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Abstract
The target backsheath field acceleration mechanism is one of the main mechanisms of laser-driven proton acceleration
(LDPA) and strongly depends on the comprehensive performance of the ultrashort ultra-intense lasers used as the driving
sources. The successful use of the SG-II Peta-watt (SG-II PW) laser facility for LDPA and its applications in radiographic
diagnoses have been manifested by the good performance of the SG-II PW facility. Recently, the SG-II PW laser facility
has undergone extensive maintenance and a comprehensive technical upgrade in terms of the seed source, laser contrast
and terminal focus. LDPA experiments were performed using the maintained SG-II PW laser beam, and the highest
cutoff energy of the proton beam was obviously increased. Accordingly, a double-film target structure was used, and
the maximum cutoff energy of the proton beam was up to 70 MeV. These results demonstrate that the comprehensive
performance of the SG-II PW laser facility was improved significantly.
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1. Introduction

New phenomena have emerged as laser intensity has
increased. Ultrashort ultra-intense lasers have been rapidly
developed based on the chirped pulse amplification
(CPA)[1] technique and the subsequent development of the
optical parametric chirped pulse amplification (OPCPA)[2]

technique. The peak power density of ultrashort ultra-intense
lasers is increasing and has exceeded 1021 W/cm2[3], which is
higher than the traditionally considered relativistic intensity
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(1018 W/cm2) by three orders of magnitude. The laser
intensity will be increased further with the advancement of
the next-generation petawatt (PW) class laser project[4–8],
which will provide an entirely new arena and direction
for related research and open up new research directions.
At present, there are several sets of PW-class ultrashort
ultra-intense laser facilities, such as Vulcan[9], PHELIX[10],
Omega-EP[11], NIF-ARC[12], PETAL[13], LFEX[14], SG-II
Peta-watt (SG-II PW)[15] and others, that have provided
the opportunity to conduct research on various topics,
such as particle acceleration sources[16–19], X-ray/γ-ray
radiation sources[20,21], plasma diagnostics[16,22–24], fast
ignition[25,26], cancer therapy[27], warm dense matter[28] and
other experimental studies.

The SG-II PW laser facility was constructed in 2016
with the output capability of a kJ single-pulse picosecond
laser, which can form a combined ps- and ns-driven laser-
integrated experimental platform together with the SG-II
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upgrade facility. This satisfies the demand for relevant
physical experiments in high-power laser conditions in
multiple fields. Thousands of physical experiments have
been performed with satisfactory performance[15]. Recently,
the SG-II PW facility has undergone extensive maintenance
and comprehensive technical upgrades in terms of the seed
source, contrast and focal focus. A systematic test analysis
showed that the quality of the ps laser improved significantly
after maintenance; however, the overall performance was
not clear.

When the laser intensity reaches relativistic levels
(I ≥ 1018 W/cm2), it can produce an ultra-strong accelerating
gradient electric field up to 106 times that of conventional
pedals, which can be used for proton acceleration to
accelerate proton energy to levels higher than MeV. In
2000, Snavely et al.[29] demonstrated a laser-driven proton
acceleration (LDPA) experiment to produce protons of the
order of tens of MeV with an ultrashort, ultra-intense laser
that illuminated a solid target. Since then, research on LDPA
has gained extensive attention, and different acceleration
mechanisms, such as target normal sheath acceleration
(TNSA)[30], radiation pressure acceleration (RPA)[31],
collisionless shock wave acceleration (CSA)[32,33], Coulomb
explosion acceleration (CE)[34], breakout afterburner
acceleration (BOA)[35] and magnetic vortex acceleration
(MVA)[36], have been gradually developed. Among these
acceleration mechanisms, the TNSA mechanism was
proposed first and is currently the most extensively used.
The physical image of the TNSA mechanism is relatively
clear and concise. The ultrashort ultra-intense incident laser
is absorbed on the front surface of a solid film target, and
the electrons are heated and propagate to the posterior part
of the target to establish an ultra-intense sheath electric
field. The electric field directly ionizes the hydrogen in
the water vapor adsorbed on the posterior surface of the
target and accelerates the hydrogen ions. Hydrogen ions
(i.e., protons) are accelerated and emitted in a direction
normal to the posterior of the target. Numerous theoretical
simulations and experiments have confirmed the correlation
between the proton cutoff energy and laser parameters in
the TNSA mechanism[17,37–39]; for example, the maximum
proton cutoff energy that can be achieved in the TNSA

