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Generating narrow energy spread beams from laser wakefield accelerators with minimal dark current is
important for many applications. We present an automated experiment using Bayesian optimization to
control the laser spectral phase and focal position, achieving significant enhancement of the beam quality.
Starting from a broadband spectrum, the optimized configuration achieved low-energy spread with
negligible dark current above 20 MeV. Particle-in-cell simulations reveal that fine control over the laser
spectral phase, particularly third-order dispersion, directly impacts the timing and localization of ionization
injection due to its effect on the initial laser intensity envelope and its subsequent evolution. A positively
skewed temporal profile enhances the plasma potential depth at the right location, enabling localized
injection and reducing the energy spread and dark current. These findings highlight the impact of
algorithmic optimization and the powerful, underutilized role of temporal shaping in beam quality control.

DOI: 10.1103/9gjq-htzn

Laser wakefield acceleration (LWFA) [1-3] has become
a commonly used tool for compactly generating relativistic
electron beams. A tightly focused high-intensity laser pulse
propagating through an underdense plasma can excite large
amplitude plasma waves in its wake that can trap and
accelerate particles to GeV energies over mere centimeters
[4]. The laser itself can be used to inject particles into the
wake, either by exciting the plasma oscillation to the point
of wave breaking [5-7] or by freeing tightly bound
electrons within the trapping phase of the wake [8—14].
The microscopic length scales and large accelerating
gradients permit low-emittance beams [15,16]. This makes
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laser wakefield accelerators attractive as injectors for
multistage accelerators [17-20].

In uncontrolled injection regimes, electron beams pro-
duced by LWFA often have energy spreads approaching
100%. In contrast, beams with low-energy spread and
minimal dark current are preferred for their ease of trans-
port and suitability for applications [21,22]. Tailoring
the plasma density profile longitudinally can reduce the
energy spread by restricting the region where injection
occurs, but maximizing performance typically requires
fine-tuning of experimental input parameters. In many
operating modes, the electron spectrum is highly sensitive
to these variables, so achieving optimal performance
represents a multidimensional optimization problem.
Further, beam time limitations, low laser repetition rates,
and shot-to-shot variability impose significant cost and
noise on the measurements.

Bayesian optimization (BO) is well suited to this
problem [23,24]. Previous work using BO to improve

Published by the American Physical Society
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LWFA performance has focused on either optimizing for
smoothly varying beam metrics, such as charge or x-ray
flux from betatron radiation [23], or on improving the
spectral density of a beam within the narrow energy range
of an imaging spectrometer [24]. Simultaneous optimiza-
tion of multiple objectives presents the problem of how
much importance to give to the competing beam metrics.
This may be dealt with by using multiobjective formula-
tions [25,26], where a series of optimal tradeoffs are
located. This approach has the benefit of flexibility but
may be inappropriate when sample efficiency is paramount.
What remains to be demonstrated is the implementation of
BO in the standard LWFA setting to control energy spread,
without assistance from advanced targetry or imaging
spectrometers, which make the production and detection
of low-energy spread beams much easier. Demonstrating
the use of algorithms to condition beams for applications
with a simple experimental setup and input parameters that
are readily available on almost every laser system has the
potential to catalyze the widespread adoption of LWFA for
applications.

In this Letter, we show that BO can rapidly maximize
electron beam spectral density, reduce energy spread, and
eliminate dark current simultaneously by controlling the
spectral phase of the laser pulse and its focal position.
Critically, these results were achieved without the assis-
tance of an imaging spectrometer, forcing the optimization
to start from 100% energy spread. By incorporating
multiple electron beam parameters into a single objective,
optimal performance was achieved in a highly sample-
efficient manner. The close matching between particle-in-
cell (PIC) simulations and the experiment [27] allows us to
show how the spectral phase terms of the laser were critical
for maximizing the charge in the beam while eliminating
dark current. These results demonstrate how to use BO to
perform the vital task of generating low-energy spread, low
dark current beams, and further show the key role the
spectral phase terms play in maximizing performance.

