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ABSTRACT

Laser ion acceleration experiments with increasing repetition rates have become more common in recent years. This allows for the study of
the stability of proton beam parameters and the search for correlations with laser, target, and positioning system parameters. We conducted a
trial experiment with 971 shots and determined key parameters using a variety of optical and proton detectors that are common in many
experimental setups. Our findings can be helpful for planning future campaigns and assessing the relevance of certain diagnostics in the
effort to monitor performance and improve the stability of future high-repetition-rate systems.

VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0246173

I. INTRODUCTION

The field of laser-driven ion acceleration has witnessed remark-
able progress over the past three decades, with maximum energy levels
increasing from 1 to 150MeV.1–5 This evolution has significantly
broadened the scope of applications for laser-driven ion sources, which
are characterized by their unique features,6–9 including picosecond
bunch durations, synchronization with laser pulses, small source sizes,
and wide energy spectra. These attributes render them particularly
suitable for diverse applications, such as radiographic density diagno-
sis,10 isochoric heating of matter,11 and probing transient electric and
magnetic fields.12 As a complementary technology to traditional radio
frequency (RF) acceleration sources, laser-driven ion acceleration con-
tinues to attract attention for its potential to revolutionize various

scientific and industrial fields, including medical therapies,13 materials
science,14,15 and fundamental physics research.16

Despite these advancements, the field faces several challenges
that must be addressed to fully realize the potential of laser-driven
ion sources. The primary challenge is achieving stable operation,
which is critical for many applications that require precise control
over the ion bunch parameters. Fluctuations in proton emission
can arise from various factors, including variations in laser input
parameters, target characteristics, and positioning accuracy.
Continuous, noninvasive monitoring of the ion bunch is essential
for identifying key experimental parameters and quantifying
their impact on proton bunch stability. As the demand for high-
repetition-rate systems increases, understanding and mitigating
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these fluctuations becomes increasingly important for advancing
the technology.

In this context, our work focuses on evaluating proton source sta-
bility and sensitivity within a 0.5Hz laser-proton acceleration system.
We have established a comprehensive monitoring framework at our
laser-driven proton source, utilizing the ATLAS300 laser system along-
side a nano-foil target positioning system (nFTPS) capable of provid-
ing a new target every 2 s.17 Our study employs eight real-time and
two offline diagnostics to extract 12 observables for each shot, allowing
for an in-depth analysis of proton emission characteristics. Through
an analysis of 971 shots, we identify key factors—such as target thick-
ness, laser energy, positioning accuracy, and amplified spontaneous
emission (ASE) pedestal length—that contribute to fluctuations in pro-
ton parameters. By addressing these challenges, our research aims to
enhance the stability and reliability of laser-driven ion sources, thereby
paving the way for future advancements in high-repetition-rate
systems and their applications. This work is based in part on the doc-
toral dissertation of one of the authors,18 and the relevant data process-
ing methods can be referenced for further details. This study identifies
the key control variables affecting proton energy stability: target thick-
ness and defocus distance. By keeping these variables within specific
ranges, a relatively stable output of proton energy can be achieved,
thereby promoting the potential applications of laser-driven protons.

II. RESULTS

The experimental setup and employed instruments are depicted
in Fig. 1. A 30 fs laser pulse with a central wavelength of 800nm was
focused onto the target using a 90� off-axis parabolic mirror (OAP).
The full-width at half-maximum (FWHM) diameter of the focal spot
was 3.3lm. Considering a laser energy of 4.8 J before the compressor

and a transmission efficiency to the target of 49.5%, approximately
30% of the energy was focused within the FWHM of the focal spot.
Thus, the peak intensity on target was estimated to be 2:8
�1020 W=cm2 based on high-dynamic-range (HDR) focal spot imag-
ing.19 All laser energy measurements were cross-calibrated using an
energy meter to reflect the value before the compressor entrance. The
Rayleigh length, which represents the distance over which the beam
area doubles, can be determined using the following relationship:
zR ¼ pFWHM2

2lnð2Þk , where FWHM¼ 3.3lm and k ¼ 800 nm is the laser

wavelength. Based on this formula, the Rayleigh length is calculated to
be approximately 30.8lm.

