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Compact, stable, and versatile laser-driven ion sources hold great promise for applications ranging from
medicine to materials science and fundamental physics. While single-shot sources have demonstrated favorable
beam properties, including the peak fluxes necessary for several applications, high-repetition-rate operation will
be necessary to generate and sustain the high average flux needed for many of the most exciting applications of
laser-driven ion sources. Further, to navigate through the high-dimensional space of laser and target parameters
toward experimental optima, it is essential to develop ion acceleration platforms compatible with machine learn-
ing techniques and capable of autonomous real-time optimization. Here, we present a multi-Hz ion acceleration
platform employing a liquid sheet jet target. We characterize the laser-plasma interaction and the laser-driven
proton beam across a variety of key parameters governing the interaction using an extensive suite of online
diagnostics. We also demonstrate real-time, closed-loop optimization of the ion beam maximum energy by tuning
the laser wave front using a Bayesian optimization scheme. This approach increased the maximum proton energy
by 11% compared to a manually optimized wave front by enhancing the energy concentration within the laser
focal spot, demonstrating the potential for closed-loop optimization schemes to tune future ion accelerators for
robust high-repetition-rate operation.

DOI: 10.1103/ggsf-hkm1

I. INTRODUCTION

Beams of protons accelerated from interactions between
short-pulse, high-intensity lasers and thin, solid-density tar-
gets have exhibited a variety of exciting properties, including
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high peak fluxes [1], maximum proton energies exceeding
100 MeV [2–4], and low emittances surpassing those avail-
able using conventional accelerators [5]. Laser-driven proton
accelerators are therefore promising candidates for a variety
of future applications, including tumor therapy [6,7], radioiso-
tope generation [8,9], inertial fusion energy [10,11], and the
production of secondary particle beams including neutrons or
alpha particles [12,13].

Target normal sheath acceleration (TNSA) is the most
widely studied mechanism of laser-driven proton acceleration
from overdense targets and has been the subject of substantial
theoretical and experimental interest over the last quar-
ter century [1,14–17]. In TNSA, a high-power, short-pulse
laser focused to relativistic intensities (�1 × 1018 W/ cm2 )
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irradiates a solid-density target with micron-scale thickness.
Electrons liberated from the target front surface by the ris-
ing edge of the laser pulse are accelerated to relativistic
energies and stream into the target. Part of the hot elec-
tron population escapes the target rear surface, establishing
a quasistatic sheath electric field via charge separation. This
field can have magnitudes up to TV/m, helping to confine
the remaining hot electrons to the target bulk, where they
recirculate, further heating the bulk material and increasing
the strength of the sheath field. The rear surface layer of
the target is almost immediately field ionized and ions are
accelerated normal to the target surface by the sheath field.
Protons and light ions, primarily originating from the thin
hydrocarbon layer adsorbed onto the target surface, are pref-
erentially accelerated due to their large charge-to-mass ratio
[14,16]. In continuously refreshing targets such as thin liquid
sheets where no persistent hydrocarbon layer accumulates,
light ions from the target rear surface will predominate due
to their proximity to the accelerating sheath field. The in-
fluence of laser properties including energy, pulse duration,
and temporal contrast [17–23] on TNSA proton spectra has
been studied in detail, but typically over a limited parameter
space in single-shot experiments conducted at repetition rates
�1 Hz.

Fully realizing the promise of laser-driven proton accel-
erators will require operation at high repetition rate (HRR)
from the Hz to the kHz level to robustly optimize their per-
formance. HRR operation creates an application space for
closed-loop optimization of laser-driven proton accelerators,
enabling the use of active feedback and machine learning
techniques to tune the beam properties as required within the
high-dimensional, nonlinear space of laser and target parame-
ters [24,25]. These techniques may provide access to higher
proton energies using existing laser and target hardware,
or permit smaller laser systems to achieve proton energies
currently only accessible with more energetic drivers [26].
Further, HRR operation with petawatt (PW)-class laser drivers
is needed for laser-driven proton sources to deliver the beam
currents and energies (μA with maximum energies of tens of
MeV) required for demanding applications in isotope gen-
eration or the development of hybrid accelerators coupling
laser-accelerated particle beams to radiofrequency accelera-
tors [8,9,27,28].

Despite the recent proliferation of HRR PW-class laser
systems worldwide [29], target development for HRR laser-
driven proton acceleration remains an area of active research.
These targets must overcome numerous practical challenges,
including position stability within the Rayleigh range of the fi-
nal focusing mirror (typically �10μm for the small F-number
optics used in these experiments [30]) and robustness against
the harsh radiation environment generated by the laser-target
interaction [31]. In applications that require sustained opera-
tion (many hours to days), it is also essential to limit target
debris, since buildup on focusing optics can cause damage
and degrade laser beam quality, and to use easily replen-
ishable target materials [31]. A variety of potential targets
that satisfy some or all of these constraints have been devel-
oped, including solid tape targets [32–36], cryogenic liquid
and gas jet targets [37–40], and liquid droplet or sheet jet
targets [41–53].

Liquid sheet jet targets present a particularly promising
target platform due to their ability to reach smaller thick-
nesses than tape while retaining solid densities and producing
minimal debris. These targets thus satisfy all the require-
ments for sustained HRR operation using PW-class lasers,
allowing the exploration of advanced ion acceleration regimes
and the demonstration of closed-loop ion beam optimiza-
tion. We recently demonstrated that water sheet jet targets
could be used to generate very low-divergence ion beams
through self-collimation of the laser-driven proton beam in
background water vapor produced by the target, relaxing
the constraints on beam-focusing hardware needed to obtain
high-flux laser-driven proton beams at HRR [54]. These inter-
actions delivered an average flux of (8.9 ± 2.0) × 109 protons
per joule of laser energy over 50 consecutive shots, with
∼1011 protons/sr with energies between 1 and 2 MeV.

In this work, we report on a variety of additional mea-
surements characterizing the ion acceleration platform used
in Ref. [54] and demonstrating its suitability for sustained
HRR operation. We present optical shadowgraphy of the laser-
plasma interaction at delays up to ∼700 ps, monitoring the
growth of plasma instabilities and the development of a laser-
driven shock. We also show that p-polarized laser pulses,
compared to s-polarized or circularly polarized laser pulses,
improve the proton maximum energy by a factor of 3 and the
peak dose by an order of magnitude, achieving peak single-
shot doses of up to 30 Gy. Finally, we demonstrate real-time,
closed-loop optimization of the laser-driven proton source
using a Bayesian optimization (BO) scheme operating at a
repetition rate of 1 Hz. The optimizer adjusted the laser wave
front to improve the energy containment within the focal spot,
increasing the proton maximum energy by 11%. These results
pave the way toward application-ready proton sources deliv-
ering multi-MeV peak energies with high single-shot doses
at multi-Hz repetition rates, actively stabilized and optimized
using machine learning.

II. EXPERIMENTAL RESULTS

A. Setup

Figure 1 schematically illustrates the configuration of the
laser, target, and experimental diagnostics. The high-power
laser delivered pulses containing up to approximately 200 mJ
in a typical FWHM duration of approximately 80 fs. Due
to variations throughout the experiment, specific laser pulse
parameters for each set of measurements presented below are
provided in the relevant sections. The laser was focused to an
intensity of up to 3.5 × 1019 W/ cm2 onto the surface of a
continuously flowing liquid H2O sheet jet [48] at a repetition
rate of up to 5 Hz. Due to limitations of the data acquisition
system, much of the data presented here was acquired at 1 Hz.
The laser was incident at 30◦ with respect to the target normal.
The target thickness was measured using white light interfer-
ometry to be 600 ± 100 nm at the interaction point 2.8 mm
below the bottom of the nozzle, where the error bar denotes
measurement uncertainty rather than thickness variation.

Relativistic “hot” electrons accelerated in high-intensity
laser-target interactions are primarily responsible for trans-
ferring the laser energy to the energetic proton beam. As
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FIG. 1. (a) An illustration of the experimental setup showing the high-power laser, the liquid sheet target, and the diagnostics used to
characterize the laser-plasma interaction and the energetic electrons and protons generated in the interaction. The main laser irradiated a
(600 ± 100) nm thick liquid water sheet jet at a repetition rate of up to 5 Hz. Electrons and protons accelerated in the interaction were
characterized using a magnetic electron spectrometer, a scintillator-based proton beam profiler, and a diamond detector time-of-flight (ToF)
spectrometer. An independently timed fs-duration laser pulse collected shadowgraphic images of the interaction. (b) Burst-averaged proton
spectra from the ToF diode collected at 1 Hz in four consecutive bursts composed of 50 shots each. (c) Integrated proton flux measured by the
ToF diode on each shot in the four bursts. The solid horizontal lines denote the burst averages, with the shaded regions indicating ±1 standard
deviation. (d) Burst-averaged electron spectra collected at 1 Hz in the same four bursts shown in panels (b) and (c).

such, the characteristics of these electrons are strongly cor-
related with the properties of the proton beam. Here, the
energy distribution of the electrons escaping the target along
the laser forward direction was sampled using a permanent
magnet-based electron spectrometer. The spectrometer was
equipped with a Lanex screen and a charge-coupled device
(CCD) camera for HRR operation.