The experiment used the Lund Laser Centre laser [28],
which focused 4, = 800 nm, 0.8 J, 42 fs (FWHM) laser
pulses to a 1/e? spot size of 12 pm. A 32-actuator [NightN
(opt) Ltd.] adaptive optic was used with a Phasics SID4
wave front sensor to reduce spatial phase variations and
optimize the focal spot. Hydrogen gas doped with nitrogen
at a concentration of 5% by mass was used as the
acceleration medium. The ELISA gas cell [29,30] was
used to contain the target gas mix and could be modified
manually to alter the plateau, entrance, and exit plasma
scale-lengths. Transverse optical probing of the cell was
used to measure the peak plasma density in the plateau
region through interferometry; the best electron beams
were obtained using densities in the (3.4-7.4) x 10'® cm™3
range. The electron spectrometer was composed of a 20 cm,
0.8 T permanent dipole magnet and a LANEX scintillating
screen, imaged onto a 16-bit CCD. The laser was linearly

polarized in the magnet dispersion plane. Measurement of
the imaging line optical efficiency using a continuous wave
laser of known power allowed for an absolute charge
calibration [31]. The error on the peak electron energy
was determined by calculating the effects of pointing
fluctuations into the magnet at different energies within
the angular acceptance, amounting to a maximum of 1.2%
at 150 MeV.

Automated Bayesian optimization [32] was performed
using the longitudinal focal position of the laser and the
second, third, and fourth-order spectral phase terms to
define the search space. A standard BO setup was imple-
mented, where a homoskedastic Gaussian process with a
Matérn v = 3/2 kernel plus a white noise kernel was used
to model the interaction [33], expected improvement was
used as the acquisition function, and SCIKIT-LEARN and
SCIKIT-OPTIMIZE were used for the kernel fitting and
optimization, respectively [34]. The acquisition function
was optimized by sampling it along random lines passing
through previous sample points. The coordinates with the
highest expected improvement were used for the next
measurement location.

The spectral phase y(w) represents the phase in the
frequency domain. It is defined by its Taylor expansion
[35]: w(w) = YN, B /(n!) (0 — )", where @, is the
laser carrier frequency and B = "y/0a"|,_,, is the
spectral phase parameter of the nth order. Spectral phase
was modified using a Fastlite Dazzler. The longitudinal
focal position relative to the gas cell, f, was measured by
imaging a 50-pm-thick needle. The position of the focal
plane was determined by measuring the width of the focal
spot as a function of position, from which a quadratic fit
could determine the absolute position. This allowed f to be
determined within 200 pm.

The merit of a given electron beam was calculated using
S = /OE/AE Ref. [24], where Q is the charge in the
peak, AE is the full width at half maximum, and E is the
energy at which dQ/dE is maximal. The metric was
calculated only when max(dQ/dE) > 30, with o, the
standard deviation of the spectral background; otherwise, S
was set to zero. If the spectrum did not fall by more than
50% between the max(dQ/dE) energy and the spectrom-
eter lower limit, then a width of double the upper half-width
value was used for AE. This provided a smooth transition
from evaluating large energy spread beams to progressively
narrower spectra.

Figure 1(a) shows S during the initial random shots (I),
the optimization process (II), and the shots taken after
optimization (III). During (I), a high charge, large energy
spread beam was consistently produced while the inputs
varied randomly, indicating that this regime was robust to
substantial parameter variation. Examples of these beams
are shown in Fig. I(f). At the start of the optimization
process, modest changes to the input parameters were made
as a regime for improving the score was quickly identified

121301-2
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FIG. 1. (a) Spectral density metric S (units /pC) before (I),
during (I), and after (IIT) Bayesian optimization. (b)—(e) change
in input parameters during the optimization, where f is the focal
position (units mm) and B is the nth spectral phase term (units
fs™). (f) Processed electron spectrometer images taken from the
initial random sample. (g) Highlighted low-energy spread beams
recorded during optimization correspond to the red circles in (a).
The color scale units are pC MeV~! mrad~".

and exploited. From shot 16, the algorithm switched to a
more explorative mode, after which a regime that allowed
further improvements was located and exploited during
shots 25-32. Two of these electron beam shots are shown in
Fig. 1(g). From there, the algorithm conducted further
explorations of the parameter space, resulting in shots that
produced no measurable electron beams. After a period of
exploration, the optimizer returned to the optimal location
and generated the final beam in Fig. 1(g).

