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Laser-Accelerated, Low-Divergence 15-MeV Quasimonoenergetic Electron Bunches at 1 kHz
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We demonstrate laser wakefield acceleration of quasimonoenergetic electron bunches up to 15 MeV
at 1-kHz repetition rate with 2.5-pC charge per bunch and a core with <7-mrad beam divergence.
Acceleration is driven by 5-fs, <2.7-mJ laser incident on a thin, near-critical-density hydrogen gas jet. Low
beam divergence is attributed to reduced sensitivity to laser carrier-envelope phase slip, achieved in two
ways using gas jet positon control and laser polarization: (i) electron injection into the wake on the gas jet’s
plasma density downramp and (ii) use of circularly polarized drive pulses. These results demonstrate the
generation of high-quality electron beams from a few-cycle-pulse-driven laser plasma accelerator without

the need for carrier-envelope phase stabilization.
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I. INTRODUCTION

There is a large demand for high-energy electron beams
with a wide range of parameters for various applications
in science, industry, and medicine [1,2]. Laser wakefield
acceleration (LWFA) in plasmas [3,4] could potentially
replace conventional accelerators for some of these tasks
and open up new applications due to their compact foot-
print and bright, ultrashort bunches [5]. In the past two
decades, advances in peak laser power [6], along with new
laser plasma interaction targets [7], have led to the evolution
of accelerated electron bunches from wide-divergence, tens-
of-MeV thermal spectrum beams [8,9] to ~100-MeV
quasimonoenergetic low-divergence beams [10-12] and,
most recently, quasimonoenergetic bunches up to 8 GeV
[13]. The goal of many recent experiments [7,14-16] is
multi-GeV electron bunch energies in a single acceleration
stage; this requires low plasma densities (N, /N, < ~1073,
where N, is the critical plasma density) to mitigate
dephasing, and high laser pulse energy of at least several
joules. Consequently, such experiments are limited to a low
repetition rate (<10 Hz) with current laser technology.

For many applications, electron bunch energy in the
approximately ~1-20 MeV range is of interest, where the
main challenges are increasing the repetition rate and the
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bunch charge and improving the energy spread, emittance,
and laser-to-electron energy conversion efficiency. Early,
low-repetition-rate LWFA experiments applied few-MeV
thermal bunches or their bremsstrahlung gamma rays to
radiography [17-20]. More recent kilohertz-repetition-rate
LWFA experiments have used the generated ~100-keV
beams for electron diffraction [21], and there are proposals
to use kHz LWFA sources for electron diffraction at MeV
energies [22]. A high-repetition-rate quasimonoenergetic
multi-MeV electron beam source would benefit all such
applications while enabling improved data statistics.

In recent years, multiple groups have generated kilo-
hertz-repetition-rate electron bunches using various laser
interaction targets. The use of liquid or solid targets has led
to large divergence <3-MeV thermal beams which counter-
propagate with respect to the incident laser pulse [23,24].
In experiments using subcritical-density gas targets, focus-
ing 10-mJ laser pulses on the density downramp of an
argon or helium jet led to ~100-keV, 10-fC electron
bunches [25]. The use of near-critical hydrogen and helium
jets by our group enabled relativistic self-focusing of 10-
mJ-scale laser pulses and led to the first demonstration of
>MeV bunches from gas targets at a kilohertz repetition
rate [26]. However, because our laser pulse width was
several times the plasma period, these electrons were
accelerated in the self-modulated laser wakefield (SM-
LWFA) regime, giving a large thermal energy spread with a
wide FWHM beam divergence 0Oy, ~ 200 mrad. More
recently, the first kilohertz-repetition-rate experiments to
use few-cycle drive pulses (f/2 focusing of 3.4-fs,
<2.5-mJ pulses onto a high-density nitrogen gas jet) have
led to the acceleration of quasimonoenergetic <5-MeV,
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O4iy ~ 45 mrad bunches, with electron injection from ion-
ization of He-like nitrogen (N>*) [27-29].

