photons of >7 keV in
energy. To obtain the critical energy of the X-rays, we use the calculated
transmission of X-rays through the different metal filters with a least
squares (23). To monitor the interaction volume, a charge-coupled device
(CCD) with a low-pass filter was used to observe harmonic emission of the
target. This device measured the Thomson scattering to determine the
interaction position and the time-integrated plasma channel length.

Particle-in-Cell Simulation. The 2D-PIC simulations were performed using
parameters that matched the experimental values with the code OOPIC,
where a p-polarized laser pulse with duration of tpwum = 60 fs was focused
into a pure gas target with a focal spot size of wy = 18 um. A laser pulse with
a normalized peak electric field of ag = 2.3~3.8 was launched at the entrance
of the plasma of uniform helium density at 4 x 10'® cm™3. The laser pulse
was assumed to have a perfect transverse Gaussian-shaped envelope.
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