The protons escaping the target, which reached max-
imum energies of several MeV, were characterized both
spatially and spectrally. The spatial distribution of the low-
energy component of the proton beam was measured using a
scintillator-based proton beam profiler centered on the target
rear-surface normal and placed 160 mm from the interaction
point. The majority of the proton profiler surface was covered
by a 12μm thick aluminized Mylar shield, which blocked
light from the laser and signal from heavy ions, meaning
that the scintillator was most sensitive to protons with ener-
gies of 1.1 MeV. The camera signal from the proton beam
profiler was absolutely calibrated into a proton dose using
radiochromic film (RCF). The scintillator had a slot, which
provided a line of sight to a diamond detector ToF spectrom-
eter placed 357 mm from the interaction that was used to
determine the energy distribution of the laser-accelerated pro-
tons. Additionally, an independent 800 nm laser pulse (pulse
energy ∼1 mJ, pulse duration ∼40 fs) with variable delay was
used as a shadowgraphic probe of the laser-plasma interaction.
See Sec. V for additional details regarding the experimental
setup.

We observed that the liquid sheet target facilitated high-
intensity laser-target interactions that were stable shot-to-shot,
leading to reproducible hot electron and proton signals. In

Figs. 1(b)–1(d), we show proton spectra, integrated proton
fluxes, and electron spectra obtained at a repetition rate of
1 Hz in four consecutive “bursts” composed of 50 shots each.
In these interactions, the laser delivered 207 ± 3 mJ in a
FWHM pulse duration of 88 ± 2 fs. The relative standard
deviation of the integrated proton flux (standard deviation
divided by the mean) for each of the bursts is at most 50%,
indicating that typical fluctuations in the total proton flux
produced in the interaction along the line of sight of the
ToF spectrometer are no more than a factor of 2. Similarly,
we observe that the proton and electron spectra are very
consistent across all four bursts, with slightly more energetic
electrons in burst 2 but not beyond the 1σ contours from the
other bursts. The shot-to-shot stability of this laser-driven ion
acceleration platform makes it well suited for collecting large
datasets composed of scans across a variety of experimental
parameters.

B. Target platform characterization for HRR operation

The use of an independent probe beam also enabled
detailed monitoring of the plasma dynamics after the high-
intensity laser-matter interaction. Optical shadowgraphy of
the early-time dynamics can provide insights into the tar-
get microphysics, while probing at long delay times can
help determine the time required for the target to recover
from the laser shot and hence the maximum repetition rate
achievable by the target. Here, we used the low-energy, short-
pulse probe laser beam described above to backlight the
region of interest, then varied the relative delay between the
high-intensity interaction and the arrival of the probe pulse
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FIG. 2. (a)–(c) Shadowgraphic images from the 800 nm probe diagnostic showing plasma expansion within approximately the first ps after
the laser-plasma interaction. Plasma electron densities above the critical density are visible as an opaque region in the images. Images and the
extracted data are averaged across approximately 15 shots. (d) The effective radius (geometric mean of the semimajor and semiminor axes of a
fitted ellipse) of the laser-produced overdense plasma plotted as a function of time at early times after the laser-plasma interaction. Error bars
(typically smaller than the marker size) indicate ±1 standard error of the mean. A linear best fit to the data indicates that the overcritical plasma
region expanded at a rate of approximately 9.4 × 107 m/s. (e)–(g) Shadowgraphic images showing the late-time behavior of the interaction
region. The plasma has shrunk considerably due to recombination and expansion into the vacuum, and at the latest times a “rim” feature
corresponding to an outgoing shock wave can be observed. (H) The effective radius of the laser-produced overdense plasma as a function of
time plotted over several hundred ps after the interaction. A linear best fit to the data indicates that the overcritical plasma shrunk at a rate of
approximately 7.3 × 104 m/s during this time period.

to monitor the plasma expansion and observe the forma-
tion of a laser-generated shock. The laser pulse energy was
195 ± 6 mJ, with a FWHM duration of 75 ± 5 fs. Continuous
operation at 1 Hz allowed us to obtain high-resolution tempo-
ral scans with repeated acquisitions at each point in parameter
space, improving the statistical power of the results. These
results are presented in Fig. 2, which shows a series of images
illustrating both the early-time expansion of the hot plasma
from the laser-target interaction and the late-time emergence
of a shock front expanding away from the interaction. The
plasma is visible as a darkened region in these images. We
expect that the observed opacity, particularly at the earliest
times, is dominated by reflection and absorption of the probe
beam from overdense plasma with an electron density of
at least n800 nm

c = 1.74 × 1021/ cm3 , since ionization of the
solid-density target occurs quickly. Subsequently, refractive
effects may contribute near the transverse edges of the ex-
panding plasma.

In Figs. 2(a)–2(c), the expansion of the plasma region away
from the interaction point within the first ps after the high-
intensity interaction is visible. A series of measurements of
the spatial extent of the opaque plasma allows us to calculate
the expansion rate of the ionized region to be approximately

9.4 × 107 m/s (∼0.3c). Simultaneous measurements of the
escaping hot electrons yielded a typical electron temperature
of approximately kBTe = 0.6 MeV during these interactions.
The ion sound speed cs associated with this electron tem-

perature according to cs =
√

kBTe
mp

, where mp is the proton

mass, is approximately 7.6 × 106 m/s, more than an order
of magnitude lower than the observed expansion rate of the
ionized region. We therefore infer that this rapid expansion
is primarily driven by collisional ionization from hot elec-
trons generated in the initial laser-plasma interaction. Previous
work has estimated that the hot electrons expand in the tar-
get plane at roughly 0.5c as a result of collisional effects
and instabilities [55], in fair agreement with our experimen-
tal observation. The overall scale of the ionized region is
also consistent with other measurements obtained using sig-
nificantly lower-energy laser pulses, which found that the
overdense plasma region expanded to a diameter of approx-
imately 100μm in less than 5 ps [43].

By 30 ps after the interaction, the initial plasma expan-
sion has recombined or rarefied and filamentary structures
are visible at the interface between the hot plasma and the
cold target bulk [Fig. 2(e)]. In a different experiment using
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shadowgraphic probing of relativistically intense laser-plasma
interactions, similar features were observed after 10–100 ps.
These features were attributed to the formation of a radial
Weibel-type instability as the hot electrons expanding from
the interaction counter-streamed against the cold return cur-
rent [56]. Another experiment, which instead used proton
radiography to probe magnetic field structures in the target
plane, also found evidence for the development of filamen-
tation instabilities that could extend over tens of ps and
hundreds of μm [55]. The authors of Ref. [55] found that
the instability growth rate was of order ps−1, with filament
wavelengths λp of order 100μm; we observe λp ≈ 20μm
[Figs. 2(e) and 2(f)]. According to the model proposed in
Ref. [55], this difference could result from differing degrees of
electron momentum anisotropy between the two experiments,
perhaps due to the substantial differences in the laser and tar-
get conditions used. Further study of the filamentary features
observed here to clarify the plasma instability responsible for
their emergence and growth is of fundamental interest for un-
derstanding high-intensity laser-plasma interactions, but will
require a significant numerical modeling campaign beyond the
scope of this work.

By approximately 400 ps, the filamentary structures have
collapsed into a growing shock front. At the latest times
probed, the radius of the region perturbed by the high intensity
laser-target interaction has begun to saturate at approximately
50μm [Figs. 2(g) and 2(h)]. A recent x-ray free-electron
laser (XFEL) study performing direct x-ray imaging of short
pulse laser-heated wires also observed a similar collapse of
plasma filaments visible on ps timescales into a shock front
[57]. No bulk motion of the perturbed region is visible on
the timescales shown here; given the jet flow velocity of
approximately 10 m/s, the surface has moved only a few tens
of nm. Further growth of the perturbed region occurred from
expansion of the shock front through the target bulk on longer
timescales inaccessible to probing during this experiment.
Based on shadowgraphic probing of laser-irradiated liquid
jet targets at longer delay times reported elsewhere [44], we
anticipate the shock to expand and perturb a region of up
to several hundred microns in diameter on the μs timescale.
While this comparison suggests that operation at the laser
parameters presented here may be scalable to repetition rates
of order 10 kHz, future studies investigating the late-time fluid
dynamics of the irradiated target will require alternative probe
beams capable of μs delays or the use of high-speed photogra-
phy. These studies are of significant interest in demonstrating
the viability of plasma-based accelerators [58] and will be
necessary for scaling laser-driven ion sources to kHz repeti-
tion rates.

C. One-dimensional and higher-dimensional grid scans

In addition to enabling detailed characterization of the
target evolution at fixed laser irradiation conditions, the use
of an HRR platform allowed us to perform scans over various
experimental parameters as well as to quantify the stability
of performance across the scan by acquiring multiple shots at
each point in parameter space.

The polarization of the high-intensity laser is a key pa-
rameter governing the laser-target coupling. P-polarization, in

which a component of the electric field of the incident beam
oscillates along the target surface normal, has been shown
to enhance laser-target coupling through a variety of mech-
anisms in both theoretical and experimental studies [59–61].
In Fig. 3, we present measurements of the proton dose, proton
energy spectra, and electron energy spectra obtained in rela-
tivistically intense interactions using s-polarized, p-polarized,
and circularly-polarized laser pulses. In these interactions, the
laser pulse energy was 191 ± 1 mJ and the FWHM pulse du-
ration was 75 ± 2 fs. The impact of changing the polarization
was significant, particularly in the particle flux: The proton
dose generated from p-polarized laser pulses was typically at
least an order of magnitude greater than that generated using
circularly polarized pulses, and nearly 2 orders of magnitude
greater than that generated using s-polarized laser pulses,
which typically fell below the noise floor of the detector.