In this paper, we describe experiments in which
we generate up to 15-MeV quasimonoenergetic low-
divergence electron bunches using few-cycle, low-energy
(r ~5 fsFWHM, 2.2-2.7 mJ) laser pulses interacting with
near-critical-density hydrogen jet targets in the bubble (or
blowout) [30,31] regime. Control of the laser’s polariza-
tion and focal position in the gas jet can tune the electron
beam’s energy, divergence, and transverse profile. Under
optimized conditions using circularly polarized drive
pulses, we obtain quasimonoenergetic electron beams
with energy E, ~ 15 MeV and Ay, <7 mrad FWHM
divergence. Crucial to achieving high energy and low
divergence are a longer laser-focusing geometry enabled
by reduced ionization-induced refraction by the H, gas
target and use of circular polarization, which strongly
mitigates the deleterious effects of the few-cycle drive
pulse’s carrier-envelope phase (CEP) slip on the bubble
dynamics and accelerating field.

Vacuum pump

Hollow core fiber

II. EXPERIMENTAL SETUP

The few-cycle, non-CEP-stabilized, LWFA drive pulse is
generated by guiding and self-phase modulation (SPM) of a
35-fs FWHM, <6-mJ, 4 = 800 nm Ti:sapphire laser pulse
in a 2.5-m-long, 500-ym-inner-diameter hollow core fiber
(HCF) with helium gas injected near the fiber exit and
pumped out near the entrance [32]. See Fig. 1(a). Before
injection into the HCEF, the pulse polarization is adjusted by
a quarter wave plate where, depending on the input
ellipticity, the HCF exit spectrum [Fig. 1(b)] can reach
~200 nm FWHM with a central wavelength 4, ~ 650 nm.
After propagation through a chirped mirror compressor
(90% throughput) and a pair of wedges for fine-tuning the
pulse length [48], the beam is directed into the experimental
chamber. The pulse loses more than half of its energy
through leakage from the HCF and losses from the
compressor, beam routing mirrors, and windows.
Ultimately, 2.2-2.7 mJ in a 5-fs FWHM pulse [49] is
focused by an f/6.5 off-axis paraboloid to a 4.5-um
FWHM intensity spot, giving a confocal parameter 2z, ~
100 ym and a peak vacuum intensity 2.3 x 10'® W/cm?
(peak normalized vector potential a, = 0.9). A reflection at
the wedges is used as a probe for interferometry and
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Experimental setup. (a) Laser pulses with few-cycle duration, generated through a hollow core fiber (HCF) and a chirped

mirror compressor, are used to drive electron acceleration from a near-critical-density hydrogen jet target. A probe pulse split from the
main drive pulse is used for (b) probing of the few-cycle pulse interaction with the jet and (c) interferometric measurement of the jet
density. The white arrows show the drive beam propagation direction, the white dashed lines [(b)] indicate the laser beam 4¢~> Gaussian
intensity envelope, and the red dashed lines [(c)] show the density FWHM contour. (d),(e) Sample electron beam profile and energy
spectrum as imaged on the LANEX screen. (f) HCF output spectrum as a function of input polarization (input energy 6 mJ). Elliptical
input polarization (¢ = 0.5) generates the broadest output spectrum, which is near-circularly polarized. LP beams are polarized left-right
in electron beam profile and spectrum images such as (d) and (e).
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shadowgraphy of the gas jet target and the laser-target
interaction.

The near-critical-density jet is produced by feeding high-
pressure hydrogen gas through a solenoid valve to a Mach
2.9 supersonic nozzle with a 100-ym-diameter throat. The
near-Gaussian gas density profile, measured with the probe
pulse, is shown in Fig. 1(c). In the laser beam path
~100 ym above the nozzle orifice, the jet is ~150 ym
FWHM with a peak H, density adjusted in the range
N,, = 1.0-1.7 x 10 cm™3. When fully ionized, this
yields electron density in the range N,/N,, = 0.08-0.13(+
~15%), where N =2.64x 10°! cm™ is the critical
plasma density at Ay = 650 nm. Earlier versions of this
gas jet [50] were used to generate near-critical-density
targets for experiments in the SM-LWFA regime
[26,51,52]. For the conditions of this experiment, we
observe electron beams only from hydrogen jets. No
comparable electron beams are observed using other gases
(He, N,, and Ar), for which our particle-in-cell (PIC)
simulations [32] and interferometric images show that
ionization-induced defocusing refracts and distorts the
pulse before the onset of relativistic self-focusing.
Tighter focusing at f/3.2 partially mitigates ionization
defocusing but leads to electron beams with lower energy
and higher divergence [49]. Here, the 10'* W/cm? ioniza-
tion threshold of hydrogen leads to saturated ionization of
the target well into the transverse wings of the pulse’s
leading edge, mitigating ionization-induced refraction and
enabling the use of longer f/6.5 focusing, promoting
greater acceleration in the longer laser-plasma interaction
length.