mechanism is usually proportional to the half-power of the
driving laser intensity[37]. The conditions of ultrashort, ultra-
intense laser facilities directly determine the proton beam
characteristics of the TNSA generation. This also makes
the LDPA experiment based on the TNSA mechanism a
reference indicator for testing the comprehensive driving
capability of ultrashort, ultra-intense laser facilities[40].
Higher cutoff energies and more stable proton outputs
signify better conditions for the laser facility.

Therefore, in this study, experiments on LDPA based on
the TNSA mechanism were conducted at the maintained SG-
II PW laser facility. The results showed that the generated
high-energy proton beams had substantially higher cutoff
energies. Furthermore, a high-energy proton beam with a
maximum cutoff energy of more than 70 MeV was obtained
using the double-membrane target structure, which is very
close to the results reported in the current literature for
obtaining the highest cutoff energy based on the TNSA
mechanism. These results demonstrate that the compre-
hensive driving capability of the maintained SG-II PW
facility has improved significantly and reached a first-class
level worldwide. The SG-II PW facility will provide higher-
quality laser conditions for additional physical experiments
in the future.

2. Performance enhancements of the SG-II PW facility

2.1. Introduction to the SG-II PW facility

The SG-II PW facility was constructed by the National
Laboratory of High Power Laser and Physics and adopted
the OPCPA+CPA technology route; its optical path is
shown in Figure 1. The front-end of the facility adopted
a cascaded OPCPA scheme and injected chirped pulses
from the parametric amplification of the pulse generation
system into the amplification chain of the SG-II ps PW laser
system. The amplifier consists of a rod amplifier and a slab
amplifier in the main oscillator-power amplifier (MOPA)
scheme. The compressor included four large-aperture 1740
lines/mm gratings. The dimensions of the gratings are
1025 mm × 350 mm. The near-field diameter of the beam
is approximately 310 mm. The facility achieved single-pulse

Figure 1. Schematic of the optical path of the SG-II PW laser facility.
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Figure 2. Comparison of the signal-to-noise ratio of the front-end optical parametric chirped pulse amplification (OPCPA) output of the picosecond pulse
before and after optimization.

output of 1 kJ/1.7 ps at 1ω (λ = 1.053 μm) after compression
in 2016. The facility can provide experiments at near-PW
standards with power densities of up to 1020 W/cm2 (or
higher)[15], but most experiments are usually conducted at
slightly lower conditions, typically at 300 J/1 ps or 500 J/10
ps at 1ω, by taking into account the component lifetime and
other factors[41].

The SG-II PW facility has been in operation for several
years. With the increase in the operating time in recent
years, optical components have gradually developed aging,
bad spots and contamination, which have imposed device
maintenance requirements, while new technologies have
gradually been developed to improve the performance of
laser facilities. Therefore, the SG-II PW facility has recently
undergone comprehensive maintenance and optimization.
Optimization consists of two main aspects. One is the signal-
to-noise ratio of the front-end pulse generation system and
the other is the terminal focusing capability.

2.2. Significant improvement in the front-end signal-to-
noise ratio

The optimization of the laser signal-to-noise ratio is divided
into two main parts: one for the suppression of parametric
fluorescence and the other for the elimination of prepulses.

The suppression of parametric fluorescence is achieved
by increasing the energy of the seed source from nano-
joules to millijoules by increasing the picosecond OPA,
which achieves high-gain amplification in the picosecond
time-domain window, effectively suppressing the parametric
fluorescence in the ns time-domain window and ultimately
increasing the front-end signal-to-noise ratio from 107 to
values of more than 1011[42].

The prepulse is mainly from the (secondary) reflected
light from the rear surface of the reflective or transmissive

element. This light spectrally modulates the main pulse.
The compression causes the backpulse to be transferred to
the prepulse owing to the nonlinear B-integral effect[43].
The elimination of prepulses was mainly achieved by
optimizing the key optical components in the ns-OPCPA
assembly.

