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Stable high-energy proton acceleration with water-leaf targets driven by intense laser pulses
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Laser plasma acceleration techniques hold promise for generating compact, high-flux relativistic proton
bunches. However, the inherent instability of laser-plasma interactions and the requirement for reliable proton
source stability often hinder their practical applications. In this paper, we explore the potential of a water-leaf
target irradiated by 27 fs laser pulses with energies ranging from 1.1 to 9.9 J and peak intensities spanning from
1020 to 1021 W/cm2. We finally conducted a series of 400 shots with a peak power of 300 TW, producing proton
energies up to 30 MeV and peak flux beyond 109 protons MeV−1 msr−1. These results demonstrate the possibility
of long-term, stable, and efficient proton acceleration at high repetition rates, addressing a key challenge in
laser-plasma acceleration.
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I. INTRODUCTION

Advancements in laser technology over the past decades
have ignited heightened interest in laser-driven ion accel-
eration as a compact and cost-effective complement to
traditional radio-frequency (RF) accelerators. This type of
particle acceleration broadens the application spectrum of
conventional sources, unlocking possibilities in diverse fields
such as science, technology, energy, and medicine [1–3].
Such applications can include neutron sources [4,5], material
science [6–9], inertial fusion energy [10,11], and radiation
biology [12–17].

In laser-driven ion acceleration, an intense laser pulse in-
teracts with a target, rapidly ionizing its surface. Due to their
much lighter mass, electrons are accelerated first within the
laser field, gaining high kinetic energy. These energetic elec-
trons move forward through the target and eventually escape
into the vacuum from the rear surface. This displacement of
electrons leaves behind positively charged ions, creating a
strong electric field. This field can ionize surface contaminants
on the rear side of the target and accelerate the resulting ions
to high energies. This well-established mechanism is known
as target normal sheath acceleration (TNSA) [18–20].
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Although laser-accelerated ion beams typically exhibit
a broad energy distribution, milestone experiments have
demonstrated the capability of laser-driven ion acceleration
to produce proton bunches with exceptional properties, in-
cluding low emittance [21], small divergence of just a few
degrees [22], monoenergetic energy spectra [23], and max-
imum energies of up to 150 MeV [24]. These attributes
establish laser-driven ion acceleration as a significant tool
for fundamental research and applications. However, while
advances continue to push toward higher kinetic energies, the
challenges of generating stable and efficient proton bunches
and transitioning from singular proof-of-principle investiga-
tions to long-term, sustainable, repetitive operation remain a
limitation for all applications of laser-driven ion acceleration.

Through the recent advancement in laser technology, laser
pulses with peak power beyond 1 PW are accessible with
repetition rates ∼1 Hz [25]. Online ion detectors are mean-
while available [26–29] and become integral parts in petawatt
experiments [30–32]. A suitable high-repetition-rate target
solution that is the source of ion bunches still represents a
bottleneck. Different strategies have regained interest over the
past years, for example, liquid crystals [33], prepositioned
foils [34], tape drives [35,36], rotation solid targets [37], cryo-
genic jets [38,39], or near-critical gas target [40]. While these
approaches have achieved notable success, the challenges of
maintaining reliable and long-term operation (on the order of
hours or more) for solid targets are particularly daunting, even
at moderate repetition rates of ∼10 Hz.

Liquid jets [41] and particularly liquid-leaf targets have
emerged as promising alternatives. These targets have been
extensively tested and introduced into many systems [42–48],
with scalability demonstrated to kilohertz repetition rates in
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FIG. 1. (a) Schematic of the experimental setup. (b) Dimensions of the water-leaf target. A magnified false-color image highlights the
target, with the laser-target interaction point indicated by a red dot at an approximate thickness of 5 ± 0.4 µm. The thickness was measured
at five positions along the vertical central axis (red dashed line) using white light spectral interference techniques [49,50]. Then the thickness
profile was fitted according to the model by Taylor [51], where thickness is inversely proportional to the distance from the colliding point.
Measurement errors of 5–8% are obscured by the data points, primarily due to the 25 µm spot size of the white light source on the water-leaf
target. (c) Schematic of the aluminum phantom with varying strip thickness from 0.1 to 8.1 mm and corresponding proton penetration energy
(PPE) from 3.7 to 42.6 MeV.