For electron energy spectrum measurements, three dif-
ferent sets of permanent magnet dipoles with magnetic field
0.087-0.35T were used between the jet and a LANEX
fluorescing screen (located 30 cm beyond the jet), which
was imaged by a low-noise CCD camera. Full electron
beam profiles were measured by translating the magnet out
of the beam path. Figure 1 shows the magnetic spectrom-
eter [Fig. 1(a)] and examples of an electron beam profile
and energy spectrum [Figs. 1(d) and 1(e), respectively].

The radiation dose from the electron beam measured in
the forward direction, from bremsstrahlung conversion in
the aluminum and lead beam dump, was >1 urad per shot
for the highest-energy electron bunches (£, ~ 15 MeV)
measured in the experiment. To avoid high dose accumu-
lation at the kilohertz pulse repetition rate of the laser,
we opened the gas jet’s solenoid valve for a 10-ms interval
every 2 s. In addition, when generating >10-MeV electron
bunches, we used a chopper in the laser beam path to lower
the pulse repetition rate to 100 Hz. The accelerator average
repetition rate to was thus lowered to 0.5 Hz, reducing the
accumulated dose by 2000x. To assess the effect of
continuous operation at 1 kHz, we opened the valve for
1-s intervals, during which the chamber background
pressure rose from 20 to 150 mTorr. To keep radiation

low, ten shot bursts were collected every 0.1 s over this
interval, over which the electron beam profile shape,
pointing, divergence, and quasimonoenergetic energy spec-
trum remained consistent, with the main effect being a
~60% reduction in charge per shot after 0.5 s, after which it
stabilized. This result is consistent with our prior high-
repetition-rate results in the SM-LWFA regime [26], where
the main effect of increasing background pressure (up to
20 Torr) was bunch charge reduction.

The maximum pulse energy injected into the HCF is
limited by the critical self-focusing power and the ioniza-
tion threshold of the gas flowing in the fiber, here helium.
Excessive ionization of He leads to significant blueshifting
of the spectrum [53], increased coupling and guiding
losses, and deterioration of the spectral phase, making
compression to few-cycle pulse widths difficult. The high-
est input pulse energy is set near the threshold at which
filamentation in He is observed at the fiber entrance.
Circularly polarized (CP) pulses have a higher tunneling
ionization threshold than linear polarized (LP) pulses, so it
is typical to inject gas-filled hollow core fibers with higher-
energy CP pulses, generate a SPM-broadened spectrum,
and then convert the fiber output back to LP [48,54]. In our
experiment, we observe that the use of elliptically polarized
input pulses leads to larger bandwidth and, in turn, shorter
compressed pulses than with LP or CP input pulses, where
partial He ionization at the onset of filamentation plays a
role [55]. Figure 1(f) shows fiber exit spectra for a 6-mlJ
input pulse for a range of input polarization ellipticities e,
the ratio of minimum to maximum electric field in the
polarization ellipse. The largest output bandwidth occurs
for € ~ 0.5, where the output pulse has a double-hump
spectrum with ~200 nm bandwidth. In this case, the
ellipticity evolves during the pulse propagation in the
fiber [56], and we measure nearly CP output pulses,
€ ~0.9. Here, the shortest pulse duration after compres-
sion is 5 fs. For CP input pulses, the comparatively
smaller exit bandwidth precludes compression below
~T7 fs, and no significant electron acceleration is observed
with those beams. The Supplemental Material [32] shows
simulations of elliptically polarized input pulses evolving
to near-CP output pulses.