Figure 2 shows the waveform of the optimized OPCPA
front-end at the output energy of 50 mJ and the compressed
pulse width of 400 fs. All prepulses were eliminated, and the
signal-to-noise ratio was significantly improved compared
with previous methods.

2.3. Optimization of the terminal focusing capability

The terminal focusing capability is directly related to the
power density on the target surface and is a key factor in the
use of ultrashort ultra-intense lasers for physics experiments.
The measurement accuracy of the focal spot was improved
by optimizing the key parameters of the deformation mirror,
thus establishing a focal spot and wavefront measurement
system at the center of the target chamber, and performing
full-field measurement and control. The terminal focusing
capability of the system was improved by using adaptive
optics to measure and correct the aberrations of the full
optical path system combined with precise control of the off-
axis parabolic mirror attitude. The optical focal spot, which
includes 50% of the laser energy, was enhanced from four to
two times the diffraction limit, and its size was significantly
reduced.

Figure 3 shows X-ray images from a laser-irradiated
metal film target measured with a grazing incidence pinhole
camera designed for ultra-strong laser–plasma experiments
in the working band of 0.5–2.5 keV[44]. Compared with
conventional pinhole cameras[45], grazing incidence can
effectively suppress the noise of hard X-rays produced by
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Figure 3. X-ray images and scanned intensity curve of the laser irradiating metal planar target: (a) image before optimization; (b) image after optimization;
(c) scanned intensity curve along the x-direction.

laser-irradiated targets in ultrahigh power density conditions,
thus obtaining a relatively realistic X-ray image at the focal
spot location. Figure 3 shows that the size of the X-ray
image is significantly reduced after the terminal focusing
optimization with the full-width-at-half-maximum value
dropping from approximately 50 μm to approximately
25 μm. This indicates a reduction in the actual laser focal
spot. This value is already very close to the size of the
adjustment optical focal spot of Φ20 μm[41,46].

3. Studies of laser-driven proton acceleration based on
target normal sheath acceleration

3.1. LDPA scheme with the SG-II PW facility

Based on the maintained SG-II PW facility, an LDPA exper-
iment with a ps laser based on the TNSA mechanism was
conducted, and the scheme is shown in Figure 4(a). Fig-
ure 4(b) shows an actual photograph of the target chamber.
A single beam of a picosecond laser (wavelength 1053 nm,
pulse duration 1–10 ps, energy 100–500 J) output from the
SG-II PW laser facility was focused on the target surface
with P-polarization and an incidence angle of 21◦ through
an off-axis parabolic mirror with a focal length of 800 mm.
The F# value of the optical path was approximately 2.5.

The target was a Cu or an Au planar thin film with a
thickness of approximately 20 μm, which is sufficiently thick
for LDPA with a picosecond laser as the driving source,
thus ensuring that the accelerated generated proton source
is mainly derived from the TNSA mechanism.

The main diagnostic method used to measure proton sig-
nals is a multilayer stack of radiochromic films (RCFs)[47],
which are placed in the normal direction to the target back,
and the front surface is approximately 40 mm from the
target back surface. RCFs are an internationally common
measurement method for LDPA that has been used for many
years and performed well in previous LDPA experiments.
The RCF model used in the experiments was HD-V2 manu-
factured by Gafchromic, USA[48], with a dose-response range
of 10–1000 Gy and a thickness of 105 μm, including a plastic
substrate thickness of 97 μm and a sensitive layer thickness
of 8 μm. The layer is very sensitive to proton signals and
less sensitive to X-rays and electron signals[49]; therefore,
it can be used for high-energy proton beam measurements.
Al films of appropriate thickness were placed between each
RCF layer. These Al films can attenuate the energies of high-
energy protons, thus allowing the recording of higher-energy
proton signals with fewer RCFs. Subsequently, the minimum
proton energy required to reach each RCF layer can be
calculated using Monte Carlo codes to determine the proton
energy deposition in the material. The maximum cutoff

(a)                                                                    (b)   

Off -axis parabolic mirror

ps laser

PHC
Target

Al RCF

21° Protons

EMS1 EMS2

Figure 4. Light path and diagnostic arrangement of a laser-driven proton acceleration (LDPA) experiment based on the target normal sheath acceleration
(TNSA) mechanism. (a) Schematic of the arrangement. (b) Photograph of the target chamber.
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energy of the proton beam can be determined according
to the position of the last RCF where the proton signal is
recorded.