Behind the last telescope in the laser system, a charge-coupled
device (CCD) is used to capture a near-field image of the laser pulse.
Incident laser energy E1 was obtained by integrating signals from the
near-field image. Similarly, the incident energy E2 of the laser could
also be obtained by integrating the far-field image, which was recorded
by another CCD camera that imaged a scattering screen on which the
lens-focused light leaks from the turning mirror before the laser enters
the experimental chamber. The center of mass of the far-field image
represented the pointing position P for monitoring the shot-to-shot
fluctuation of the laser focus position. The correlation of this measure
to the on-target focus position was validated prior to experiments at
reduced laser power by comparison to the focus image provided by the
high-magnification microscope. A spectrometer recorded the spec-
trum Si of the incident laser pulse from the same scatter screen. The
integration of Si in the range 750–850nm could be used as a third inci-
dent energy reference. In addition, the real-time measurement of the
incident spectrum could reveal problems of the laser system on a shot-
to-shot basis, thereby enabling the identification of “bad shots.” The
transmission image was detected by a CCD camera that imaged a

FIG. 1. Schematic of experimental setup.
Different uppercase letters indicate different
instruments and extracted observables as
described below. B is the integral of the
charge-coupled device (CCD) counts in the
selected non-saturated backscattering
image after background subtraction—(back-
scatter/reflection at mainly 2x). D is the
defocus controlled via nFTPS. E1 is the inci-
dent laser energy obtained from the near-
field pixel integrated image. E2 is the
incident laser energy obtained from the far-
field pixel integrated image. M is the maxi-
mum kinetic energy and N is the ion
number per msr in energy band 2.5–
10MeV, both measured by a wide-angle
spectrometer. P is the pointing position from
far-field image, R is the trigger time for fast
Pockels cell prior to the intensity peak of the
laser pulse, Si is the incident laser pulse
spectrum ranging from 750 to 850 nm, Sb is
the backscatter spectrum integral (Sb2x:
350–450 nm; Sbx : 800–1000 nm), T is the
transmittance, Th is the target thickness
(measured prior to irradiation), and s is the
pulse duration controlled by Dazzler. The
temporal intensity curve was measured
using a third-order autocorrelator.
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screen located �50 cm behind the target in the laser-propagation
direction. Transmittance (T) is defined as the ratio of the pixel-wise
integration of transmitted light intensity to that of the reference empty
shot.

The protons emitted from the target were analyzed by a wide-
angle spectrometer equipped with RadEye1 CMOS sensors.20,21 The
two-dimensional image allowed for retrieving the energy spectrum
(and the angular distribution) of a fraction of the beam, from which
the maximum kinetic energy M and the particle number per milli-
steradian (msr) N at different angles between�2� and 2� at target nor-
mal were measured. The backscattered light was collected by the OAP
mirror, guided out of the vacuum chamber, and refocused onto a cam-
era. Two nearly parallel silver mirrors were inserted between the lens
and camera and served to replicate the backscatter image.22,23 The rep-
licas of the backscattered light therefore represent laser intensity distri-
butions at different focal planes. Typically, five spots were fit onto the
chip and the setup was adjusted to minimize the size of the central rep-
lica when a target was in best focus. A displacement of the smallest

replica from this original position for a certain laser shot indicates that
the target was not in the anticipated longitudinal position, i.e., it could
yield the defocusing condition of the laser focus on the target and
should be related to the active displacement that we measured via D.
We found the quantitative evaluation of this measure rather compli-
cated and restricted the use of this tool to estimate the strength of the
backscatter signal. Among the five replicas, at least one was not satu-
rated and could be integrated to yield a (not absolutely calibrated)
measure that is proportional to B. The spectrum Sb of this backscat-
tered light was also simultaneously detected in the second arm of this
diagnostic. Sb2x and Sbx represent the intensity integral of the second
harmonic generation (SHG) spectrum (350–450 nm, 2x light) and the
original spectrum after redshift (800–1000nm, x light), respectively.