earlier studies [43], albeit at modest laser energies. Liquid-
leaf targets offer several unique advantages, including cost
efficiency, debris-free operation, a wide range of tunable
thicknesses, near-solid density, and particularly the capacity
for long-term continuous operation. These attributes make
them highly attractive as a high-repetition-rate target solution
for laser-driven ion acceleration. Despite their promise, recent
experiments have achieved only modest results, with proton
or deuteron bunch energies reaching just a few megaelec-
tronvolts [44,45,52]. These limitations currently hinder their
application in advanced technologies such as neutron produc-
tion, material science, and radiation biology, where higher
proton energies and fluxes are essential.

In this paper, we present experimental results on proton
acceleration using a water-leaf target at the 300 TW level. Our
analysis concentrates on the scaling of maximum proton en-
ergy on laser pulse energy, which we varied actively, as well as
on the effects of repetition rate and different laser-target inter-
action positions on proton bunch stability. Most importantly,
we demonstrate the feasibility of generating a 20 MeV (some
shots up to 30 MeV), 0.1 Hz proton source using water-leaf
targets. More than 400 shots were recorded, and shot-to-shot
variations of the proton bunch parameters, specifically the
maximum energy and particle flux, were analyzed statistically.

By achieving long-term, stable, and efficient proton accelera-
tion at high repetition rates, in this paper, we tackle one of
the key challenges in the field of laser-plasma acceleration,
advancing the development of reliable laser-driven ion sources
for real-world applications.

II. EXPERIMENTAL SETUP

The experiments were conducted on the Advanced
Titanium-sapphire LAser System (ATLAS-3000) at the Cen-
tre for Advanced Laser Applications (CALA), Garching,
Germany. Figure 1(a) illustrates the schematic of the setup.
In the experiments presented, the laser delivered energy of up
to 16.5 J before compression, with a central wavelength of
800 nm (λ). With consideration of compression and transport
losses, the measured laser transmission is 60%, resulting in
9.9 J of laser energy on target, with a pulse duration of 27
fs full width at half maximum (FWHM; τ ). The s-polarized
laser beam was then focused to a 5.3 µm FWHM diameter
focal spot (dFWHM) and directed onto the water leaf at an
incident angle of 6.8◦ by an f/5 off-axis parabolic (OAP)
mirror. The corresponding peak intensity is 1.1 × 1021 W/cm2

(a0 ≈ 18.6) when assuming a Gaussian beam profile. It is
noteworthy that this assessment tends to overestimate the peak
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intensity of the actual laser beam profile by at least a factor
of 1.5 [53], e.g., due to the detection limit inherent in the
low-dynamic-range images of the attenuated focus profile.
The repetition rate of laser was up to 1 Hz, and the mea-
sured laser contrast was 1010 up to 200 ps before the pulse
peak, decreasing exponentially to 105 at 1 ps before the pulse
peak.

The planar water-leaf target was precisely positioned in the
attenuated laser focal spot using a microscope (not shown)
and a six-axis hexapod. An automated online wide-angle
spectrometer (WASP) [54], equipped with a calibrated large-
area pixelated semiconductor detector (Radeye [27]), was
positioned in the target normal downstream direction for the
measurement of proton spectra. This diagnostic captures pro-
ton bunches through a slit, providing larger detection angles
than traditional pinhole-based Thomson parabola spectrome-
ter [55,56].