ITI. RESULTS AND DISCUSSION

We first examine the effect of laser focusing on electron
beam divergence. Here, the laser energy and plasma density
were both chosen to be on the low end of our parameter
range to promote self-focusing and wake generation on the
laser pulse exit side (downramp density side) of the
hydrogen jet. Figure 2(a) shows profiles of accelerated
electron bunches as a function of the jet center position
7 = zjr With respect to the laser focus (z = 0). Here, we
used 2.2-mJ, 5-fs LP drive pulses, with a peak electron
density at jet center of N, /N = 0.08, giving
(P/P)max ~ 2 for these conditions, where the minimum
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FIG. 2. Experimental conditions: 2.2-mJ, 5-fs LP drive pulse, peak jet plasma density N, eu/Ne = 0.08, (P/Per)max ~ 2
(a) Electron beam profiles, 8, and 6, lineouts, and Lorentzian fits for varying position of the jet center (zj,) relative to the laser beam
waist at z = 0 (ten-shot burst). The Lorentzian fit quality is reduced as the jet center moves closer to the beam waist, with rms fit
error G [32] shown in each panel. (b) PIC simulations [32], showing normalized laser vector potential a (color map and dashed white
line) overlaid on electron density. To illustrate plasma wave injection at locations progressively farther into the density downramp,
laser propagation is launched at beam waists located (i) 10 um past the jet center, (ii) 30 um past the jet center, and (iii) 50 pym past
the jet center. The horizontal scale is distance from the jet center. Simulation parameters: ao = 1, 5-fs LP drive pulse, peak plasma

density N, pea/Ner = 0.08, and jet FWHM 140 pm.

critical power for relativistic self-focusing is P min =
17.4(N¢t /N, peax) GW [57]. Images represent the average
of ten successive ten-shot bursts collected during a 10-ms
valve-opening time; these ten-shot bursts were quite stable,
with burst-to-burst pointing jitter as small as 2 mrad.
Starting at zjo, = —200 pm (vacuum focus 200 xm beyond
the jet center), we observed a barely detectable electron
beam (~10 fC) with a large divergence angle
(AGg4, > 50 mrad) and low energy (E, = 0.2 MeV).
Moving the jet forward toward the focus, Afg;, continu-
ously decreases to a minimum of 20 mrad [Fig. 2(a),
Zjee = —80 pm], where the laser waist is located near the
jet’s far side half-maximum density, generating ~2-pC,
~0.5-MeV quasimonoenergetic (QME) beams. Moving the
jet center closer to the beam waist, the divergence increases
again to Afg, ~ 34 mrad [Fig. 2(a), zjee = —40 um]. As
the jet is moved to the beam waist at zjc = 0, Afg;, and E},
continuously increase to >70—mrad and ~3-MeV QME
beams, but the total charge per shot drops and the beam
disappears as the jet center is moved past the beam waist
(Zje = +20 pm).

The simulations in Fig. 2(b) qualitatively explain the
trends as follows: When electron injection occurs in the

density downramp [58,59] (the half-peak density is at
z =70 pm), the laser spot w; matches the bubble radius,
w;~ Ry, = 2k,"\/a ~ 1.4 um [31], where k, is the plasma
wave number and a ~ 1.8 is the peak normalized laser
vector potential in the plasma. Here, the expansion of the
bunch in the downramp reduces its divergence [60,61]
[(i1)]. Further in the downramp [(iii)], injection occurs only
in the lower phase velocity second plasma wave bucket,
where the defocusing force behind the first bucket imposes
a larger beam divergence. Closer to the jet density peak,
self-injection from wave breaking becomes important [(i)],
which degrades bunch divergence.

The electron beam profiles shown in Fig. 2(a) are
an excellent fit to the 2D Lorentzian profile o, {1+
[(x = x0)/w.* + [(y = y0)/wy[?} ", where o, (x, ) is the
charge density on the screen,(xq, y) is the profile center,
and w, and w,, are the charge spread in each dimension. For
the images shown here, LANEX screen fluorescence is
linear in the local beam flux [32]. The goodness of fit is
quantified by the normalized rms error G [32] indicated in
Fig. 2(a), where it is seen that G deteriorates as the beam
waist moves closer to the jet center or past the midrange of
the downramp. We observe the Lorentzian charge density
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profile for almost any pulse energy and plasma density if
the jet center is located far enough upstream of the vacuum
focus. For the small transverse bunch size at the plasma exit
(~1-2 um), the transverse momentum distribution is
imprinted onto the beam spatial profile at the screen
according to x/L ~Ap./p| and y/L~Ap,/p;, where
L is the gas jet—screen distance. A Lorentzian
beam profile can be explained as the composition of several
Gaussian-distributed (in Ap, /p)) electron populations of
varying divergence. This explanation might be expected
from bunches accelerated by multiple plasma wave
buckets. Alternatively, we note that the electron bunches
generated by few-cycle pulses in near-critical plasma are
strongly correlated collisionless plasmas far from equilib-
rium and may follow a so-called x (“kappa”) momentum
distribution that would spatially imprint on the detector
screen as a Lorentzian profile [32].