An acousto-optic programmable dispersion filter (called
“DAZZLER”24) is used to adjust the pulse duration (s). In addition, a
fast Pockels cell located after the regenerative amplifier is activated at
time R (before the main pulse peak) to modify the duration of the ASE
(amplified spontaneous emission) pedestal. As described in Ref. 25,

FIG. 2. Histograms of the shot-to-shot variability of non-controllable parameters (a)–(f) and the corresponding monitoring data (g)–(j) for 99 shots. The uppercase letters corre-
spond to the parameters indicated in Fig. 1.
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this approach also allows filtering of short prepulses that arrive before
the trigger time. Before the experiment, over 1000 plastic foil targets
were affixed onto the nFTPS. The self-supporting plastic foil targets
were fabricated using Formvar, a polymer dissolved in a suitable
solvent. The resulting solution was deposited onto a water surface,
where the solvent rapidly evaporated, forming a thin membrane.
This membrane was then transferred onto a target holder with a
predefined hole pattern. The entire procedure is referred to as the
floating method.26 The initial density of the Formvar material is
approximately 1.3 g/cm3. The thickness of each foil, denoted as Th,
was measured using an optical confocal microscope before installa-
tion into the target wheel. We conducted a preliminary run to ver-
ify the accuracy of our repositioning procedure, achieving a
longitudinal precision of 68lm, consistent with prior results.17 For
each shot, we adjusted a specific active displacement parameter, D,
in 25lm increments. We measured the temporal intensity curve
using a third-order autocorrelator. The contrasts of the prepulses,
occurring at approximately �660 ps and �500 ps relative to the
main peak, were slightly below 10�6:27 Additionally, the ASE pedes-
tal was measured to be around 10�9.

The first dataset includes shots using full laser energy and 99 tar-
gets. Figures 2(a)–2(f) illustrate the statistical distributions of laser
energy from E1, E2 and Si, laser pointing P, target thickness Th, and
positioning accuracy. The average incident laser energy E1 was 4.8 J
with a standard deviation of 0.06 J, consistent with E2 and Si measure-
ments [Figs. 2(a)–2(c)]. Laser pointing was precise, with deviations of
only 0–2lm between the actual laser focus position (P) and the refer-
ence position based on attenuated pulse energy [Fig. 2(d)]. The lateral
displacement of the focal spot between laser shots, known as jitter, is
caused by small vibrations that affect the alignment of optical compo-
nents, leading to noticeable focus position changes. Consecutive focus
images showed a maximum deviation of less than 2lm, which is com-
parable to the full width at half-maximum (FWHM) of the focal spot.
Given a laser focusing length of 20 cm, this jitter translates to a point-
ing deviation of less than 10 lrad, which does not cause significant
optical aberrations or astigmatism in the experiments. The thickness
distribution of the plastic film, shown in Fig. 2(e), was estimated to be
800nm using the droplet production method,26 while the measured
average thickness was 780 nm with a standard deviation of 60nm. The
nFTPS achieved a longitudinal position accuracy of 68lm within a
95% confidence interval [Fig. 2(f)].

Significant fluctuations in transmittance (T) and backscatter light
(B) are shown in Figs. 2(g) and 2(h). Some transmission data are miss-
ing due to trigger failures or electromagnetic pulse (EMP) interference.
Out of 99 shots, 60 recorded proton maximum kinetic energies, M,
between 6 and 7MeV, while the remaining shots ranged from 3.5 to
8MeV [Fig. 2(i)]. The proton number per millisteradian (msr) (N) in
the 3.5–8MeV energy band varied by an order of magnitude
[Fig. 2(j)]. The initial results confirm that parameters like laser energy
and target thickness exhibit normal fluctuations. However, proton
bunch parameters, particularly the maximum kinetic energy and, to an
even greater extent, the number of protons per steradian, demonstrate
significant variability.

We present detailed studies on how various parameters affect
outcomes, focusing on target thickness (Fig. 3), target displacement
along the laser-propagation direction (Fig. 4), laser pulse duration
(Fig. 5), and ASE duration (Fig. 6). Each data point represents a

single shot. Results are averaged where appropriate, with mean val-
ues and standard deviations shown as error bars. While the instru-
mentation suite can provide up to twelve observables per shot, we
focus on the key metrics, maximum proton energy (M) and num-
ber per steradian (N), along with other observables that demon-
strate clear trends. This approach aims to identify crucial
diagnostics that correlate with proton bunch parameters and could
potentially aid in noninvasive proton bunch monitoring, comple-
menting the wide-angle spectrometer.

The impact of target thickness on proton source characteristics,
such as maximum kinetic energy (M), proton number per milli-
steradian (N), and various measurements—including the backscatter
image pixel integral of an unsaturated spot (B), backscatter spectra
integral (Sb), and transmittance (T)—is illustrated in Fig. 3. The target
thickness was varied from 100 to 1000nm. Results show that both pro-
ton number and maximum kinetic energy increase with target thick-
ness. A similar trend is observed in backscattered light measurements
(both Sb2x and Sbx). In contrast, transmittance T decreases as target
thickness increases. It is noteworthy that the large fluctuation in target
thickness itself on the 700 nm target holder leads to large fluctuations
in the measured M and N.