P-polarized pulses also consistently yielded maximum pro-
ton energies approximately 3× higher than those produced
using either s- or circularly-polarized laser pulses. S-polarized
pulses did not accelerate a sufficiently large population of
electrons to energies greater than the 1 MeV lower bound
of the electron spectrometer for signal to be visible on the
diagnostic. Since the experiment was performed in a regime
of laser intensities and target densities in which TNSA is
expected to be the dominant proton acceleration mechanism
[17], this observation is consistent with reduced proton yields
due to the need for hot electrons to mediate the transfer of
laser energy to accelerated protons.

Our observations of the effect of the laser polarization
are also consistent with previous theoretical and experimental
work. It has long been recognized that, for relativistically in-
tense laser pulses incident on a sharp plasma density gradient,
p-polarization of the pulse allows the laser field and ion restor-
ing force from the target bulk to push and pull electrons back
and forth across the gradient [59,62]. In this heating mech-
anism, known as vacuum heating, the electron oscillation
amplitude grows with time, increasing the laser energy cou-
pled into the electrons and thus the electron heating. Vacuum
heating requires high-contrast laser pulses in order to mitigate
pre-expansion of the target, which would otherwise decrease
the relative coupling efficiency of p-polarized laser pulses into
the target [59]. The threefold improvement in proton energy
we observed for p-polarized pulses compared to s-polarized
pulses is less than that observed in Ref. [23], which we may
explain by the lower contrast of the laser used in this study
compared to their case. Another recent work using similar
laser conditions to those presented here [63] also observed
improved proton energies from p-polarized laser pulses com-
pared to s-polarized pulses, but only by a factor of roughly 1.5.

For laser pulses normally incident on the target, circu-
lar polarization is expected to significantly suppress electron
heating by contributions from the j × B force [59]. As a result
of the oblique incidence angle used in this study, however,
the circularly polarized pulses had a p-polarized component
with an electric field amplitude

√
2 times lower than in the

purely p-polarized case. Consistent with our observed electron
and proton spectra, these pulses yielded reduced hot electron
generation and lower proton maximum energies and fluxes
than purely p-polarized pulses, but not to the same degree as
s-polarized pulses.
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FIG. 3. (a) Histogram of the peak proton dose deposited in the scintillator in a single shot for proton beams accelerated using p-, s-, and
circularly-polarized laser pulses. Only a few s-polarized interactions generated enough signal on the scintillator to be observable over the
background. (b) Proton energy spectra measured by the ToF spectrometer for proton beams accelerated using p-, s-, and circularly-polarized
laser pulses. (c) Electron energy spectra obtained when using p-polarized and circularly polarized laser pulses. S-polarized pulses accelerated
too few electrons for signal to be observed on the spectrometer. Each trace shown in panels (b) and (c) is the average of one burst of 20 shots.

Shaping the laser pulse on femtosecond timescales by
modifying spectral phase components of the pulse has
also been observed to significantly impact laser-driven ion
acceleration performance [64,65]. In our experiment, an
acousto-optic programmable filter (AOPDF, Fastlite Dazzler)
was capable of adjusting the group delay dispersion (GDD),
third-order dispersion (TOD), and fourth-order dispersion ap-
plied to each laser pulse. Figure 4 presents our observations
of the impact of adding either GDD or TOD to the laser
pulse on the total number of fast electrons observed by the
electron spectrometer and the proton maximum energy mea-
sured by the ToF spectrometer. In general, the best electron
yields and the highest proton energies were obtained with

�GDD = 0 and �TOD = 0, which was the nominal best-
compression configuration. Positive values of �TOD, which
have been observed to improve ion acceleration performance
by extending the rising edge of the laser pulse [64,65], did
not improve either the number of electrons accelerated or the
maximum proton energy. In previous work, joint variation of
GDD and TOD typically yielded the greatest improvements in
ion acceleration performance, but these parameters were only
tuned individually in this study. We also observed substantial
decreases in the laser pulse energy for large negative values
of �TOD due to the accompanying spectral distortion of the
pulse, complicating comparisons to values of �TOD below
−50 000 fs3 . We observed smaller effects from changing the

FIG. 4. (a) Total electron signal measured by the electron spectrometer as a function of the change in TOD applied to the laser pulse, where
�TOD = 0 is defined as the TOD required to obtain the best-compressed pulse duration. (b) Proton maximum energy as measured by the ToF
spectrometer as a function of the change in TOD applied to the laser pulse. (c) Laser pulse energy as a function of the change in TOD. Note
that large changes in the TOD substantially reduced the laser pulse energy. (d) Total electron signal as a function of the change in the GDD
applied to the laser pulse. (e) Proton maximum energy as a function of the change in GDD applied to the laser pulse. (f) Temporal profiles of
the pulses corresponding to �GDD = 0 (best compression), +3000 fs2 , and −3000 fs2 . Each point shown is the average of one burst of ten
shots. Error bars represent ±1 standard deviation.
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FIG. 5. (a) A series of single-shot electron spectra collected at a fixed set of conditions, providing an estimation of the measurement
uncertainty. The exponential tail of each spectrum is fitted to an equation of the form exp(−E/kBTe) to obtain the effective temperature of
the distribution kBTe. (b) The mean electron temperatures measured as shown in panel (a) from a one-dimensional (1D) scan across the target
position along the laser axis (Z). (c) The mean electron temperatures obtained from a two-dimensional (2D) scan of Z and target height (Y).
Each square on the grid represents one point in (Z, Y) parameter space. Inset colored circles indicate the mean value + (upper) or − (lower) 1
standard error of the mean. Overlaid colored boxes indicate the 1D subspace and single point in parameter space corresponding to panels (b)
and (a), respectively. (d) A series of single-shot proton spectra obtained from the ToF spectrometer at a fixed set of conditions. The maximum
proton energy EMax

P is determined by calculating the highest energy at which the signal crosses a specified cutoff value. (e) Maximum proton
energies obtained from a 1D scan along Z. (f) Maximum proton energies measured in the same 2D scan of Z and Y shown in panel (c). Overlaid
colored boxes indicate the 1D subspace and single point in parameter space corresponding to panels (e) and (d), respectively. Data points are
averaged across ten shots per burst, and error bars represent ±1 standard error of the mean.

pulse GDD than reported in Ref. [64], though in other work
using submicron foil targets, the ion energy was robust against
or even benefited from significant changes in the pulse dura-
tion caused by chirping the pulse [66,67].

For Hz-scale operation, it is also possible to perform
high-resolution or multidimensional parameter scans in a rea-
sonable timescale while still obtaining good statistics at each
point in parameter space. These scans might vary laser pa-
rameters such as energy or pulse shape, target parameters
such as thickness, or combinations thereof. In Fig. 5, we
show a series of data obtained from the electron spectrometer
and proton ToF spectrometer with a “zero-dimensional” scan
(fixed position in parameter space), as well as one- and two-
dimensional parameter scans over the target position. These
data were acquired with a laser pulse energy of 195 ± 4 mJ
and a FWHM pulse duration of 80 ± 2 fs. Data acquired at
a fixed point in parameter space make it possible to quantify
the uncertainty in the experimental measurement as a result
of laser or target fluctuations. Due to the highly nonlinear
physics of intense laser-plasma interactions, small shot-to-
shot variations in the interaction conditions can lead to large
changes in the resulting plasma properties and consequently
the ion beam parameters, making uncertainty quantification
from repeated shots at fixed conditions crucial for reliable
measurements.

Scans over a single parameter, as typically performed in
single-shot experiments, can be used to determine an em-

pirical experimental optimum of some parameter of interest
(e.g., proton or electron flux, maximum energy, or temperature
as in Figs. 3 and 4). By scanning over two parameters, it
is possible to identify coupling between them—such as the
target position along the laser axis (Z) and height (Y). In Fig. 5,
the observed correlation between high-signal points in (Z, Y)
space visible in both the electron temperature [Fig. 5(c)] and
the maximum proton energy [Fig. 5(f)] can be attributed to
a tilt of the target in the vertical direction of approximately
1.8◦. This observation was generally consistent with postex-
periment analysis of the proton beam pointing on the proton
profiling diagnostic, demonstrating the value of a comprehen-
sive ion diagnostic suite collecting both spatial and spectral
information to confirm measurement consistency. During
experimental operation, such observations provide opportuni-
ties to optimize target operation (such as by correcting the tilt
observed here) in real time, or to move to parameter space
optima that would have been missed in single 1D parameter
scans or sequential 1D scans of two parameters [68]. It is
important to emphasize that these scans require shot numbers
that are infeasible without HRR operation. For example, the
2D grid scans shown in Figs. 5(c) and 5(f) are composed of
79 “bursts,” each containing 10 shots. At a repetition rate of
1 Hz, the scan could be completed in roughly 30 min of exper-
imental time including parameter changes between bursts, un-
derscoring an additional advantage of HRR operation: While
large datasets can be accumulated at lower shot rates given a
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longer time window, temporal evolution of the laser system
(e.g., thermal drifts or alignment fluctuations) may begin to
influence the dataset over these long durations. The ability to
quickly perform 1D automated scans can also help minimize
the impact of systematic fluctuations in the laser system by
enabling quick scans of key variables (such as target focal
position or laser pulse shape) on a regular basis during data
acquisition for comparison to previous benchmarks.