The planar water-leaf target was created by precisely col-
liding two 50-µm-diameter water jets at a full angle of 45◦,
each flowing at a rate of 1.5 mL/min, as illustrated in Fig. 1(b).
Typically, multiple water-leaf targets are produced in a se-
quence resembling a chain. The initial water leaf is oriented
perpendicular to the plane of the nozzles, with subsequent
leaves maintaining orthogonal alignment to the preceding
ones. This configuration continues until the water leaf disinte-
grates into droplets and spray. The first water leaf measured
∼1 mm in length and 0.3 mm in width, with thicknesses
ranging from 3 to 20 µm depending on the vertical position,
as depicted in Fig. 1(b). The target thickness ranged from
3 to 5 µm. The precise alignment between the nozzles was
achieved using two motorized linear piezostages, maintaining
a few millimeters distance between the nozzles and the water-
leaf target. The target operated under background pressures
ranging from 1.0 × 10−4 to 1.0 × 10−3 mbar. To prevent po-
tential damage to sensitive beamline and laser optics from
water vapor, an optical window constructed of TurboFilm
(Baader Planetarium GmbH) with a thickness of 12 µm was
inserted between the beamline and experiment chamber. Ad-
ditionally, a compact heated catcher, inspired by the hotend
design of three-dimensional (3D) printers and maintained at
a temperature between 100 and 120 ◦C, was consistently po-
sitioned at the end of the first water leaf to facilitate the
removal of water from the chamber and prevent freezing of
the water-leaf target.

The target system operated robustly in a vacuum for >10
h. The integration of the hexapod and linear stages provided
a high degree of freedom to control the position of the tar-
get prior to the next shot. This adaptability also allowed for
comprehensive scans of the target position, including move-
ments along the laser axis, vertical adjustments (varying target
thickness), and correcting for rotational variations between
shots. Such flexibility played a crucial role in identifying
the optimal interaction position that resulted in large proton
energy, particle yield, and stable operation.

The WASP allowed online detection of the energy spec-
tra and angular distribution of laser-accelerated ions. For
on-shot energy calibration, an aluminum mask consisting of
stripes with varying material thickness was placed in front of
the Radeye detector. The schematic of the aluminum phan-
tom with varying strip thickness from 0.1 to 8.1 mm and

FIG. 2. (a) Typical stairlike proton spectra obtained from the
Radeye detector for 8.4 J laser energy. The columns between orange
lines represent the position of an aluminum phantom with varying
thicknesses, where uplifted signal onset indicates thicker aluminum,
correlating with higher penetrating energy. Black dashed rectangles
correspond to different angular positions, specifically −0.5◦, 0.8◦,
and 1.4◦, with the normal direction of the target at 0◦. (b) Recon-
structed spectra for different angular positions (see the figure legend);
solid and dotted lines represent spectra and noise levels, respectively.

corresponding proton penetration energy (PPE) from 3.7 to
42.6 MeV is shown in Fig. 1(c).

Figure 2(a) displays a typical recorded image for 8.4 J
laser energy where the magnetic field causes protons to de-
flect downwards. The orange lines indicate the positions of
the aluminum stripes. Uplifted signal onset indicates thicker
aluminum, implying higher penetration energy. The resulting
image illustrates the typical staircase structure of the proton
spectrum due to the presence of the phantom which modulates
the broad energy distribution [54]. The incorporation of the
phantom provided immediate insights into ion performance,
particularly concerning the maximum proton energy. For ex-
ample, in Fig. 2(a), a swift determination of the maximum
proton energy >20.5 MeV but remaining <25.1 MeV was evi-
dent. The full angular resolution was impeded by the phantom.
Proton spectrum could be reconstructed at different angular
positions, such as −0.5◦, 0.8◦, and 1.4◦, with the normal
direction of the target at 0◦, represented by the three black
rectangles in Fig. 2(a). The solid lines in Fig. 2(b) illustrate
the reconstructed spectrum with particle yields reaching up
to 1.0 × 109 protons MeV−1 msr−1. The intersection of the
spectrum with the noise level (dotted lines) signifies the max-
imum proton energy being ∼23 MeV, in good agreement with
the swift determination via the phantom. The thickness of
the phantom was insufficient to fully exclude signals from
oxygen ions, particularly for the thinnest strip with a 0.1 mm
thickness, which corresponds to a penetrating energy of
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FIG. 3. (a) Proton spectra of 65 shots at 1.4◦ with a detectable minimum proton energy of 4.2 MeV. The spectra are sorted into six groups
labeled from 1 to 6 (separated by red dotted lines) representing different laser energy settings: 1.1, 1.9, 3.0, 4.9, 6.2, and 8.4 J, respectively.
The orange dash dotted lines correspond to the average maximum proton energy for each laser energy setting. Note that the y axis is nonlinear.
(b) Average proton spectra for each laser energy (indicated as color code). (c) Maximum proton energy as a function of the laser energy. The
average data points with standard deviation are displayed in blue and purple for −0.5◦ and 1.4◦, accompanied by power-law fits at each laser
energy.