The observed dependence of all measurements on target thick-
ness consistently points to a laser contrast-related issue. Thinner tar-
gets experience significant damage before the main intensity peak
arrives, leading to a deterioration in the acceleration conditions. This

FIG. 3. Influence of thickness variation on proton and other quantities. The plot
includes M—maximum kinetic energy (a) and N—the proton number per milli-
steradian (b), as measured by the wide-angle spectrometer; B—pixel integral of an
unsaturated spot in the backscatter image (c); Sb—pixel integral of backscatter
spectra (Sb2x: 350–450 nm; Sbx: 800–1000 nm) (d); and T—the transmittance (e).
Note that some transmission data are missing due to trigger issues or electromag-
netic pulse (EMP) interference.
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early onset of target expansion results in increased transmission and
reduced reflection in thinner targets compared to thicker ones. These
effects highlight the critical role of laser contrast in high-intensity
laser–target interactions, particularly for thin foil targets. This conclu-
sion can be further validated in the following experiments by employ-
ing Pockels cell filtering of prepulses (Fig. 6). Specifically, proton
acceleration is more effective when triggered closer to the main pulse.
In addition, the acceleration process can be optimized by examining
the relationship between proton energy and laser absorption.23

The impact of defocus displacement D on the proton source is
presented in Fig. 4 across three scenarios: (a) Th¼ 300nm and
E1¼ 3 J (30 shots), (b) Th¼ 300 nm and E1¼ 4.8 J (40 shots), (c)
Th¼ 600nm and E1¼ 4.8 J (90 shots). In case (a), the maximum pro-
ton kinetic energy (M), proton number (N), and backscatter spectra
integral (Sb) show a slight decrease as D increases from 0 to 100lm.
In case (b), the data for M, N, B, Sb, and T exhibit nearly symmetrical
changes around the focal plane, ranging from �25 to 25lm. At
D¼ 0 lm, the T is highest, while the maximum energy (M) and

particle number (N) are at their lowest. Within the range of 0–
100lm, the proton energy (M) and proton number (N) reached
their maximum values at a focal position of þ50lm. Similarly,
high proton energies and numbers were observed at a focal position
of �25lm. However, considering the potential for increased back-
reflection at this defocused position, which could pose a risk to the
laser system, we did not further investigate in this direction. In case
(c), M and N are not significantly affected by D in the range �25
to 50lm. At D¼ 100lm, M and N are drastically reduced, and
the corresponding Sbx is also reduced, while Sb2x is increased. It
indicates that the efficiency of converting x light into 2x light
increases, but the efficiency for accelerating ions decreases.
Combining Figs. 4(a)–4(c), it can be concluded that the effect of
defocus distance on the ion bunch is not static but is also related to
the choice of target thickness and laser energy, which has been
anticipated and observed since the early stages of laser-driven pro-
ton acceleration.25 When the target thickness and laser energy are
altered, the optimal defocus distance dynamically changes as well.

FIG. 4. Influence of defocus displacement variation on proton and other quantities in three cases: (a) Th¼ 300 nm and E1¼ 3J; (b) Th¼ 300 nm and E1¼ 4.8J; (c)
Th¼ 600 nm and E1¼ 4.8J. The symbols þ/- indicate the target position relative to the laser focal plane (upstream/downstream). The capital letters M, N, B, Sb, T, and Th in
subplots (a1)–(a6), (b1)–(b6), and (c1)–(c6) retain the same definitions as those in Fig. 1. Target thickness is plotted against defocus displacement to exclude its effects.

Physics of Plasmas ARTICLE pubs.aip.org/aip/pop

Phys. Plasmas 32, 043102 (2025); doi: 10.1063/5.0246173 32, 043102-5

VC Author(s) 2025

 22 January 2026 12:28:45

pubs.aip.org/aip/php


The results for different pulse duration values (s¼ 30, 80, 190,
280, and 460 fs) are represented in Fig. 5. Again, three cases are pre-
sented: (a) Th¼ 600 nm and E1¼ 3 J, (b) Th¼ 600 nm and E1¼ 4.8 J,
(c) Th¼ 1000nm and E1¼ 4.8 J. The last row shows the target thick-
ness, which, as explained above, could not be kept perfectly constant
on a same target holder. In case (a), the pulse duration s has no signifi-
cant effect on the proton beam. Case (b) superficially shows a possible
dependence on s, but since similar trends are also observed for maxi-
mum energy and number of particles at target thickness, the overall
dependence on pulse duration appears to be weak. Furthermore, back-
scattered light, spectral integration, and transmission are largely unaf-
fected. A similar pattern is observed in case (c). In all three cases (a-c),
the proton yield does not have a strong dependence on the laser pulse
duration.