For the short gas jet used in these experiments, higher-
energy electron beams require higher-energy laser pulses
driving higher-density plasma [consistent with the LWFA
nonlinear dephasing length [31] near peak density (here
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< ~50 ym)]. Figure 3 shows the electron bunch
profile and energy spectrum for higher-energy LP drive
pulses (2.6 mJ) and higher peak plasma density
(N peak/Nex ~ 0.12), giving (P/Py;) 0 ~ 3.5, where we
compare results for the vacuum beam waist positioned
near the jet center (zj; =20 ym) and in the density
downramp (zje; = —110 pm). As in the experiments in
Fig. 2, the electron bunch energy and divergence increase
for the vacuum beam waist near the jet center (here,
E, ~9 MeV, A#y, ~300 mrad, and charge ~1.7 pC)
with the energy dropping for the beam waist on either
side of it. Here, simulations show that the beam’s wide
divergence and non-Lorentzian profile (G = 0.14) result
from self-injection via catastrophic wave breaking. The
best pointing stability and lowest divergence occur for the
beam waist in the density downramp, where, for
Zjee = —110 um, we measure E, ~3 MeV, Abg,~
45 mrad, and accelerated charge of ~2.2 pC per shot.
Here, the beam profile is better fit by a Lorentzian
(G =0.05), but Ay, is larger than in Fig. 2’s case of
low pulse energy and low plasma density.
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FIG. 3. Experimental conditions: 2.6-mJ, 5-fs LP drive pulse, peak jet plasma density N, pca/Ner = 0.12, (P/Pe)ma ~ 3.5.
(a) Electron beam profiles for the vacuum beam waist near the jet center (zj,, = 20 pm) and in the density downramp (zje, = —110 pm).
(b) Corresponding electron bunch spectra and (c) shadowgraphic images, which show the beam focus near the jet center (bottom) and in
the downramp (top). The dashed white lines show the 4e~2 envelope of the vacuum beam. (d) Lineouts of angle-integrated electron
spectra of (b) on a linear energy scale. The resolution of the QME peaks is reduced by some penetration of high-energy electrons through
the spectrometer slit edges. The electron beam profiles and spectra are averages from ten-shot bursts.
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The results presented so far indicate that, for LWFA
driven by few-cycle laser pulses in near-critical plasma, the
price paid for high-energy electron bunches is larger beam
divergence. One potential source of divergence associated
with few-cycle drivers is presented in prior simulations
[62,63]: the CEP slip caused by the difference in the pulse’s
phase and group velocities in plasma. This difference
increases with plasma density and is significant in our
experiments. For a LP driver, CEP slip has the effect of
driving a transverse oscillation in the wake bubble along the

1000
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2000 4000 6000 8000 0

laser polarization direction, resulting in an asymmetric
acceleration field experienced by the electron bunch. This
effect suggests that a possible way to promote greater
symmetry is to use a CP driver pulse.