122 MeV for O+8 ions. However, due to the effect of the
magnetic field on particle deflection, which is inversely pro-
portional to the Larmor radius (yd ∝ Bq/mv), signals from
oxygen ions and protons are detected at distinct vertical
positions on the detector [54]. Calculations, considering a
maximum proton energy of 30 MeV and a minimum de-
tectable energy of 122 MeV for O+8 ions, show no overlap
between these signals.

III. RESULTS

The maximum proton energy (Emax) was measured as a
function of laser energy, ranging from 1.1 to 8.4 J on target by
sequentially turning on amplifiers. This corresponded to an
intensity (I0) ranging from 1.2 × 1020 to 9.2 × 1020 W/cm2,
for the same nominal laser-target interaction position and laser
pulse duration. A total of 65 shots were executed in shot-
on-demand mode, systematically organized into six groups
according to the laser energy, as depicted in Fig. 3(a). An
evident increase in the average maximum proton energy, as-
cending from 5.0 to 19.1 MeV, was observed in response to the
incremental adjustments in laser energy. The average energy
spectra in Fig. 3(b) underline this trend. Additionally, the par-
ticle yield exhibits a significant increase with the rise in laser
energy. Figure 3(c) presents the maximum proton energies of
all 65 shots as a function of laser energy. Two power-law fits
are displayed for −0.5◦ and 1.4◦, yielding the scaling relation
Emax ∝ E0.59±0.11

L and Emax ∝ E0.57±0.06
L , respectively.

A second experimental campaign was conducted to investi-
gate the effect of repetition rate on ion acceleration stability. In
this campaign, 26 additional shots were recorded at a constant
laser energy of 5.1 J, operating in burst mode. The shots were
categorized by repetition rates as follows: shots 1–9 were
conducted at 0.1 Hz, shots 10–18 at 0.2 Hz, and shots 19–26
at 0.3 Hz (limited by the readout speed of the Radeye).

Figure 4(a) shows proton spectra extracted at three distinct
angular positions (−0.5◦, 0.8◦, and 1.4◦). Given the critical
role of energy and flux stability in assessing acceleration
performance, our investigation focused on proton energy and

proton flux as the primary output parameters. The data points
in Fig. 4(b) represent the maximum proton energy for each
shot, while Fig. 4(c) illustrates the proton flux at 10 MeV. The
shaded areas indicate the standard deviations (±σ ) around the
mean (μ), represented by the dotted line.

The average maximum proton energy and standard devi-
ation of three distinct angular positions is 15.7 ± 1.1 MeV
at 0.1 Hz, 14.9 ± 0.6 MeV at 0.2 Hz, and 15.4 ± 0.4 MeV
at 0.3 Hz. A similar trend is observed for proton flux at
10 MeV. The average proton flux at 10 MeV remains sta-
ble for repetition rates from 0.1 to 0.3 Hz, ∼(1.0 ± 0.2) ×
107 protons MeV−1 msr−1. These results, depicted in Fig. 4,
suggest that the repetition rate is not a limiting factor for stable
proton performance.