The effect of the duration of the ASE plateau or prepulses on the
proton bunch is illustrated in Fig. 6. A trigger time of �700 ps indi-
cates that the fast Pockels cell is activated 700 ps before the main laser
peak. Reducing the trigger time can shorten the ASE plateau and elimi-
nate the preceding prepulses, which leads to the observed increase in
proton energy and number. The default trigger time was set at �500

ps for all other measurements. In addition to using fast Pockels cells,
another effective method for removing prepulses is the utilization of
plasma mirrors. Plasma mirrors reduce ASE noise and prepulses by
reflecting the main pulse while allowing lower-intensity ASE to dissi-
pate, as a result, enhancing the temporal contrast.28

To enhance the practical applications of laser-driven proton
beams, we explored their stability and dependence on various experi-
mental parameters. By analyzing a substantial amount of experimental
data, we focused on varying one parameter at a time while keeping
others constant to achieve a more stable proton beam with adjustable
energy. As shown in Fig. 7, increasing the target’s average thickness
from 300nm to 600nm (with a thickness error of 6100 nm) signifi-
cantly increases both the number of protons and their energy, with the
average maximum energy rising from 4.8 to 7.2MeV. However, when
the thickness is increased to 900 nm, although some maximum ener-
gies exceed 10MeV, the average energy does not significantly increase,
and stability worsens. This instability is likely due to two main factors:
first, the non-uniformity of the target thickness, which can be exacer-
bated by the droplet method; second, the interaction of different accel-
eration mechanisms within that thickness range, such as plasma

FIG. 5. Influence of laser pulse duration on proton and other quantities in three cases. (a) Target thickness Th¼ 600 nm and laser energy E1¼ 3 J. (b) Th¼ 600 nm and
E1¼ 4.8 J. (c) Th¼ 1000 nm and E1¼ 4.8 J. The capital letters M, N, B, Sb, T, and Th in subplots (a1)–(a6), (b1)–(b6), and (c1)–(c6) retain the same definitions as those in
Fig. 1. In order to avoid misinterpretation of apparent correlations, the target thickness as a function of pulse duration was intentionally plotted here.
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expansion and radiation pressure acceleration, which can lead to com-
plex and less stable acceleration dynamics.23 Further research is needed
to understand better and optimize these interactions. To improve sta-
bility, we recommend using a spin-coating method for better control
over the thickness.

Assuming we can maintain the target thickness error within 10%
(e.g., 600 nm6 50 nm), we can select the relevant shots for statistical
analysis. As illustrated in Fig. 8, adjusting the defocus from 0 lm to
625 lm,þ50 lm, and then toþ100 lm results in a significant reduc-
tion in the average maximum proton energy—from nearly 9MeV
down to 6MeV, and further to 4MeV. This demonstrates that control-
ling the defocus distance effectively stabilizes proton energy output,
providing a reliable method for adjusting proton beam energy while
maintaining beam stability. Furthermore, adjusting the defocus
appears to be a more reliable method for tuning proton energy by
altering the laser intensity. However, this approach assumes that the
target thickness is uniformly controlled within 610%. It is anticipated
that if the thickness uniformity can be improved further, proton beam
stability will be significantly enhanced.

The maximum energy (M) and particle number (N) show similar
patterns across various parameters, as shown in Fig. 9. The blue aster-
isks represent the data obtained from our experimental work. The data
of other shapes and colors are transformed from the published experi-
mental data of multiple international laboratories. This figure summa-
rizes the relationship between the proton number and the cutoff
energy in an exponential coordinate form. It is worth noting that these
experimental data do not distinguish between laser parameters, target
parameters, or even acceleration mechanisms. The purpose of this
treatment is to investigate whether the positive correlation between the
proton number and the cutoff energy is independent of the above-
mentioned factors. When we conduct statistics on all the data, the laser
energy on target ranges from 0.7 J37 to 210 J,4 the pulse width is from
30 fs5 to 0.9 ps,4 the target thickness ranges from 5.3 nm,37 58nm30 to
10lm,34 and the target materials include plastic foil,4,5,31–33,35

plastic sphere,36 Al,33 Au34 and even hydrogen jet.29 From the perspec-
tive of acceleration mechanisms, the data encompass proton beams
based on various mechanisms, such as target normal sheath accelera-
tion (TNSA),31 radiation pressure acceleration (RPA),37 break-out