In addition, a grazing incidence pinhole camera designed
for ultrahigh intensity laser–plasma experiments was placed
in a direction of 10◦ with respect to the normal of the target
surface in front of the target to monitor the focal spot condi-
tion of the incident laser-irradiated target where the pinhole
size is approximately Φ10 μm, the distance from the pinhole
to the target is 85 mm and the magnification is approximately
7.7. Two sets of electron magnetic spectrometers (EMSs)
were placed in the direction of 30◦ with respect to the normal
of the target surface in front of the target and 50◦ with respect
to the normal of the target surface at the back of the target
to measure the energy spectrum of the outgoing hot elec-
trons. The parameters of the two EMS sets were identical.
The induction intensity was 0.3 T, the incident collimation
hole diameter was 1 mm, the distance from the target
surface was 500 mm and the measured spectrum range was
0.2–260 MeV[50,51].

3.2. Experimental results

Typical results of the LDPA experiments with the picosecond
laser at the maintained SG-II PW facility are shown in
Figure 5. The pulse duration of the driving laser was approx-
imately 1 ps, the energy of the target was approximately
280 J and the focal spot size was approximately Φ25 μm. So,
the power density on the target surface was approximately
5 × 1019 W/cm2. The target was a planar thin film of Au with
a thickness of approximately 20 μm.

The scanned images of the six RCF sheets are shown
in Figure 5, and the sheet numbers 5th, 13th, 20th, 25th,
26th and 27th are the numbers in the upper right corner of
each sheet. As the number of RCF sheets increases, protons

must be transported through the additional layers of RCF
sheets and Al films to reach the RCF at the corresponding
position. The proton energy corresponding to each RCF layer
in the experiment was calculated using the Monte Carlo
code SRIM-2013-Pro[52,53], depending on the thickness of
the RCF sheets (the material is plastic and the thickness is
the thickness of each layer multiplied by the number of layers
penetrated) and the thickness of the Al films (accumulated
according to the thickness of the passing Al films). This
energy was also the minimum proton energy that can cause
the darkening of the RCF layer. The six RCF sheets in
Figure 5 correspond to the minimum proton energies of 12.9,
38.3, 49.8, 57.9, 59.6 and 61.4 MeV, respectively. It is clear
from Figure 5 that the last RCF sheet in which the proton
signal can be clearly distinguished is the 26th layer, whereas
the proton signal in the 27th layer is indistinguishable. This
indicates that the initial energy of the generated protons
exceeds 59.6 MeV, which can darken the 26th layer RCF but
does not reach 61.4 MeV, that is, it cannot darken the 27th
layer RCF.

The direction normal to the posterior part of the target
(0◦, labeled in white +) and the direction of the laser
propagation (21◦, marked in blue +) are also shown in
Figure 5. The proton signal propagates along the target-
back normal direction and the signal intensity distribution
gradually decreases as the number of RCF layers or the
proton energy increases; these are typical findings related
to the TNSA mechanism, thus indicating that the measured
LDPA signal is derived from the TNSA mechanism[54,55].
It is noteworthy that a weaker darkening spot can still be
observed in the middle part of the 27th RCF sheet, and also
in the 26th and further layers thereafter. Its intensity and
size did not change significantly; thus, this corresponds to
the background noise caused by high-energy electrons in the
target-back normal direction[56].

12.9MeV 38.3MeV 49.8MeV

57.9MeV 59.6MeV 61.4MeV

0° 21°

60mm

+ + +

++++ + +

+++

Figure 5. Several images of different layers of radiochromic film (RCF) sheets showing proton signals with different proton energies.
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Figure 6. Two different double target structures. (a) Double-layer target for
a plasma mirror. (b) Double-film target for sheath field modulation.

3.3. Higher cutoff energy proton using a double-film target

In the experiments described above, the cutoff energy of the
proton beam was close to 60 MeV, which is much better
than the results of the LDPA experiments conducted in the
SG-II PW facility before maintenance, fully demonstrating
the effect of recent maintenance and technology upgrades.
Therefore, an attempt was made to obtain a proton beam
output with a higher cutoff energy using a double-film
target.