Based on these observations, we conducted over 400 shots
at a repetition rate of 0.1 Hz. For this experimental cam-
paign, the flow rate was increased to 3.2 mL/min, resulting
in a longer target with a thickness of ∼3 ± 0.2 µm in this
central region. Proton bunches were continuously generated
with laser energy between 9.8 and 10.1 J, with an average of
9.9 J. The angle of −0.5◦, close to the target normal direc-
tion, was analyzed for the shot-to-shot variation studies, as
it provides the broadest detectable range of proton energies.
Statistical analyses were conducted on the entire dataset, and
the results are presented in Fig. 5. This setup achieved a
maximum proton energy of up to 30 MeV and a peak flux
of ∼109 protons MeV−1 msr−1, as depicted in Fig. 5(a). The
gaps in the spectral data correspond to manual pauses in laser
shooting due to the temporary nonoperational state of the cam-
era used for monitoring target alignment. These interruptions
did not affect the consistency of the experimental setup or the
subsequent data collection.

Figure 5(b) shows the maximum proton energy which
averages to 22.0 ± 3.1 MeV considering all shots. The
proton flux is evaluated at 17 MeV because all shots de-
livered energies beyond that value and is (3.5 ± 1.6) ×
106 protons MeV−1 msr−1. A Pearson correlation analysis was
performed to examine the potential relationship between max-
imum proton energy and the corresponding particle yield at
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FIG. 4. The effect of repetition rate on ion acceleration stability. (a) Proton spectra evaluated at three different angular positions, all
conducted at a laser energy of 5.1 J. (b) and (c) depict the maximum proton energy and particle yield at 10 MeV, respectively. The shaded
regions represent the standard deviation (±σ ) around the mean (dotted lines).

FIG. 5. Shot-to-shot variation study near the target normal direction (at −0.5◦). (a) Proton spectra obtained from >400 shots at 0.1 Hz
with an average laser energy of 9.9 J. All data were collected over a duration of 1 h, 18 min, and 26 s, with a total of 9 min and 26 s of
recorded gaps. The gaps in the spectral data correspond to manual pauses in laser shooting due to a temporary nonoperational state of the
camera used for monitoring target alignment. The orange solid lines indicate the minimum detectable proton energy of 3.7 MeV, constrained
by the presence of a phantom positioned in front of the detector. The maximum proton energy achieved is up to 30 MeV, with a peak flux
beyond 109 protons MeV−1 msr−1. (b) Statistical analysis of the maximum proton energy and proton flux at 17 MeV (averaged to 0.8Emax)
for all shots. (c) Probability density and discrete distribution of proton counts at specific energies across all shots. Rain plots are employed to
reduce overlap and enhance the clarity of experimental data visualization. Each set of rain-cloud plots corresponds to the same energy level.
The dataset is also represented using half-violin (cloud) and box plots for statistical evaluation, with the whiskers of the box plots extending to
[5%, 95%] of the data range. The red solid lines depict the coefficient of variation (CV) of the particle yield at specific energies, aligned with
the right y axis. The dotted line marks the detection threshold of the WASP.
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17 MeV across all 400 shots. The Pearson correlation co-
efficient was 0.6, indicating that the variations in maximum
proton energy exhibit a modest correlation with the particle
flux at 17 MeV.

In Fig. 5(b), we only illustrate the particle flux at 17 MeV.
Further investigation, particularly at other selected energies
in 1 MeV steps across the broad spectrum, is warranted.
Figure 5(c) facilitates this analysis by employing a rain-cloud
plot, which provides an overview of the proton spectra varia-
tions across >400 shots at 9.9 J. In this plot, the proton flux at
a given energy, such as 10 MeV, is determined for each shot,
resulting in data points (rain). The vertical filled curve (cloud)
represents the histogram of these data points. Additionally, the
data are presented as a box plot, where the interquartile range
(IQR) contains 50% of the data points, serving as a visual
indicator of variations in the data distribution. The orange
lines within the IQR denote the median, offering insight into
the central tendency of the dataset. The medians of the box
plots reveal typical exponential energy spectra. Specifically,
from 20 to 10 MeV, the particle yield increases from 106 to
108 protons MeV−1 msr−1.