In Fig. 4, we show the result of using a CP 5-fs drive
pulse, for laser energy 2.7 mJ, N, pea/Ne = 0.10, and
(P/P)max ~ 3-1. As in the prior figures, we compare
acceleration for varying vacuum beam waist position with
respect to the jet center. Starting with the jet center far
upstream of the focus, zj = —130 um (or focus in the
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FIG. 4. Experimental conditions: 2.7-mJ, 5-fs CP drive pulse, peak jet plasma density N, peu/Ne = 0.10, (P/Pe)max ~ 3-1.
(a) Single-shot electron beam profiles for varying zj. The middle panel inset for zj; = —60 pm (near half-peak density in the
downramp) shows the electron ring image enhanced by 5x. (b) Corresponding energy spectra. (c) Energy spectra lineouts plotted on a
linear scale. (d) PIC simulation result for a CP pulse with injection near half-maximum density in the downramp. Electrons (magenta
dots) injected in the second bucket form a ring in the transverse plane (right) as they outrun the first bucket. The electrons in the ring have
a lower energy than those in the central spot (bottom left). Simulation parameters: pulse energy 2.7 mJ, pulse width 5 fs, vacuum spot
FWHM 4.5 ym, jet FWHM 140 pm, zj = —60 pum, and N,/N = 0.1.
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downramp), the beam has a 2D Lorentzian shape
(G =0.03), with a divergence significantly reduced to
Afy;, ~ 15 mrad, approximately 3x smaller than the LP
case. The bunch charge is ~9 pC and £, <5 MeV in anon-
QME spectrum. For zj; = —60 pm, the ~3-pC beam has a
tight central spot (Afy;, ~ 10 mrad) with a 9-MeV QME
peak with AE,/E, ~0.2, surrounded by a lower-energy
ring structure with a full width divergence of ~70 mrad.
The beam image is shown enhanced by 5x in the
inset.

The ring structure appears only with the CP driver.
Moving the laser beam waist further toward the jet center,
Zjey = —20 pm, the ring transforms into a ~50-mrad ped-
estal surrounding a central spot with A#y;, ~ 10 mrad.
Here, the bunch has a ~12-MeV QME peak with
AE,/E, ~0.25 and a total charge of ~3.5 pC. The
divergence of the central peak is approximately 30x
smaller than in the LP case.

We attribute this dramatic reduction in electron beam
divergence for a CP driver to reduced laser-induced
distortion of the first LWFA bucket (bubble) following
the laser pulse. As mentioned, prior simulations [62,63]
show that a few-cycle LP driver pulse oscillates the
bubble along the laser polarization direction, distorting
the bubble’s accelerating field and the accelerated bunch.
This effect is quite different from the case of hosing
instability with many-cycle pulses, where the ponder-
omotive potential driving the wakefield is similar for LP
and CP pulses. The few-cycle effect is enhanced by the
large laser redshift and the plasma’s negative group
velocity dispersion, which causes the laser field to slip to
the back of the first bucket and even into the second
bucket.

To visualize the effects of a few-cycle driver on the
bubble and its accelerating field, Fig. 5 shows the results of
simulations contrasting LP and CP pulse interaction with a
neutral H, jet, with the beam waist at the jet center, and
using our experimental parameters (see the figure caption).
Figure 5(a) plots the time evolution of the normalized
bubble centroid position (X/R,,y/R,) in the transverse
plane. Here, (x,y) =T, and R, are given by {F,R,} =
Jdéd’r {x . |r [IN,(r )] [déd’r N, (r,.&)]"", where
R, is the mean bubble radius, £ is the local position
coordinate along the propagation direction in the PIC
simulation’s moving window, and the integration limits
encompass the full volume of the leading wakefield bucket
[32]. It is seen that the LP-induced bubble centroid
dominantly oscillates along the laser polarization (y)
direction, with negligible perturbation along x, while, for
CP, the centroid follows a relatively tighter spiral. The
centroid excursion is always significantly less for CP, with
19|cpmax/|¥|Lp.max < 0.3. In another view, Fig. 5(b) plots
X/R, and y/R, vs time, showing the z/2 out-of-phase
x and y oscillations induced by CP. The bubble centroid
oscillation is caused by the slip of the laser pulse envelope

with respect to the laser field oscillations [62,63]—the CEP
slip—and manifests as a bubble modulation frequency
Aw,,/wy~ (v, —v,)/c, where o, is the laser central
frequency and v,, and v, are the phase and group velocities,
respectively, in the plasma. The CEP slip gives a bubble
modulation period Ty = 27/Aw,, ~ (Net/No) Tiasers
where T, = 27/wq is the laser period. The modulation
period in Fig. 5(b) is @y Tpupp ~ 60, giving Thupp ~ 9.3 T 1asers
in good agreement with the density used in the simula-
tion, Nee/ N peak ~ 9.1