FIG. 6. Effect of trigger time on protons and other quantities. To eliminate the effect
of target thickness, we present the target thickness (Th) plotted against trigger time.
The capital letters M, N, B, Sb, T, and Th in subplots (a)–(f) retain the same defini-
tions as those in Figs. 1(a)–1(f).

FIG. 7. Proton energy spectra of 258
shots, categorized by target thickness.
s¼ 30 fs, E1¼ 4.8 J, D¼ 0 lm, trigger
time at �500 ps.

FIG. 8. Proton energy spectra of 47 shots,
categorized by defocus D. s¼ 30 fs,
E1¼ 4.8 J, Th¼ 600 nm (650 nm), trig-
ger time at �500 ps.
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afterburner (BOA),30 relativistically induced transparency (RIT),5

Coulomb explosion,36 and hybrid RPA-TNSA.4

Based on the statistical analysis, we observe that the positive cor-
relation between proton number and cutoff energy is to some extent
independent of laser and target parameters, and appears to be unaf-
fected by the specific acceleration mechanism. This can be attributed
to the fact that the proton energy spectrum typically displays an expo-
nential decay, even though certain acceleration mechanisms may pro-
duce quasi-monoenergetic peak features.5,36,37 Achieving a higher
proton cutoff energy generally requires a larger proton population,
which, in turn, necessitates greater laser energy absorption efficiency.
The extensive range of experimental parameters underscores the
robustness of the observed correlation between proton number and
cutoff energy, suggesting that this relationship is a fundamental char-
acteristic that transcends specific experimental conditions. By consid-
ering the region where the data points of this work fall in Fig. 9, along
with the information provided in Figs. 3 and 6, we have reason to
believe that we did not conduct experiments within the optimal target
thickness range. Under our current laser temporal contrast conditions,
the optimal target thickness is greater than 1 micrometer. When the
thickness is below this value, the stability of the proton beam output is
significantly compromised.

From Fig. 9, we also observe that higher laser energy generally
holds the potential for generating both higher proton energies and
larger proton populations, although this is not an absolute rule. The
efficacy of this process is influenced by the coupling between the laser
and the target, particularly the laser energy absorption efficiency,
which is a crucial factor to consider. This is the next key aspect we will
discuss in detail.

III. DISCUSSION

The observed proton energy spectra characteristics, combined
with laser and target parameters, suggest that the proton acceleration

predominantly follows the target normal sheath acceleration (TNSA)
mechanism. For a laser normalized intensity of a0 ffi 8:5
�10�10 k lmð Þ� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

I0 W=cm2ð Þp � 11:9 and a target thickness d
¼ 1 lm, which yields higher proton cutoff energy, the maximum pro-
ton energy �max can be estimated using the TNSA scaling law and iso-
thermal expansion model,38,39

�max ¼ 2Thot ln
ffiffiffiffiffiffiffiffiffiffiffiffi
1þ t2p

q
þ tp

� �� �2
;

where Thot ¼ mec2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ a20

p � 1
	 


denotes the hot electron tempera-

ture. The normalized acceleration time tp ¼ xptaccffiffiffiffiffiffiffiffiffi
2 exp 1

p depends on the

proton acceleration time tacc / slaser þ sminð Þ:40,41 For ultrashort laser
pulses, smin (the proton–electron energy transfer time) ranges between
60 and 100 fs,40–42 and 60 fs is adopted here. The ion plasma frequency

xp ¼
ffiffiffiffiffiffiffiffiffiffi
Zine0e2

mie0

q
incorporates the hot electron density ne0 ¼ Ne

cslaser Ssheath
,

where Ne ¼ fEL
Thot

(number of electrons), f � 20% (laser-to-electron

conversion efficiency),43 and Ssheath ¼ pðr0 þ d � tan hÞ2 (sheath field
area). With EL ¼ 0:72 J (30% of 2.4 J), r0 ¼ 3:3 lm, slaser ¼ 30 fs, and
h � 10�;43 the calculated �max � 24:7MeV exceeds the experimentally
measured maximum cutoff energy of 11.5MeV for 1lm targets. This
discrepancy arises from the 1D model’s neglect of transverse sheath
field distribution and three-dimensional electron transport effects.44