D. Real-time optimization

Even with HRR operation, fine grid scans over more than
two or at most three parameters quickly become experimen-
tally infeasible: The timescale to complete the scan grows
exponentially with the number of parameters. Strong depen-
dence of the laser-driven proton beam quality on the scan
parameters also means that most of the data gathered in a
multidimensional grid scan would be in regions of parameter
space with poor proton acceleration performance, far from ex-
perimental optima. Finally, coupling between the parameters
could mean that regions of parameter space are redundantly
sampled, providing no additional insights into optimization
of the proton beam. So, in settings where it is necessary
to efficiently optimize laser-driven proton beams over the
many control parameters of both the drive laser and the tar-
get, machine learning-based techniques for high-dimensional
optimization are vital. Here, we employed BO to perform real-
time, in-situ optimization of the laser-driven proton beam,
incorporating Gaussian process regression to form a surrogate
model of the parameter space with quantified uncertainty.

BO is a widely used technique for optimizing multivari-
ate functions which are expensive to evaluate and whose
form is generally not well constrained [69–71]. In BO, one
begins with a prior model of the objective function, which
is then updated with successive observations of experimen-
tal data to obtain a posterior model that more accurately
matches the observations. After each observation, the model
can be consulted to obtain an updated prediction for the most
likely position of the optimum within the parameter space.
Objective functions in BO are commonly modeled using
Gaussian processes; these models straightforwardly incorpo-
rate uncertainty estimates, making them a natural choice for
experimental applications. BO has been used in both exper-
iments and simulations of laser-driven particle acceleration
to maximize the resulting energies or tune the acceleration
process for other desired parameters [26,68,72–75].

In this experiment, we used the BO platform described in
Ref. [26], expanded from that used in Ref. [68], to optimize
a variety of different properties of the proton and hot electron
beam including beam flux and maximum energy. The platform
could control subsets of the laser properties (e.g., energy, tem-
poral pulse shape, wave front, and polarization) and the target
position. Figure 6 illustrates the use of BO to optimize the
maximum energy of protons accelerated from the liquid sheet
target as measured by the ToF spectrometer. In this dataset, the
optimizer controlled the deformable mirror (DFM) and could
adjust six Zernike mode coefficients impacting the laser wave
front: Z0

2 (focus), Z−2
2 (oblique astigmatism), Z2

2 (vertical
astigmatism), Z−1

3 (vertical coma), Z1
3 (horizontal coma), and

Z−2
4 (oblique second-order astigmatism). The effect of these

parameters on laser-driven proton beam quality is complex,
modulated by both the resulting laser peak intensity and the
energy concentration within the focal spot. Combined with
their suitability for HRR electronic control, these parameters
were well suited to autonomous optimization using BO.

We began the optimization with a manually optimized best
focus. During the optimization, the control system collected
ten shots at 1 Hz (comprising one burst) and collated the data.
The optimizer extracted the maximum proton energy from the
ToF spectrometer for each shot [Fig. 5(d)], then scaled this
value to obtain the “fitness.” The mean and standard error
of the fitness values obtained in the burst were computed,
then provided to the optimizer to obtain a posterior model
via Gaussian process regression. The updated posterior model
was used to predict the optimal parameter values (i.e., the
next set of values of the six Zernike coefficients) and the
corresponding fitness by maximizing an expected improve-
ment acquisition function. The optimizer could then instruct
the control system to adjust the DFM appropriately and begin
taking shots for the next burst. In the scan presented here, this
process was repeated for 101 bursts before it was manually
terminated, as no automated termination criteria were set.
During this scan, the laser pulse energy was 206 ± 7 mJ, with
a FWHM pulse duration of 82 ± 21 fs.

Figure 6(a) shows the values of these parameters as they
were varied throughout the optimization. Each panel describes
a single parameter, with the parameter values for each burst
indicated with black points and the parameter values corre-
sponding to the maximum ToF spectrometer energy obtained
in the optimization indicated with a horizontal blue line. The
initial model of the objective function was constructed from
a random sampling of the parameter space, with the prior
objective initially set to zero across the parameter space. In
the first bursts after the start of the optimization, the optimizer
explored an unfavorable position in parameter space, leading
to a significant degradation in the energy containment within
the focal spot [Fig. 6(b), bottom panel]. At this position,
the fitness decreased considerably, [Fig. 6(b), top panel], as
did the maximum proton energy and flux [Fig. 6(b), middle
two panels]. A key advantage of BO is that all the acquired
data are incorporated into the posterior model of the objec-
tive function, which provides the model of parameter space.
So, even acquisitions of data in poorly performing regions
of parameter space are of value to the model construction.
After this initial venture into a poorly performing region of
parameter space the model returned to more favorable regions,
and the remainder of the data acquisition was concentrated
in regions of parameter space that generated proton beam
maximum energies relatively near the final optimum.

Several key experimental observables are plotted over the
course of the optimization in Fig. 6(b), showing that the pro-
ton beam maximum energy was generally fairly close to the
initial value of 5.4 MeV. The highest value obtained in the
optimization was 6.0 ± 0.1 MeV, 11% higher than the initial
maximum energy. This optimum was associated with an opti-
mized laser focal spot shown in Fig. 6(c), which decreased the
radius containing 50% of the pulse energy by 13%. Notably,
the integrated flux on the ToF spectrometer increased over the
course of the optimization [Fig. 6(b), third panel], although
this parameter was not considered by the optimizer. The
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FIG. 6. (a) Variation in the Zernike mode coefficients in the laser system deformable mirror over the course of the optimization. Each panel
shows the values of a single parameter as black points. The parameter values corresponding to the global maximum ToF spectrometer energy
are indicated with a horizontal blue line. The Zernike coefficients tuned were Z0

2 (focus), Z−2
2 (oblique astigmatism), Z2

2 (vertical astigmatism),
Z−1

3 (vertical coma), Z1
3 (horizontal coma), and Z−2

4 (oblique second-order astigmatism). (b) Top: fitness values (black points) calculated by
the optimizer after each burst of shots during the experiment (see text). Prior to each burst, the model predicted the fitness based on all data
acquired up to that point (yellow line). Second from top: the maximum proton energy calculated from the ToF spectrometer for each burst,
incorporating postexperiment recalibration. Third from top: the integrated proton flux observed on the calibrated ToF spectrometer for each
burst. Bottom: the 50% enclosed radius of the laser focal spot reconstructed from the Zernike coefficients applied using the deformable mirror
for each burst of the optimization. Error bars indicate ±1 standard error of the mean. (c) Reconstructed far-field intensity distributions of
the focused laser, showing that the BO-optimized focal spot improved the energy containment compared to the initial manually-optimized
focal spot.

proton flux observed on the ToF spectrometer for the optimal
burst was 60% higher than the initial total flux—a substan-
tially larger change than observed for other properties of the
proton beam. Increases in flux may have reduced shot-to-shot
variation in the measured maximum proton energy, improving
the model’s confidence in these regions of parameter space
and incentivizing continued data acquisition there.

III. DISCUSSION

While the optimization process described here showed that
the best proton acceleration performance is associated with
improved energy containment within the focal spot, earlier
experiments studying the impact of laser wave front shaping
on the properties of laser-driven electron beams [76,77] found
that aberrated laser wave fronts can lead to more favorable

properties in the resulting electron beam. Similarly, in our
previous work on BO of laser-driven proton beams using a
tape drive target [26], the optimal focal spot was significantly
aberrated compared to the manually optimized focal spot.
This difference in performance suggests that the 600 nm thick
liquid jet target used here may have been more sensitive
to subtle degradations in the laser maximum intensity than
the micron-scale tape targets used in Ref. [26]. The liquid
jet target was significantly thinner than the tape, potentially
causing the target rear surface (and hence the ion acceleration
process) to be more easily perturbed by structured intensity
distributions incident on the front surface.

These results also demonstrate that optimized laser focal
spots can yield proton beams with similar energies to those
obtained with higher laser power but an unoptimized beam
profile, consistent with our previous results [26]. The 6 MeV
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FIG. 7. (a) 1D and 2D surfaces of the fitness values predicted by the final optimization model as a function of the Zernike coefficients
used as optimization parameters. 1D plots along the upper right indicate the fitness predicted by the model as one parameter is varied, with
all other parameters held at the optimal value. 2D contour plots indicate the fitness predicted by the model as two parameters are varied,
with all other parameters held at the optimal values. Narrower peaks indicate more sensitivity to changes in the parameter value. 2D surfaces
with components along the diagonal (rather than purely vertical or horizontal) directions indicate coupling between the parameters. The points
overlaid in black indicate the positions in parameter space where the BO algorithm acquired data. (b) 2D plots from panel (a) were fit to
a 2D standard normal probability density function [Eq. (1)], then the correlation was extracted. This value is indicated for each pairwise
combination of parameters, and the matrix element is colored accordingly. Larger magnitudes indicate greater observed correlation between
the two parameters.

maximum proton energy from the optimization was obtained
with an average pulse power of 1.8 TW. In contrast, the 6 MeV
peak energies described in Ref. [54] were obtained using
pulses with an average power of 3.3 TW.