An increasing trend in the number of shots falling below
the detection threshold for higher proton energies is observed.
Additionally, the coefficient of variation (CV = σ/μ) is cal-
culated for each energy and represented by the red solid
curve. It ranges from 50% to 100%, with an average of 70%,
and is minimal at ∼17 MeV, corresponding to 77% of the
average Emax.

IV. DISCUSSION

In this paper, we provide a more comprehensive under-
standing of the scaling relationship between maximum proton
energy and laser energy at two different angles, where the
thinnest strips stood, offering detectable proton energies as
low as 3.7 and 4.2 MeV. In contrast, thicker aluminum
strips positioned in front of the detector at other angles in-
crease the detectable proton energy threshold, filtering out
lower-energy protons, particularly at lower laser energies,
and leading to systematic errors. The scaling relationship
at −0.5◦ Emax ∝ E0.59±0.11

L aligns well with the scaling at
1.4◦ Emax ∝ E0.57±0.06

L , indicating a much larger overall diver-
gence of the protons. This result closely matches the empirical
scaling law proposed by Zimmer et al. [57], E0.59

L . We ob-
served larger fluctuations in maximum proton energy and flux
for laser energies >3 J, despite conducting the experiment in
shot-on-demand mode with consistent target conditions and
maintaining laser energy stability ∼1%. These fluctuations
were primarily attributed to the shot-to-shot stochastic behav-
ior of the laser system, influenced by unknown parameters
such as contrast, focus pointing, and wavefront.

During the second experimental campaign, proton bunch
performance remained stable when targeting the middle seg-
ment of the water leaf with variations in repetition rate having
no significant impact on the proton bunches. This stability
is likely due to the 0.3 Hz operation rate being well below
the resonance frequency of the water leaf [48], insufficient to
induce substantial fluctuations in the position of the water leaf.

To this end, a series of 400 shots were recorded at 0.1 Hz
with an average laser energy of 9.9 J incident onto the middle

of the water-leaf target, achieving higher proton maximum
energy, enhanced particle flux, and improved shot-to-shot sta-
bility. The experiment was limited to >400 shots solely due
to time constraints, as the campaign extended late into the
evening. Remarkably, our results represent a state-of-the-art
advancement, achieving a fivefold increase in maximum pro-
ton energy (from 6 to 30 MeV, corresponding to an increase
in penetration depth in water from 0.5 to 8.8 mm) and a
more than three-orders-of-magnitude improvement in particle
flux compared with previous achievements with similar tar-
gets [43–45,52].

Table I highlights a comparison of key quantities of
laser-proton acceleration using similar water-leaf targets. For
example, Puyuelo-Valdes et al. [44] demonstrated 3.5 MeV
protons with a laser pulse energy of 4 J, duration of 30 fs,
and a focal spot size of 20 µm. Treffert et al. [45] reported
4.4 MeV deuterons with a laser pulse energy of 5.5 J, dura-
tion of 45 fs, and a tight focus of 1.8 µm, i.e., an intensity
exceeding 1021 W/cm2. Recently, Streeter et al. [52] gener-
ated 6 MeV proton beams with a laser pulse energy of only
190 mJ, duration of 57 fs, and a focus of 1.2 µm. This suggests
a complicated dependency, where the smallest focal spot and
highest intensity may not necessarily yield the maximum ion
energies. The laser pulse energy appears to play the more
important role [58]. The realization of these advancements
is not only a matter of increasing the laser energy but also
of facing the technical challenges that come with it. These
challenges include mitigating the interference from stronger
electromagnetic pulses during laser-plasma interactions [59]
and managing the increased sonic pressure that impacts target
stability [60]. Despite these hurdles, the reproducibility and
reliability of a proton source capable of long-term operation
are demonstrated.