The more confined CP-induced spiral motion of the
bubble centroid [Fig. 5(a)] is suggestive of a more
symmetric accelerating structure compared to the LP case,
where the bubble is driven primarily along one transverse
axis. To see the effect of transverse bubble motion on bunch
acceleration, we plot in Fig. 5(c) the average axial field
(E.(0,0,£)) in the accelerating phase of the propagating
bubble as a function of time, where the average is taken
from maximal negative E, to E, = 0. The open circles
denote the times in the bubble evolution after the onset of
bunch injection and acceleration. The LP-induced bubble
oscillations clearly result in significantly more (E.) modu-
lation, which is coupled to greater modulation in the
bubble’s focusing field E | and affects the perpendicular
bunch momentum p,. The top panels in Fig. 5(d) show
electron bunch transverse profiles at @yt = 2000
(z = 80 um) for energy >2 MeV; the bottom panels show
corresponding x and y lineouts. For CP, the simulation
shows a tight central feature surrounded by an electron
ring, while the LP result shows a beam mainly elongated
along the laser polarization direction (y), with significant
spreading also along the orthogonal direction (x). The
divergence angles A6, and A@, are determined from
a sequence of beam snapshots, which give A0S =
9 mrad and AL > 60 mrad calculated from Afg, =
[(AG? + AG%)/2]'/2. These results are consistent with the
experiment. We note that, for LP as opposed to CP, laser-
driven electron loss from the simulation window renders
A0 an underestimate. The associated movies of trans-
verse beam evolution under CP and LP are shown in
Ref. [32], where the ring beams in the CP case are seen to
result from spiral motion of accelerated electrons. In
general, we do not experimentally observe strong beam
asymmetry along the LP polarization direction (left-right in
the experimental electron beam and spectrum images) as
might be intuited from the simulation in Fig. 5(a).
Figure 5(d) shows that bunch electrons also experience
significant bubble field perturbations orthogonal to the LP
direction. In addition, the strong jet density gradient
orthogonal to the LP direction may stretch the electron
beam in that direction as the laser and trailing wakefield
slightly refract.

One scenario for electron ring formation in Fig. 4(a) is
shown in the particle tracking PIC simulation in Fig. 4(d),
where density down-ramp-injected electrons in the second
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FIG. 5.

Simulation parameters: LP or CP, 2.7 m], 5 fs, 15 = 650 nm, vacuum spot FWHM 4.5 ym, jet 140 um FWHM,

N,/Ng = 0.11, and center of neutral hydrogen jet placed at the beam waist (zjx = 0). (a) Normalized bubble centroid position
(X/Ry.¥/R;,) in transverse plane v. time. CP = circular polarization, LP = linear polarization. Numbers near points are values of .
(b)x/R;, and y/R,, vs time, showing the CEP slip-induced bubble centroid oscillations (see the text). (c) Average axial field (E.(0, 0, &))
in the accelerating phase of the bubble vs time for CP and LP pulses. The open circles are for times after electron injection and before
bubble breakup. (d) Top: electron beam profiles (>2 MeV) at wyt = 2000 from CP and LP pulses, where the bunch is near z = 80 pym.

The rms beam divergence Afyg;,
is y (up-down).

bucket are driven in spiral orbits by the delayed and
redshifted portion of the CP laser pulse, outrun the back
of the first bucket, lose energy by dephasing, and are driven
out transversely. The initial symmetry of the secondary
bunch driven by CP is responsible for the ring shape, as
seen on the right in Fig. 4(d). The electrons in the ring have
a lower energy than those in the central spot (bottom left).
For similar downramp focusing in the LP case in Fig. 3,
electrons are also injected in the two leading buckets, but
the second bucket electrons dephase and quickly diverge.
We note that ringlike electron beams are reported in
previous LWFA experiments and simulations under a range
of different conditions using much longer duration circu-
larly polarized laser pulses [64—67].