The optimizer outperformed manual sequential 1D scans
performed by the experimenters, which makes the located
configuration likely to be close to the global optimum
within the variable ranges used. The best performance
was found by focusing before the gas cell, f = —0.5 mm,
and by using a slightly stretched pulse with positive
skew, (B2, p3), pH) = (501 fs2, —3317 53,4485 fs*).
To investigate the stability of this optimum a series of 9
shots were taken, producing the beams seen in Fig. 2. The
peak energy fluctuated by 5% rms, while Q varied by 40%.
The value of the optimization metric varied by 20%;
S = (11 +£2)y/pC, with AEpwpy = (13 £2) MeV. The
relatively reduced variation of S results from a correlation
between Q and AEgwy, Which has a Pearson coefficient
of 0.5.

Simulations were performed to investigate the injection
and acceleration processes using the particle-in-cell
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FIG. 2. Repeated shots at the optimal location [section III in
Fig. 1(a)]. The rightmost spectrum, framed in blue, shows the
simulation output with the experimentally optimal parameters.

code FBPIC [36]. A moving window with dimensions
(110, 140 pm) was used, with a resolution of (32,2)/4,
in the (z, r) directions, retaining 5 azimuthal modes [37],
defined in a Lorentz-boosted frame [38], y, = 1.5. The
longitudinal density profile was determined using fluid
simulation [29], and was simulated using 2 x2 x 16
macroparticles (z x r x ). The laser was modeled with a
transverse intensity and phase profile that matched the
experiment. This was achieved by imaging the focal
volume and applying the Gerchberg-Saxton algorithm with
mode decomposition [39,40]. The laser spectral phase
terms and the transverse electric field profile were then
initialized using the experimentally determined optimal
values. The rightmost frame of Fig. 2 shows the electron
beam at the end of the simulation. The main features of the
experimental measurement are reproduced well: an off-axis
positive exit angle of 12 mrad, compared to 8 mrad in
experiment, and a central energy of 88 MeV, compared to
90 MeV. The close agreement implies that the simulations
model the physics of the interaction accurately, and may be
used to investigate the mechanism by which the low-energy
spread beams are produced.

Determining the effect of each parameter on the ultimate
electron spectrum is challenging due to the couplings
between them and the nonlinear nature of the interaction.
To gain some insight, we performed simulations to scan the
values of ) and ) around their respective optima, with
the final electron spectra plotted in Figs. 3(a) and 3(b). Here
the resolution was (25,2)/4, with y, =3. The chirp
parameter 2, Fig. 3(a), has the strongest effect on the
spectrum; a slight decrease from the optimum results in a
large amount of charge being injected but with a broadband
energy spectrum, while a slight increase results in no
electron beam being produced. This is primarily due to
the changes to peak initial laser intensity, which are plotted
in red circles against the right axis. Changes to third-order
dispersion, ), preserve the peaked spectrum but modify
the width and the total charge injected. Both #(?) and g
alter the initial laser intensity significantly. Observe that the
peak electron energy correlates strongly with ag, as does
the total amount of charge. These effects are unsurprising,
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FIG. 3. Electron spectra from simulations performed with input

parameters close to the experimentally found optimum. (a),
(b) p@ and B4 parameter scans, (c),(d) ) and p parameter
scans with the initial ay matched to the start of simulations using
the optimum parameters. The green color bar highlights the
spectrum at the optimum coordinates. The red dots are the initial
laser peak aq.

since increased a, strengthens the plasma wave and
exponentially increases the ionization rate. Altering the
intensity also modifies the dynamics of the laser-plasma
interaction by changing the rate of self-focusing and the
amplitude of the plasma wave.

To isolate the effect of modifying the pulse shape,
further scans were run using the same parameters but
with initial a, values matched to the optimum, shown in
Figs. 3(c) and 3(d). This would be equivalent to making the
spectral phase modifications with commensurate changes
in laser energy. The spectral phase alterations strongly
affect the electron spectrum independently of the laser
intensity. The chirp values near zero produce the most
energetic and highest spectral density beams, while neg-
ative values of third-order dispersion result in improved
beam parameters. The effect of chirp is predictable due to
the shorter pulse providing a larger ponderomotive force.
The influence of third-order dispersion is more subtle and
requires further investigation.

Figure 4 explains the effect of the changes in third-order
dispersion. Figure 4(a) shows the evolution of the electron
beam spectrum, the laser a,, and the axial density profile
of the target. The laser focuses before the plateau, mod-
erating the intensity with which it enters the high-density
region. Relativistic self-focusing and diffraction then
cause the laser a to increase and then decrease, producing
the bump in intensity that can be seen in the region
1.5 mm < z < 2 mm. The intensity then drops monoton-
ically due to diffraction as the plasma density decreases,
preventing further injection.