Another recent study also found that higher maximum pro-
ton energies were obtained from micrometer-scale foil targets
when the laser wave front was significantly aberrated [78].
This study also sought to optimize maximum proton energy
using BO of DFM parameters, but focused on tuning individ-
ual DFM actuators rather than the Zernike mode coefficients
resulting from multiactuator adjustments of the DFM surface.
This approach required a much higher-dimensional optimiza-
tion process due to the use of individual DFM actuators as
optimization parameters, but the optimization results were
dominated by a single actuator: the central “focus” actuator.
The remaining actuators each made relatively small contribu-
tions to the result.

To better understand the parameter sensitivities in our
trained model, we used the model to reconstruct 1D and 2D
subspaces of expected fitness as a function of the optimization
parameters [Fig. 7(a)]. The model observed more sensitivity to
variations in focus, horizontal coma (Z1

3 ), and oblique second-
order astigmatism (Z−2

4 ) compared to the other parameters,
though only to a modest extent. The parameters used for the
optimization described here therefore contributed more evenly
than those used for the optimization described in Ref. [78].

We computed the pairwise correlation between the param-
eters by fitting the 2D surfaces shown in Fig. 7(a) to 2D

standard normal probability density functions of the form

f (x, y) = 1

2πσX σY

√
1 − ρ2

exp

(
− 1

2[1 − ρ2]

[(
x − μX

σX

)2

− 2ρ

(
x − μX

σX

)(
y − μY

σY

)
+

(
y − μY

σY

)2
])

,

(1)

where μx,y and σx,y are the means and standard deviations
of the two parameters, then extracting the correlation ρ be-
tween the parameters. The correlations observed by the model
indicate that the Zernike coefficients had coupled effects on
the maximum energy of the laser-accelerated protons, either
due to the highly nonlinear laser-plasma interaction or as
a result of inherent couplings between the phase maps of
the Zernike coefficients. The largest magnitude of the cor-
relations observed was between horizontal coma and vertical
astigmatism (Z1

3 and Z2
2 , ρ = 0.29). The correlation between

oblique astigmatism (Z−2
2 ) and shifts in the focus had nearly

the same magnitude. The remaining correlations were signifi-
cantly lower in magnitude (|ρ| � 0.15).

One possible explanation for the observed correlations is
that they reflect combinations of Zernike modes that preserve
the peak intensity in the far field, maintaining higher maxi-
mum proton energies despite substantial wave front distortion.
To assess this hypothesis, we reconstructed a series of far-
field intensity distributions as a function of the six Zernike
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FIG. 8. (a) Contour plots depicting the peak laser intensity achieved by laser focal spots reconstructed using the specified values of the
Zernike coefficients used in the optimization. For each contour plot, two Zernike coefficients were varied and the remaining four were kept
fixed at the optimal values. At each point in the plotted parameter space, a map of the laser far-field intensity distribution was reconstructed
based on the Zernike coefficients, then the peak intensity was extracted. The points overlaid in black indicate the positions in parameter space
where the BO algorithm acquired data. (b) The 2D plots from panel (a) were fit to a 2D standard normal probability density function [Eq. (1)],
then the correlation was extracted. This value is indicated for each pairwise combination of parameters, and the matrix element is colored
accordingly. Larger magnitudes indicate greater observed correlation between the two parameters.

coefficients used in the optimization. For each pairwise com-
bination of parameters, two parameters were varied and the
remainder were kept fixed at their optima. At each point
in parameter space, we reconstructed the far-field intensity
distribution and computed the maximum value. The resulting
contour plots of peak laser intensity for each combination of
Zernike coefficients are shown in Fig. 8(a).

The reconstructed peak intensity contour plots show sub-
stantial differences from the fitness contours in Fig. 7(a),
indicating a much different set of correlations between the
parameters. As quantified in Fig. 8(b), the Zernike coefficients
considered here almost all showed low levels of correlation
(|ρ| � 0.11) in their effect on the laser peak intensity, includ-
ing the parameters that were inferred by the optimizer to have
the highest correlation in their effect on the proton maximum
energy. The only parameters with highly correlated effects on
the peak intensity were the oblique astigmatism (Z−2

2 ) and the
oblique second-order astigmatism (Z−2

4 )—as expected given
that these two terms can partially compensate for one another.
However, this correlation was not captured by the BO model,
perhaps due to its relatively sparse sampling. As shown in
Fig. 8(a), the optimizer only explored a limited region of the
parameter space, instead focusing on the regions where the
laser intensity was maximized. The acquisition function used
here was intended to optimize the maximum proton energy
rather than map the parameter space, likely explaining the
optimizer’s preference for remaining near the highest laser in-
tensities. Further, sampling a six-dimensional parameter space
with only ∼100 points inherently means that the space will be

relatively sparsely sampled, particularly when the points are
highly unevenly distributed.

We therefore conclude that the parameter correlations ob-
served by the BO model cannot be explained simply by their
effect on the laser peak intensity. Further study is necessary
to determine whether these correlations simply result from
the sparse sampling of the parameter space or are real fea-
tures emerging from complex interactions between the laser
wave front and target plasma. Alternative acquisition func-
tions such as the “Bayesian exploration” method [79] could
be used to map out the parameter space in more detail to facil-
itate a clearer understanding of the relationship between each
Zernike mode coefficient and the maximum proton energy.
This work could be supplemented by a series of 2D and three-
dimensional numerical simulations with careful adjustments
to the laser wave front to monitor the impact on plasma dy-
namics and the maximum proton energy. Due to the expense
of such a simulation campaign, it may still be more feasible to
investigate these effects experimentally, taking advantage of
the large datasets available from stable HRR lasers and targets.

IV. CONCLUSION

In this work, we have presented a variety of measurements
of laser-accelerated particle beams produced in high-intensity,
HRR laser interactions with a liquid water sheet jet target.
Optical probing with an independent laser pulse allowed us
to observe the growth of filamentary plasma structures in the
first tens of ps after the interaction and the initial formation
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of a laser-driven shock propagating away from the interaction
volume. Consistent with previous work, we observed signifi-
cant improvements in the energy and flux of laser-accelerated
protons when p-polarized laser pulses were used. Finally, we
performed real-time, closed-loop optimization of the proton
maximum energy by tuning the laser wave front using a
deformable mirror. The optimizer improved the energy con-
centration in the focal spot compared to manual tuning prior to
the autonomous optimization experiment, leading to improved
proton beam maximum energies. The optimizer inferred cor-
relations between the Zernike mode coefficients used to tune
the laser wave front, but these correlations did not correspond
directly to the changes in the far-field peak intensity generated
by the same changes to the Zernike coefficients, suggesting
that the inferred correlations may have resulted from more
subtle shaping of the laser wave front rather than changes
to the maximum intensity alone. Further study of the de-
tailed interaction between the laser wave front and the target
front-surface plasma, either via high-resolution experimental
parameter scans or numerical simulations, will be necessary
for a full exploration of the physics underlying these inferred
correlations.

The use of a highly stable, replenishing target was key to
these results, making it possible to collect statistics throughout
scans across a number of experimental parameters. The auto-
mated optimization work shown here can be readily extended.
For example, the BO reward function could be modified to op-
timize different experimental observables, such as the proton
beam spatial profile or flux, depending on the beam properties
required for various applications. Optimizations could also be
performed using other parameters than the laser wave front,
such as spectral phase components governing the pulse tem-
poral profile [75] or the energy or delay of an independent
probe beam used to pre-expand the target [80]. Liquid sheet
targets, with thicknesses that can be adjusted in situ, may also
permit tuning between acceleration regimes that favor higher
maximum energies and those that favor increased ion flux by
varying the target thickness. The acquisition function could
also be adjusted to prioritize parameter space exploration
rather than optimization.

Finally, our previous work has indicated that ion acceler-
ation from liquid targets may exhibit more favorable scaling
with laser intensity than the conventional I1/2 scaling [47],
suggesting that increasing the laser power from the few-TW
level used in this work to the PW level could yield substan-
tially higher maximum proton energies. Recent experimental
work using 300 TW laser pulses demonstrated the accelera-
tion of protons to 25 MeV using a liquid sheet target 3μm
thick [52], indicating that operation of our thinner liquid
sheet target with PW-class laser drivers will enable closed-
loop optimization of ion beams with maximum energies of
many tens of MeV. Target preconditioning schemes, such as
pre-expansion to near-critical densities, may also enable the
generation of narrower ion energy distributions [3,81]. The
parameters of the preheating laser pulse add dimensionality
to the parameter space of the laser-target interaction, making
these methods well suited to advanced control methods such
as Bayesian optimization. Alternatively, HRR operation can
improve the feasibility of shaping the ion energy or spatial
distribution using static beamline elements such as quadrupole

magnets [82,83], with the improved total flux from HRR oper-
ation potentially overcoming the losses imposed by beamline
elements. Low-divergence proton beams such as those ob-
served in our recent experiments [54] will further improve
the feasibility of ion beam shaping using magnetic beam-
line elements, since the reduced transverse extent of these
proton beams should improve their transmission through the
beamline and facilitate the use of energy-selecting elements.
The capabilities demonstrated here will guide the continued
maturation of HRR laser-driven ion sources, demonstrating
the potential for the same source to both provide insights
into fundamental ion acceleration physics and to facilitate
real-time optimization of laser-driven proton beams as needed
for applications.