The strong reduction in electron beam divergence using
few-cycle CP driver pulses is dramatically illustrated in
Fig. 6, which compares results using CP and LP pulses
focused at the jet center (zj, = 0), where the highest energy
electron bunches are expected. Electron beam profiles and

[(AG% + A62)/2]"/2 is shown in the panels. Bottom: beam lineouts along x and y. The LP direction

energy spectra are shown for LP [Fig. 6(a)] and CP
[Fig. 6(b)] for pulse energy 2.7 mJ and pulse width 5 fs.
For CP, the electron beam energy is peaked at 15 MeV, with
an intense central spot 6y, < 7 mrad with <4 mrad shot-
to-shot pointing jitter. This spot is superimposed on a wider
ring-structured pedestal with the same energy, with diver-
gence 6, ~70 mrad. By contrast, the electron beam
divergence of > ~ 200 mrad for a LP driver is substantially
larger. Lineouts of angle-integrated electron spectra are
shown in Fig. 6(c), showing that the peak energies are
similar for CP and LP, while the QME peak for CP is more
distinct. Stability of the CP-driven beam is demonstrated by
the spectra of ten consecutive shots (at 0.5 Hz) in Fig. 6(d).
The total detected charge is similar in the two cases,
approximately 2.5 pC. An important conclusion from these
results is that a circularly polarized few-cycle LWFA driver
pulse enables shot-to-shot stability of low-divergence,
high-energy electron bunches without carrier-envelope
phase stabilization.
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FIG. 6. Experimental conditions: 2.7-mJ, 5-fs LP or CP drive pulse, peak jet plasma density N, e /Ner = 0.11, (P/Py;)
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Zjer = 0. (@) LP driver: electron beam profile (left) and corresponding energy spectrum (right). (b) CP driver: electron beam profile (left)
and corresponding energy spectrum (right). The two values of Afy;, shown are for the central peak and the ringlike pedestal. (c) Electron
spectrum lineouts on a linear scale for LP and CP drivers. Electron beam profiles and spectra are averaged over ten-shot bursts.

(d) Electron spectra for ten consecutive CP shots at 0.5 Hz.

IV. CONCLUSIONS

The potential wide applicability of laser-plasma accel-
erators in the <20-MeV range has made use of high-
repetition-rate, few-millijoule laser drivers an area of
increasing interest. For such low-energy laser pulses to
drive a relativistic plasma wave, strong relativistic self-
focusing is needed, which requires operation at near-critical
plasma densities ~0.1N; and higher. For applications such
as electron diffraction, where quasimonoenergetic electron
bunches are desired, the plasma must be driven in the
resonant bubble (or blowout) regime. At near-critical
density, this requirement constrains the laser pulse to only
a few optical cycles in duration, for which the difference in
phase and group velocities in the dense plasma gives rise to
significant CEP slip. Prior experiments and simulations
using linearly polarized few-cycle driver pulses [27-29,

62,63] suggested that peak laser field modulations, induced
by CEP slip, drive oscillations of the laser wakefield
bubble, distorting the accelerating field experienced by
an electron bunch and degrading its beam divergence. This
effect is independent of whether or not the driver pulse is
CEP stabilized.

Here, we have demonstrated record-high accelerated
energy and low-divergence electron bunches using a
near-critical-density hydrogen gas jet driven by few-milli-
joule, circularly polarized, few-cycle laser pulses which are
not CEP stabilized. Specifically, circularly polarized, 5-fs,
sub-3-mJ laser pulses generate pC-level, low-divergence
(<10 mrad) electron bunches of energy up to 15 MeV from
hydrogen jet plasmas of density N,/N. ~ 0.1. Linearly
polarized drive pulses produce similar electron energy but
more than an order of magnitude larger bunch divergence.
Circular polarization mitigates the deleterious effects of
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carrier-envelope phase slip, reducing bubble centroid oscil-
lations and significantly improving beam divergence, while
high electron beam energy is made possible by the more
extended laser-plasma interaction length enabled by the
hydrogen gas jet target. With a circularly polarized driver,
the tighter, spiral motion of the wakefield bubble centroid
leads to less perturbed plasma accelerating fields and
significantly reduced sensitivity to shot-to-shot carrier-
envelope phase variation. Reduced beam divergence is
also achieved by focusing the few-cycle pulse in the plasma
density downramp, where both CP and LP pulses drive
milder wave breaking and reduced bubble oscillation, with
CP pulses driving beams with approximately 3x less
divergence than LP.
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