Electrons are injected via ionization injection during the
intensification of the laser in the high-density region, and
this localization of the injection process is responsible for

pe (C mm™?)
0.00 0.25

99 (pC MeV ™)

—0.1 0.1
m% t (ps)
0.0 Ar sl M 1 I
0 50 100
E (MeV)

& (um)

FIG.4. Simulation comparison for ) = —7000 fs* and ﬂf) =
7000 fs3. (a) The evolution of laser a, in each simulation (blue
and orange lines), compared to the axial density profile in gray
and the evolution of the electron spectrum in MeV (blue color-
map with range [0-0.2] pCMeV~!). (b) Snapshot at the peak a,
value from the ﬁ@) simulation, indicated by the dashed vertical
line in (a). The field data is sliced at y = —1 pum to include the
wake axis, which is slightly off-center due to the asymmetric laser
intensity profile. The background shows a map of the plasma
density, p, and the foreground shows a density map of the trapped
electrons, p,, integrated in y. The aq = 1 and 1.5 contours of the
laser pulse are plotted in black. (c) The spectra at the final z
position from each simulation. The inset shows the initial laser
envelopes with the leading edge on the > 0 side. (d) The
electrostatic potentials from the two simulations at the peak a.
The horizontal dashed lines show the trapping threshold, for each
potential, while the gray dashed line shows the threshold as the
wake velocity decreases during injection.

the reduced energy spread. The correct vacuum focal
position of the laser is vital: focusing closer to the plateau
increases the laser intensity and leads to continuous
electron injection into the wake, whereas focusing further
away makes the wake too weak to trap electrons. The initial
diffraction following the intensity peak at z = 1.5 mm is
critical to reducing dark current since this causes the plasma
wave to decrease in length slightly, resulting in electrons
with an insufficiently advanced phase falling out of the
accelerating region. Some of these electrons are observed at
the low-energy end of the spectrum, in both the exper-
imental measurements and the simulations. The laser a

evolution is almost identical for both the ) and ﬁf) cases
and does not explain the difference between the final
spectra seen in Fig. 4(c).

The simulations show that a positively skewed laser
temporal profile is critical for maximizing performance.
Figure 4(d) plots the axial normalized potential of the
plasma wave, ® = e¢/(m,c?), where ¢ is the potential,
calculated by integrating the longitudinal electric field
along the wake axis. The trapping condition requires
that an electron ionized at phase & must satisfy
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®(&) > 1—+/1+aj/y, + Puin, Where y,, is the Lorentz
factor of the wake and ®.;, is the minimum of the
potential [10,11]. The blue and orange horizontal dashed

lines correspond to the trapping threshold for the ) and
B%) simulations, respectively, using vo=1—(v,/c)?)7/2,
where v, is the group velocity of the laser. The gray dashed
line is the ) simulation threshold calculated using
Yp = ¥pmin = 10, which occurs while a, increases rapidly
at z = 1.7 mm. This was measured relative to v, by
tracking the position of the back of the first accelerating

region of the plasma wave. For both the ) and ,B(?
simulations, injection only occurs during the suppression of
the threshold. The ) pulse drives a slightly stronger
plasma wave with a deeper potential that traps electrons
earlier, resulting in a larger number of electrons with a more
advanced phase. In this way, the small difference between
the laser temporal envelopes results in a significant differ-
ence in the number of electrons injected early enough to
remain in the accelerating phase of the wake.

In summary, we have shown that Bayesian optimization
using only laser parameters as input variables can increase
spectral density, reduce energy spread, and reduce dark
current density over a large spectral range. The optimum
regime produced beams with exceptionally low dark
current and was robust to fluctuations in the input param-
eters when taking repeated shots. Accurate modeling of the
laser spatial phase and intensity profile allowed PIC
simulation results to reproduce the experimental measure-
ments closely. The electron beam improvements were
achieved by controlling the laser focus and pulse width
such that the laser intensity briefly peaked in the high-
density region of the density profile, and then by tuning the
skew of the pulse to maximize the plasma wave amplitude
during injection. These findings highlight the underutilized
power of temporal shaping in tuning beam quality and
support the use of Bayesian optimization for sample-
efficient control of complex laser-plasma interactions in
next-generation accelerator systems.
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