Notably, the experimental observation of decreasing proton
energy with reduced target thickness (Fig. 3) contradicts standard
TNSA predictions, indicating significant prepulse influence. Pre-
plasma formation induced by prepulses alters the effective target
thickness through premature ionization, thereby reducing sheath
field density gradients and consequently deteriorating acceleration
performance. This is the basis for the existence of an optimal target
thickness under specific laser conditions, where the pre-plasma
screening and the interaction intensity of the target and the main
pulse reach a dynamic equilibrium.22 Defocusing laser mitigates pre-
pulse effects, explaining the enhanced proton energy at small defo-
cusing distances. However, excessive defocusing (e.g., 100lm)
degrades both proton energy and yield [Fig. 4(b)] due to reduced
peak laser intensity.

While employing a Pockels cell suppresses prepulse effects and
improves proton energy, timing jitter introduces fluctuations in energy
and yield [Figs. 6(a) and 6(b)], highlighting operational sensitivity to
prepulse dynamics. To stabilize proton sources, experimental parame-
ters should operate in prepulse-insensitive regimes, complemented by
plasma mirrors for prepulse suppression. Concurrently, precise target
positioning and thickness control are critical for ensuring stable proton
beam output.

Analysis of the data shows an inverse relationship between trans-
mission (T) and backscatter (B). Figure 10 illustrates this correlation,
plotting transmittance values against the corresponding backscatter
signals. The color coding of the points indicates the maximum kinetic
energy (M) in panel (a) and the proton number per msr (N) in panel
(b). A strong negative correlation exists between high proton yield and
low transmittance. Although the data exhibit considerable variability,
the diagnostics of backscattered and transmitted light demonstrate sig-
nificant potential as complementary performance monitors for laser-
driven ion sources.

FIG. 9. Proton number per msr N as a function of maximum kinetic energy M in the
case where no parameters, such as laser, target, and positioning, are distinguished.
In addition to the blue asterisk data (this work), the other data are derived from pre-
viously published literature and are estimated through unit conversion. The laser
energy on target and corresponding references are shown in the legend.
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Estimating energy absorption is essential, as the efficiency of con-
verting laser energy to particle energy relies heavily on the amount of
absorbed energy. While our backscatter energy monitor lacks absolute
calibration, we define laser light absorption as g¼ 1�R�T, where R
is reflectance and T is measured transmittance. It is important to note
that backreflection refers to backscattered light post-redshift, assumed
to have a linear relationship. We normalize the backscatter signals
Sbx ¼ 10� 104 and Sbx ¼ 6� 104 to 1, ensuring g ranges from 0 to
1, as illustrated in Figs. 9(a) and 9(b). Regardless of the normalization
method, the maximum absorptivity g consistently appears in the red
circle region. Additionally, when comparing the blue circled area of
Fig. 11 with the corresponding area in Fig. 10, we find that the highest
g does not necessarily correspond to the largest proton number.

IV. CONCLUSION

In conclusion, we have developed a laser-driven proton accel-
erator capable of operating at 0.5 Hz and adjustable energy levels.
Effective monitoring of laser-driven ion sources, combined with
complementary diagnostics, is essential for optimizing perfor-
mance and stability. While our current instrumentation reveals
fluctuations potentially linked to the limited temporal contrast of
laser pulses, improving this aspect is critical. Additionally,
precise control of target thickness can enhance the stability of ion
energy, allowing for effective modulation through defocusing.
Characterizing both transmitted and backscattered light can help
identify key parameters, influencing ion source performance, lead-
ing to refined experimental setups and improved reliability. This

FIG. 10. Transmittance T as a function of backscatter signal Sbx in the case where no parameters such as laser and target are distinguished. The color denotes the maximum
kinetic energy M and the proton number per msr N in (a) and (b), respectively.

FIG. 11. Absorption rate g derived by transmittance T and reflectance R. R is the respective normalized Sbx by Sbx ¼ 10� 104 (a) and Sbx ¼ 6� 104 (b).
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comprehensive approach is vital for advancing laser-driven ion
acceleration technology and its diverse applications.
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