Although Dover et al. [36] reported similar results to this
paper using solid targets, reliably shooting targets thinner
than 5 µm with a tape system seems difficult. In contrast, the
thickness of water-leaf targets can be reduced to 200 nm [48],
presenting substantial advantages for more efficient ion ac-
celeration mechanisms such as radiation pressure acceleration
(RPA) [61–63].

Another question arises though regarding shot-to-shot vari-
ations in proton energy. If the variation of maximum energy
dEmax was solely due to fluctuations of laser energy dEL

according to the scaling, we would expect that dEmax/Emax =
0.57dEL/EL. However, the relative variation of maximum
proton energy in this paper is up to 14% in Fig. 5(b), while
the laser energy varies only by 0.5%, hinting at the influence
of other, as yet unknown, factors that warrant further investi-
gation. Despite these variations, the maximum proton energy
remained consistent throughout the experiment, underscoring
the robustness and reproducibility of proton bunch generation,
even under fluctuating laser system conditions and other so far
uncontrollable parameters that typically degrade performance.
However, the particle flux, particularly near the maximum
proton energy, proved more sensitive to these degradations.
This sensitivity often led to an increasing number of shots
falling below the detection threshold for higher proton en-
ergies, causing the trend toward greater variation at higher
proton energies as reflected by the CV value in Fig. 5(c).
Therefore, the reliability in applications likely benefits from
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TABLE I. Comparison of experimental parameters and results with previous studies using water-leaf targets.

Reference Puyuelo-Valdes et al. [44] Treffert et al. [45] Streeter et al. [52] This paper

Ions Protons Deuterons Protons Protons
EL (J) 4.0 5.5 0.19 9.9
dfwhm (µm) 19.5 1.8 1.2 5.3
τfwhm (fs) 30 45 57 27
Ipeak 4.0 × 1019 1.2 × 1021 3.5 × 1019 1.1 × 1021

l (µm) 5 ± 1 & 1 ± 0.5 5 ± 1 0.6 ± 0.1 3 ± 0.2
Emax [Avg. Emax] (MeV) 4.0 [3.5] 4.4 [N/A] 6 [N/A] 30 [22]
Flux at 4 MeV (N MeV−1 msr−1) ∼106 ∼106 ∼108 ∼109

Flux at 17 MeV (N MeV−1 msr−1) N/A N/A N/A 5 × 106

No. consecutive shots 60 60 300 252

conservative energy selection around minimal CV; in our case,
this is at 70–80% of average Emax.

V. CONCLUSION AND OUTLOOK

In conclusion, in this paper, we present an exploration of
operating a water-leaf target system and basic online diag-
nostics for proton bunches, demonstrating its feasibility at
a repetition rate of 0.1 Hz for >400 shots at a peak power
level of 300 TW. The demonstrated stability and performance
of proton bunches represent a crucial step toward practical
laser-driven ion sources, opening possibilities for applications
requiring reliable high-energy proton bunches. Additionally,
with the development of state-of-the-art (high-energy and
high-repetition-rate) laser systems, the potential for water-leaf
targets to scale to kilohertz operation is extremely exciting.

As a conservative estimate, our scaling implies the poten-
tial to generate >60 MeV protons with the full ATLAS-3000
energy of 60 J on target, assuming identical target thickness
and focal spot size. Given recent developments with plastic
targets, significant improvements through optimization of tar-
get thickness and stronger scaling are likely [24].

An important direction for future research in proton
bunch stabilization is the development of auto-optimized laser
systems and target systems. This capability would allow ex-
ploiting the full 1 Hz repetition rate of our laser system
and can pave the way for the future integration of feedback

loops and fine-tuning of the laser and target system, aiming
at meeting the stringent requirements of proton bunch perfor-
mance for applications. To realize such stable proton bunches,
it will be crucial to establish the underlying correlations by
incorporating real-time diagnostics for both target parameters
and laser at full power. Additionally, stabilization could be
enhanced through the application of machine-learning tech-
niques [64] and optimization methodologies such as Bayesian
approaches [65].
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