The double-film target included two thin films; however,
its structure and principles were completely different from
those of the double-layer target of the transmission plasma
mirror[57,58], as shown in Figure 6. Figure 6(a) shows the
structure of a double-layer target based on a plasma mirror,
and Figure 6(b) shows the double-film target. In Figure 6(a),
the laser is focused on the surface of the T2 target, and the
T1 target acts as a plasma mirror to absorb the prepulse and
improve the contrast of the laser focused on the T2 target,
which in turn enhances the quality of the accelerated proton
beam. In Figure 6(b), the laser is focused on the surface of
the T1 target and forms a target-back electric field E. The
T2 target is located at a certain position, and is induced
by the action of the target-back electric field E to generate
an additional electric field E’, which in turn may induce a
re-acceleration effect. This configuration was first proposed
by Braenzel et al.[59] based on the relativistic transparency
mechanism, and the possibility of a double-film structure

to enhance the quality of proton beams was theoretically
illustrated.

A preliminary numerical simulation of the double-film
target was performed using the particle in cell (PIC) code
named EPOCH. The simulated conditions are as follows:
laser wavelength = 1053 nm, pulse duration = 0.4 ps, power
density = 1 × 1019 W/cm2, focal spot size = Φ14.3 μm,
incidence angle = 21◦, T1 target thickness = 20 μm, T2
target thickness = 0.3 μm; material: Au and double-film
spacing d = 250 μm. Figure 7 shows the 2D numerical
simulation results for the spatial distribution of the electric
field for the two target types at two moments (500T0 and
700T0). Figures 7(a) and 7(b) show the results for a single
target, that is, there is only the T1 target, whereas Figures
7(c) and 7(d) show the results for the double-film target.
Conversely, Figures 7(a) and 7(c) are the results at 500T0,
and Figures 7(b) and 7(d) depict the results at 700T0. It
is obvious that an induced electric field is generated at the
position of the T2 target back at the moment 700T0 owing to
the addition of the very thin target T2. This new electric field
potentially re-accelerates the protons, thus causing a boost in
proton beam energy.

The same scheme and laser conditions as those in Figure 5
were used for the experiments, except that the target was
changed to a double-film target. The pulse duration of the
driving laser was approximately 1 ps, the energy of the
target was approximately 300 J and the focal spot size was
approximately Φ25 μm. The target was a planar thin film
of Au with a thickness of approximately 20 μm. T1 in the
double-film target is the same as that in the single target,
that is, the thickness of the Au planar film is approximately
20 μm, the T2 target has an Au planar film thickness of
0.3 μm and the double-film spacing d, which is related to
the driving laser conditions and to other factors, may be a key
parameter. The results for d = 830 μm are shown in Figure 8.
Similar to Figure 5, six images of RCF sheets are given
for the 5th, 13th, 20th, 31st, 32nd and 33rd layers, and the
minimum proton energies corresponding to each RCF layer
were 12.9, 38.3, 49.8, 68.2, 70.0 and 71.4 MeV, respectively.

Figure 7. Two-dimensional spatial distribution of electric field intensity for ps laser-driven single- and double-film targets. (a), (b) Single target and (c), (d)
double-film target; (a), (c) at 500T0 and (b), (d) at 700T0.
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12.9MeV 38.3MeV 49.8MeV

68.2MeV 70.0MeV 71.4MeV
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Figure 8. Several images of different layers of RCF sheets showing the proton beam output with higher cutoff energy using a double-film target.

It is clear from Figure 8 that the last RCF sheet in which
the proton signal can be clearly distinguished is the 32nd
layer, whereas the proton signal in the 33rd layer is already
indistinguishable. This indicates that the initial energy of
the generated protons exceeds 70.0 MeV, but does not reach
71.4 MeV. This is the first time that a proton beam with a
cutoff energy higher than 70 MeV has been obtained at the
SG-II PW laser facility.