V. METHODS

A. TA2 laser system

The experiment was performed in the Gemini TA2 tar-
get area at the Central Laser Facility (UK). The maximum
laser energy of approximately 200 mJ was measured on shot
by imaging the near-field of the beam through a dielectric
mirror onto a CCD, which had been cross-calibrated to a
Gentec energy meter prior to the compressor. Compressor and
postcompressor beamline throughput was measured at regular
intervals and included within the determination of on-target
energy. A HASO wave front sensor coupled to a deformable
mirror enabled both measurement and manipulation of the
laser spatial phase. The laser compressor was separated from
the target chamber using a 0.5 mm thick fused silica pelli-
cle. The full-energy compressed pulse passed through this
window, adding a maximum B-integral of 0.2. A sample of
the compressed pulse, 5 mm in diameter, passed through an
identical pellicle and was then attenuated and passed through
an additional 2 mm thick fused silica vacuum window. The
temporal profile of the pulse sample was then character-
ized using a SPIDER [84] and numerically back-propagated
through 2 mm of fused silica to reconstruct the on-target pulse
duration. The pulse duration, GDD and TOD were tuned
during the experiment using a Fastlite Dazzler acousto-optic
programmable filter. The beam was focused in the interaction
chamber using an f /2.5 off-axis parabola, yielding a peak
intensity on target of 3.5 × 1019 W/ cm2 (normalized vector
potential a0 ≈ 4). The beam was incident onto the target at a
30 ◦ angle from the target front surface normal. The polariza-
tion was varied using a full aperture quarter- or half-waveplate
placed in the beam. The quality of the focal spot was moni-
tored periodically by imaging the attenuated laser beam using
a Mitutoyo 50× infinity-corrected apochromatic microscope
objective coupled to a turning mirror and camera. Before the
experiment, the laser contrast was measured to be of order
10−8 greater than 20 ps before the main pulse and of order
10−5 greater than 5 ps before the main pulse.

B. Liquid water sheet jet and vacuum system modifications

The liquid sheet jet was generated using a tungsten mi-
crofluidic nozzle [48]. Water was pumped into the nozzle
from outside the vacuum chamber using a HPLC pump, then
injected into vacuum through a 100 × 25 μm2 converging
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aperture at an average flow rate of 6 ml/min. The nozzle
produced a liquid sheet approximately 3 mm long in the
vertical dimension and 0.5 mm wide. The liquid flow speed
of approximately 10 m/s ensured that the interaction region
was completely refreshed before each laser shot. The target
thickness was measured using white light interferometry and
was determined to be 600 ± 100 nm at the interaction point
2.8 mm below the nozzle. Measurement of the jet position
using the probe beam determined that the position jitter of the
sheet edges in the plane of the sheet was less than 5μm. It
is expected that the jitter in the plane of the sheet was sig-
nificantly larger than the jitter in the perpendicular direction
due to the geometry of the liquid sheet formation. The sheet
surface therefore remained well within the 15μm Rayleigh
range of the high-power laser.

To reduce the load on the vacuum pumps, the liquid jet
was intercepted below the interaction point by a differentially
pumped in-vacuum catcher with a �500μm aperture. The
catcher was heated to a temperature of approximately 470 K,
causing the liquid jet to vaporize inside the catcher body after
passing through the aperture. The water vapor was evacuated
using a gravity-assisted liquid trap attached to a scroll pump.
The vacuum chamber maintained a pressure of 0.1 mbar dur-
ing liquid jet operation.

C. Experimental diagnostics

1. Optical probe

A probe beam was generated using the laser frontend
(<1 mJ) and was independently compressed to a pulse du-
ration of ∼50 fs. The probe was incident on the target at an
angle of approximately 20◦ from the front surface normal, 50◦
from the main beam axis. A motorized delay stage provided
up to 1.6 ns of delay between the main laser interaction and
the arrival of the probe. The t = 0 position was determined
by observation of interference fringes between the probe and
main pulse in images of the probe beam obtained during
a very fine timing scan of the probe. This observation was
coincident with the earliest observations of perturbation of the
sheet by the arrival of the main beam. All images presented in
Fig. 2 have been normalized by an image of the jet collected
without any drive laser irradiation. The bright spot visible in
the center of the images shown in Fig. 2 primarily results from
plasma self-emission from the high-intensity laser interaction
captured by the imaging system and camera.

2. Proton beam diagnostics

A 2 mm2 diamond detector operating in time-of-flight
mode measured the ion energy spectrum. The detector was
placed 357 mm from the target with a line of sight at an angle
of 3◦ relative to the rear-surface target normal. No filters were
included ahead of the detector, so the contribution of heavier
ions was separated from the proton signal by the arrival time
at the detector. Previous work has shown that the maximum
energy of the heavy ions per nucleon is typically less than
the maximum proton energy [85,86], meaning that the proton
maximum energy cutoff we observed should not be sensitive
to heavy ion contributions. Further, as we do not observe a
large secondary peak from the arrival of low-energy heavy

ions, we estimate that the high-energy heavy ion flux does not
make a significant contribution to the ToF signal we ascribe to
laser-accelerated protons.

The spatial profile of the rear-surface proton beam was
captured using a �50 mm ZnS(Ag) scintillator (EJ-440; El-
jen Technologies) placed 160 mm from the target, centered
on the rear-surface normal. The scintillator was shielded
from scattered laser light and low-energy heavy ions using a
12μm layer of aluminized Mylar, making it most sensitive
to 1.1 MeV protons over most of its surface. Selected regions
were additionally filtered using layers of 10μm Al to provide
maximum sensitivity to 1.5, 1.9, and 2.2 MeV protons in
regions covered by an additional 10, 20, and 30μm of Al,
respectively. The energy deposition per proton as a function of
proton energy was determined using FLUKA [87] simulations.

The scintillator was absolutely calibrated by conversion to
a slotted RCF stack consisting of one layer of Gafchromic
HD-V2 and one layer of EBT3 behind a 12μm thick alu-
minized Mylar shield. The slots allowed samples of the proton
beam to propagate to the scintillator, while the rest of the beam
was captured by the RCF stack. The HD-V2 film was scanned
and converted to a dose map using the procedure described in
Ref. [88], and the resulting map was compared to the camera
signal to determine an absolute calibration.

The proton beams generated in these interactions exhibited
remarkably low divergence on the order of 1◦ [54], making it
essential to track the ion beam pointing on-shot. Since the ToF
spectrometer sampled only a small solid angle, fluctuations
in the proton beam pointing of only a few degrees could
potentially cause substantial changes to the measured proton
energy spectrum. This sensitivity stands in contrast to the rel-
ative insensitivity of such diagnostics to the pointing of proton
beams accelerated via sheath acceleration from conventional
targets, which exhibit much larger typical divergences. For all
proton spectra and maximum energies shown in this work, it
was necessary to verify that the proton beams were pointed
toward the ToF spectrometer using the proton spatial profiler
in order to ensure that the energy spectra shown were sampled
from similar regions of the beam.

3. Electron diagnostic

To record the energy spectrum of electrons escaping from
the interaction, a permanent magnet-based in-vacuum electron
spectrometer was placed along the laser propagation direction
at a distance of 350 mm from the interaction. Electrons passed
through a 0.5 × 4 mm2 slit (acceptance of 35μsr) and were
deflected onto a Kodak Lanex Regular scintillating screen
using a permanent magnet with a peak field of approximately
0.15 T. The light emitted from the screen was captured by a
CCD camera on each laser shot. The energy dispersion of the
spectrometer was determined with particle tracing simulations
using the measured magnetic field distribution (obtained with
a Hall probe). The minimum observable electron energy was
approximately 1 MeV.

D. Bayesian optimization algorithm

The algorithm used for the Bayesian optimization demon-
strated here was a home-built algorithm implemented
in scikit-learn, which was substantially identical to the
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algorithm used in Ref. [68]. The acquisition function used was
a variation of the expected improvement acquisition function
that accounted for the proportion of uncertainty attributable
to model error as opposed to measurement noise. The kernel
was a radial basis function added to an additional white noise
function. Hyperparameters were optimized in each iteration
of the model via maximum likelihood estimation. For further
details, see Sec. V of Ref. [68]. In contrast to Ref. [68], we im-
plemented a different objective function aimed at optimizing
the maximum energy observed in the ToF detector.
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O. Renner, and S. Weber, High-repetition rate solid target
delivery system for PW-class laser–matter interaction at ELI
beamlines, Rev. Sci. Instrum. 92, 063504 (2021).

[35] N. Xu et al., Versatile tape-drive target for high-repetition-rate
laser-driven proton acceleration, High Power Laser Sci. Eng.
11, e23 (2023).

[36] G. Zeraouli et al., Flexible tape-drive target system for sec-
ondary high-intensity laser-driven sources, Rev. Sci. Instrum.
94, 123306 (2023).

[37] J. B. Kim, S. Göde, and S. H. Glenzer, Development
of a cryogenic hydrogen microjet for high-intensity, high-
repetition rate experiments, Rev. Sci. Instrum. 87, 11E328
(2016).

[38] D. Margarone et al., Proton acceleration driven by a nanosecond
laser from a cryogenic thin solid-hydrogen ribbon, Phys. Rev. X
6, 041030 (2016).