4. Discussion

4.1. Performance improvement of the SG-II PW facility

LDPA using the SG-II PW facility has been conducted
for many years, and a variety of experiments for proton
applications have also been conducted; however, the highest
cutoff energies of proton sources are generally not high.
Figure 9 shows the proton cutoff energy data obtained from
LDPA experiments using the driving laser with a 1 ps
pulse duration over the years corresponding to the actual
drive laser energy range of 115–374 J. It can be observed
that the proton cutoff energy does not change significantly
with increases in the drive laser energy by 2–3 times, thus
remaining in the range of 20–30 MeV. Figure 9 shows the
recent results after the maintenance of the SG-II PW laser
facility. The driving laser energy corresponds to approxi-
mately 280 J, but the cutoff energy of the proton beam yields
significant increases, reaching 50–60 MeV; this change is
equivalent to an improvement that is almost equal to two
times. In other words, increasing the energy of the driving
laser alone is not sufficient to produce a proton beam with
a higher cutoff energy; thus, improving the comprehensive
performance of the driving laser is the key factor. The results
demonstrate that the capability of the SG-II PW laser facility
was significantly improved.

100 200 300 400
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40
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Em
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Figure 9. Maximum proton cutoff energy at different laser energies before
and after maintenance.

4.2. Double-film target for higher cutoff energy

The original intention of the double-film target design was to
modify the target backsheath electric field by adding a layer
of film at an appropriate location after the main target. As
shown in Figure 7, the additional film layer excited a new
electric field E’ subject to the action of the electric field E
behind the main target, which in turn caused a change in the
overall sheath electric field. However, it is difficult to under-
stand whether this change causes an increase in the cutoff
energy of the accelerated protons. From the perspective of
energy conservation, the new electric field was excited by
the original electric field. Thus, the original electric field
was inevitably attenuated; this resulted in a weakened total
electric field. This was completely different from conven-
tional cascade LDPA[60], where the second electric field was
generated with a second laser-driven film target, so the total
effect of the two electric fields is increased. This was also
confirmed by Chen et al.[61], who used a double-film target
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Figure 10. Electric field intensity distribution versus position for ps laser-
driven single target and double-film target conditions. The data are from
Figures 7(b) and 7(d). The blue line is for a single target and the red line is
for a double-film target.

for LDPA experiments, which affected the quality of the
proton beam but with lower cutoff energy.

Some of these traces are shown in Figure 7. Figures 7(b)
and 7(d) show the electric field intensity distributions of
the single- and double-film targets at the moment of 700T0,
respectively. However, as shown in Figure 7(d), a new elec-
tric field is generated at distances of more than 250 μm,
and the electric field of the main target is reduced. This is
clearly demonstrated in Figure 10, which shows the electric
field intensity profile obtained from the scan at position
y = 0 in Figures 7(b) and 7(d). In the case of the double-
film target, the electric field intensity decreased substantially
before 250 μm despite the formation of a new electric field
at 250 μm. However, a proton beam output with a higher
cutoff energy was clearly obtained in the experiment using
the double-film target, and the increase was more than 15%,
thus indicating that there are unclear physical mechanisms
that need to be investigated further.

In addition to the aforementioned conditions of a double-
film spacing of 830 μm, experiments with other double-
film spacings were also conducted. Consequently, in most
of the laser shots, the proton cutoff energy does not increase
compared with that of a single target and even decreases in
certain conditions, which is consistent with the phenomenon
in the literature[58]. When the spacing is small, the T2 target
may destroy the effective accelerating electric field on the
posterior part of the main target T1; when the spacing is
larger, the effects on the T2 target by the electric field
of T1 are minor. Therefore, the proton cutoff energy was
comparable to or reduced by a single thin-film target. It is
only possible to obtain protons with a higher cutoff energy
when the spacing is suitable and certain special conditions
are met. However, it is not currently clear which specific
conditions are required.

5. Conclusion

The SG-II PW laser facility has undergone extensive mainte-
nance and technology upgrades, and its overall performance
has improved. An LDPA experiment based on the TNSA
mechanism was conducted to evaluate the driving perfor-
mance of the ps laser in the maintained SG-II PW facility.
The experimental results showed that the cutoff energy of the
accelerated high-energy proton beam significantly improved
to approximately 60 MeV, which is approximately twice that
of previously obtained results. Accordingly, a double-film
target structure whose physical mechanism is not yet well
understood was used to obtain a high-energy proton beam
output with a maximum cutoff energy of up to 70 MeV.
These results demonstrate that the comprehensive perfor-
mance of the ps laser beam of the SG-II PW laser facility was
improved significantly, thus providing a better experimental
platform for future research.
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