[39] C. B. Curry, C. Schoenwaelder, S. Goede, J. B. Kim, M.
Rehwald, F. Treffert, K. Zeil, S. H. Glenzer, and M. Gauthier,
Cryogenic liquid jets for high repetition rate discovery science,
J. Visual. Exper. 2020, e61130 (2020).

[40] T. Chagovets et al., A cryogenic hydrogen ribbon for laser
driven proton acceleration at Hz-level repetition rate, Front.
Phys. 9, 754423 (2022).

[41] S. Karsch, S. Düsterer, H. Schwoerer, F. Ewald, D. Habs, M.
Hegelich, G. Pretzler, A. Pukhov, K. Witte, and R. Sauerbrey,
High-intensity laser induced ion acceleration from heavy-water
droplets, Phys. Rev. Lett. 91, 015001 (2003).

[42] S. Ter-Avetisyan, M. Schnürer, S. Busch, E. Risse, P. V. Nickles,
and W. Sandner, Spectral dips in ion emission emerging from
ultrashort laser-driven plasmas, Phys. Rev. Lett. 93, 155006
(2004).

[43] J. T. Morrison, S. Feister, K. D. Frische, D. R. Austin, G. K.
Ngirmang, N. R. Murphy, C. Orban, E. A. Chowdhury, and
W. M. Roquemore, Corrigendum: MeV proton acceleration at
kHz repetition rate from ultra-intense laser liquid interaction,
New J. Phys. 20, 069501 (2018).

[44] K. M. George, J. T. Morrison, S. Feister, G. K. Ngirmang,
J. R. Smith, A. J. Klim, J. Snyder, D. Austin, W. Erbsen,
K. D. Frische, J. Nees, C. Orban, E. A. Chowdhury, and W.
M. Roquemore, High-repetition-rate (�kHz) targets and optics
from liquid microjets for high-intensity laser–plasma interac-
tions, High Power Laser Sci. Eng. 7, e50 (2019).

[45] P. Puyuelo-Valdes, D. de Luis, J. Hernandez, J. I. Apiñaniz, A.
Curcio, J. L. Henares, M. Huault, J. A. Pérez-Hernández, L.
Roso, G. Gatti, and L. Volpe, Implementation of a thin, flat
water target capable of high-repetition-rate MeV-range proton
acceleration in a high-power laser at the CLPU, Plasma Phys.
Controlled Fusion 64, 054003 (2022).

[46] C. J. Crissman, M. Mo, Z. Chen, J. Yang, D. A. Huyke, S. H.
Glenzer, K. Ledbetter, J. F. P. F. Nunes, M. L. Ng, H. Wang,
X. Shen, X. Wang, and D. P. DePonte, Sub-micron thick liquid
sheets produced by isotropically etched glass nozzles, Lab Chip
22, 1365 (2022).

[47] F. Treffert, C. B. Curry, H.-G. J. Chou, C. J. Crissman, D. P.
DePonte, F. Fiuza, G. D. Glenn, R. C. Hollinger, R. Nedbailo,
J. Park, C. Schoenwaelder, H. Song, S. Wang, J. J. Rocca,

013101-15

https://doi.org/10.1063/1.2987678
https://doi.org/10.1016/j.nima.2018.02.108
https://doi.org/10.1103/PhysRevLett.124.084802
https://doi.org/10.1098/rsta.2005.1733
https://doi.org/10.1103/PhysRevLett.99.185002
https://doi.org/10.1088/1361-6587/ac1f67
https://doi.org/10.1038/s41586-021-03382-w
https://doi.org/10.1017/hpl.2023.23
https://doi.org/10.1109/27.893296
https://doi.org/10.1063/1.3021160
https://doi.org/10.1017/hpl.2019.36
https://doi.org/10.1364/OE.439658
https://doi.org/10.1017/hpl.2017.18
https://doi.org/10.1063/1.1516855
https://doi.org/10.1063/1.1578156
https://doi.org/10.1063/5.0053281
https://doi.org/10.1017/hpl.2023.27
https://doi.org/10.1063/5.0180715
https://doi.org/10.1063/1.4961089
https://doi.org/10.1103/PhysRevX.6.041030
https://doi.org/10.3791/61130
https://doi.org/10.3389/fphy.2021.754423
https://doi.org/10.1103/PhysRevLett.91.015001
https://doi.org/10.1103/PhysRevLett.93.155006
https://doi.org/10.1088/1367-2630/aac5d1
https://doi.org/10.1017/hpl.2019.35
https://doi.org/10.1088/1361-6587/ac5643
https://doi.org/10.1039/D1LC00757B


G. D. GLENN et al. PHYSICAL REVIEW RESEARCH 8, 013101 (2026)

M. Roth, S. H. Glenzer, and M. Gauthier, High-repetition-rate,
multi-MeV deuteron acceleration from converging heavy water
microjets at laser intensities of 1021 W/cm2, Appl. Phys. Lett.
121, 074104 (2022).

[48] F. Treffert, G. D. Glenn, H.-G. J. Chou, C. Crissman, C. B.
Curry, D. P. DePonte, F. Fiuza, N. J. Hartley, B. Ofori-Okai, M.
Roth, S. H. Glenzer, and M. Gauthier, Ambient-temperature liq-
uid jet targets for high-repetition-rate HED discovery science,
Phys. Plasmas 29, 123105 (2022).

[49] Z. Cao et al., Vibration and jitter of free-flowing thin liquid
sheets as target for high-repetition-rate laser-ion acceleration,
Front. Phys. 11, 1 (2023).

[50] M. Füle, A. P. Kovács, T. Gilinger, M. Karnok, P. Gaál, S. Figul,
G. Marowsky, and K. Osvay, Development of an ultrathin liquid
sheet target for laser ion acceleration at high repetition rates in
the kilohertz range, High Power Laser Sci. Eng. 12, e37 (2024).

[51] Z. Peng et al., A comprehensive diagnostic system of ultra-thin
liquid sheet targets, High Power Laser Sci. Eng. 12, e26 (2024).

[52] L. R. He, M. Bachhammer, F. Balling, S. Biswas, L. Doyle, S.
Gerlach, I. Hofrichter, M. Kharbedia, J. Liese, M. De Marco,
T. Pohle, A. Praßelsperger, A.-K. Schmidt, F. Schweiger, M.
F. Kling, S. Karsch, and J. Schreiber, Stable high-energy pro-
ton acceleration with water-leaf targets driven by intense laser
pulses, Phys. Rev. Res. 7, 023190 (2025).

[53] S. Faubel, G. D. Glenn, G. Jain, M. Gauthier, and S. H. Glenzer,
Replenishing liquid sheet targets to enable high-intensity high-
repetition-rate laser-plasma interactions for ion-beam technol-
ogy, Rev. Sci. Instrum. 96, 093304 (2025).

[54] M. J. V. Streeter et al., Stable laser-acceleration of high-flux
proton beams with plasma collimation, Nat. Commun. 16, 1004
(2025).

[55] C. Ruyer et al., Growth of concomitant laser-driven collision-
less and resistive electron filamentation instabilities over large
spatiotemporal scales, Nat. Phys. 16, 983 (2020).

[56] G. K. Ngirmang, J. T. Morrison, K. M. George, J. R. Smith,
K. D. Frische, C. Orban, E. A. Chowdhury, and W. M.
Roquemore, Evidence of radial Weibel instability in relativistic
intensity laser-plasma interactions inside a sub-micron thick
liquid target, Sci. Rep. 10, 9872 (2020).

[57] C. Schoenwaelder, A. Marret, S. Assenbaum, C. B. Curry, E.
Cunningham, G. Dyer, S. Funk, G. D. Glenn, S. Goede, D.
Khaghani, M. Rehwald, U. Schramm, F. Treffert, M. Vescovi,
K. Zeil, S. H. Glenzer, F. Fiuza, and M. Gauthier, Time-resolved
X-ray imaging of the current filamentation instability in solid-
density plasmas, Nat. Commun. 17, 467 (2026).

[58] R. D’Arcy, J. Chappell, J. Beinortaite, S. Diederichs, G. Boyle,
B. Foster, M. J. Garland, P. Gonzalez Caminal, C. A. Lindstrm,
G. Loisch, S. Schreiber, S. Schröder, R. J. Shalloo, M. Thvenet,
S. Wesch, M. Wing, and J. Osterhoff, Recovery time of a
plasma-wakefield accelerator, Nature (London) 603, 58 (2022).

[59] S. Wilks and W. Kruer, Absorption of ultrashort, ultra-intense
laser light by solids and overdense plasmas, IEEE J. Quantum
Electron. 33, 1954 (1997).

[60] M. Cerchez, R. Jung, J. Osterholz, T. Toncian, O. Willi, P.
Mulser, and H. Ruhl, Absorption of ultrashort laser pulses in
strongly overdense targets, Phys. Rev. Lett. 100, 245001 (2008).

[61] A. Adak, A. D. Lad, M. Shaikh, I. Dey, D. Sarkar, and G. R.
Kumar, Absorption of high-intensity, high-contrast femtosec-
ond laser pulses by a dielectric solid, Plasma Phys. Controlled
Fusion 63, 094004 (2021).

[62] F. Brunel, Not-so-resonant, resonant absorption, Phys. Rev.
Lett. 59, 52 (1987).

[63] M. Almassarani, S. Meng, B. Beleites, F. Ronneberger,
G. G. Paulus, and A. Gopal, Parametric study of proton
acceleration from laser-thin foil interaction, Plasma 4, 670
(2021).

[64] T. Ziegler et al., Proton beam quality enhancement by spectral
phase control of a PW-class laser system, Sci. Rep. 11, 7338
(2021).

[65] J. Psikal, Effect of the rising edge of ultrashort laser pulse
on the target normal sheath acceleration of ions, Plasma Phys.
Controlled Fusion 66, 045007 (2024).

[66] A. Permogorov, G. Cantono, D. Guenot, A. Persson, and C.-G.
Wahlström, Effects of pulse chirp on laser-driven proton accel-
eration, Sci. Rep. 12, 3031 (2022).

[67] M. Tayyab, S. Bagchi, J. A. Chakera, R. A. Khan, and P. A.
Naik, Effect of temporally modified ultra-short laser pulses
on ion acceleration from thin foil targets, Phys. Plasmas 25,
083113 (2018).

[68] R. J. Shalloo et al., Automation and control of laser wakefield
accelerators using Bayesian optimization, Nat. Commun. 11,
6355 (2020).

[69] B. Shahriari, K. Swersky, Z. Wang, R. P. Adams, and N. de
Freitas, Taking the human out of the loop: A review of Bayesian
optimization, Proc. IEEE 104, 148 (2016).

[70] P. I. Frazier, Bayesian optimization, INFORMS TutORials in
Operations Research 255 (2018).

[71] A. Döpp, C. Eberle, S. Howard, F. Irshad, J. Lin, and M.
Streeter, Data-driven science and machine learning methods
in laser–plasma physics, High Power Laser Sci. Eng. 11, e55
(2023).

[72] S. Jalas, M. Kirchen, P. Messner, P. Winkler, L. Hübner, J.
Dirkwinkel, M. Schnepp, R. Lehe, and A. R. Maier, Bayesian
optimization of a laser-plasma accelerator, Phys. Rev. Lett. 126,
104801 (2021).

[73] E. J. Dolier, M. King, R. Wilson, R. J. Gray, and P. McKenna,
Multi-parameter Bayesian optimisation of laser-driven ion ac-
celeration in particle-in-cell simulations, New J. Phys. 24,
073025 (2022).

[74] F. Irshad, C. Eberle, F. M. Foerster, K. v. Grafenstein, F.
Haberstroh, E. Travac, N. Weisse, S. Karsch, and A. Döpp,
Pareto optimization and tuning of a laser wakefield accelerator,
Phys. Rev. Lett. 133, 085001 (2024).

[75] D. A. Mariscal et al., Toward machine-learning-assisted PW-
class high-repetition-rate experiments with solid targets, Phys.
Plasmas 31, 073105 (2024).

[76] S. P. D. Mangles, G. Genoud, S. Kneip, M. Burza, K. Cassou,
B. Cros, N. P. Dover, C. Kamperidis, Z. Najmudin, A. Persson,
J. Schreiber, F. Wojda, and C.-G. Wahlström, Controlling the
spectrum of x-rays generated in a laser-plasma accelerator by
tailoring the laser wavefront, Appl. Phys. Lett. 95, 181106
(2009).

[77] B. Beaurepaire, A. Vernier, M. Bocoum, F. Böhle, A. Jullien,
J-P. Rousseau, T. Lefrou, D. Douillet, G. Iaquaniello, R. Lopez-
Martens, A. Lifschitz, and J. Faure, Effect of the laser wave
front in a laser-plasma accelerator, Phys. Rev. X 5, 031012
(2015).

[78] E. Catrix, S. Fourmaux, S. Vallières, F. Bianchi, F.
Fillion-Gourdeau, J. Maltais, S. MacLean, and P. Antici,
20-dimensional surrogate-assisted Bayesian optimization of

013101-16

https://doi.org/10.1063/5.0098973
https://doi.org/10.1063/5.0097857
https://doi.org/10.3389/fphy.2023.1172075
https://doi.org/10.1017/hpl.2024.19
https://doi.org/10.1017/hpl.2023.101
https://doi.org/10.1103/PhysRevResearch.7.023190
https://doi.org/10.1063/5.0283523
https://doi.org/10.1038/s41467-025-56248-4
https://doi.org/10.1038/s41567-020-0913-x
https://doi.org/10.1038/s41598-020-66615-4
https://doi.org/10.1038/s41467-025-67160-2
https://doi.org/10.1038/s41586-021-04348-8
https://doi.org/10.1109/3.641310
https://doi.org/10.1103/PhysRevLett.100.245001
https://doi.org/10.1088/1361-6587/ac138b
https://doi.org/10.1103/PhysRevLett.59.52
https://doi.org/10.3390/plasma4040034
https://doi.org/10.1038/s41598-021-86547-x
https://doi.org/10.1088/1361-6587/ad268d
https://doi.org/10.1038/s41598-022-07019-4
https://doi.org/10.1063/1.5037260
https://doi.org/10.1038/s41467-020-20245-6
https://doi.org/10.1109/JPROC.2015.2494218
https://doi.org/10.1287/educ.2018.0188
https://doi.org/10.1017/hpl.2023.47
https://doi.org/10.1103/PhysRevLett.126.104801
https://doi.org/10.1088/1367-2630/ac7db4
https://doi.org/10.1103/PhysRevLett.133.085001
https://doi.org/10.1063/5.0190553
https://doi.org/10.1063/1.3258022
https://doi.org/10.1103/PhysRevX.5.031012


CHARACTERIZATION AND AUTOMATED OPTIMIZATION … PHYSICAL REVIEW RESEARCH 8, 013101 (2026)

laser-driven proton beams, Appl. Phys. Lett. 126, 254104
(2025).

[79] R. Roussel et al., Bayesian optimization algorithms for acceler-
ator physics, Phys. Rev. Accel. Beams 27, 084801 (2024).

[80] N. Tamminga, S. Feister, K. D. Frische, R. Desai, J. Snyder,
J. J. Felice, J. R. Smith, C. Orban, E. A. Chowdhury, M. L.
Dexter, and A. K. Patnaik, Toward intelligent control of MeV
electrons and protons from kHz repetition rate ultra-intense
laser interactions, APL Mach. Learn. 3, 026115 (2025).

[81] F. Dollar, T. Matsuoka, G. M. Petrov, A. G. R. Thomas,
S. S. Bulanov, V. Chvykov, J. Davis, G. Kalinchenko, C.
McGuffey, L. Willingale, V. Yanovsky, A. Maksimchuk, and
K. Krushelnick, Control of energy spread and dark current in
proton and ion beams generated in high-contrast laser solid
interactions, Phys. Rev. Lett. 107, 065003 (2011).

[82] M. Schollmeier et al., Controlled transport and focusing of
laser-accelerated protons with miniature magnetic devices,
Phys. Rev. Lett. 101, 055004 (2008).

[83] Y. Yan, H. Cheng, Y. Li, Y. Fang, Y. Xia, Q. He, C. Li, F.
Li, Z. Guo, Y. Yan, M. Huang, M. Wu, K. Wang, K. Zhu, X.
Yan, and C. Lin, High transmission efficiency collection system
for laser-accelerated proton beams based on permanent magnet

quadrupoles prefocusing, Phys. Rev. Accel. Beams 27, 052801
(2024).

[84] C. Iaconis, M. E. Anderson, and I. A. Walmsley, Spectral phase
interferometry for direct electric field reconstruction of ultra-
short optical pulses, Springer Ser. Chem. Phys. 63, 103 (1998).

[85] M. Hegelich, S. Karsch, G. Pretzler, D. Habs, K. Witte, W.
Guenther, M. Allen, A. Blazevic, J. Fuchs, J. C. Gauthier, M.
Geissel, P. Audebert, T. Cowan, and M. Roth, MeV ion jets from
short-pulse-laser interaction with thin foils, Phys. Rev. Lett. 89,
085002 (2002).

[86] D. C. Carroll et al., Carbon ion acceleration from thin foil tar-
gets irradiated by ultrahigh-contrast, ultraintense laser pulses,
New J. Phys. 12, 045020 (2010).

[87] F. Ballarini et al., The FLUKA code: Overview and new devel-
opments, EPJ Nucl. Sci. Technol. 10, 16 (2024).

[88] B. J. Greenwood, Studies of laser-driven ions and kilo-amp
pulses in novel regimes, Ph.D. thesis, Queen’s University of
Belfast, 2022.

[89] G. D. Glenn et al., Dataset: Characterization and automated op-
timization of laser-driven proton beams from converging liquid
sheet jet targets, Version 1, Zenodo (2025), https://doi.org/10.
5281/zenodo.17163053.

013101-17

https://doi.org/10.1063/5.0272789
https://doi.org/10.1103/PhysRevAccelBeams.27.084801
https://doi.org/10.1063/5.0253529
https://doi.org/10.1103/PhysRevLett.107.065003
https://doi.org/10.1103/PhysRevLett.101.055004
https://doi.org/10.1103/PhysRevAccelBeams.27.052801
https://doi.org/10.1007/978-3-642-72289-931
https://doi.org/10.1103/PhysRevLett.89.085002
https://doi.org/10.1088/1367-2630/12/4/045020
https://doi.org/10.1051/epjn/2024015
https://doi.org/10.5281/zenodo.17163053

