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ABSTRACT

The results of a commissioning experiment on the SILEX-Ⅱ laser facility (formerly known as CAEP-PW) are reported. SILEX-Ⅱ is a complete
optical parametric chirped-pulse amplification laser facility. The peak power reached about 1 PW in a 30 fs pulse duration during the experiment.
The laser contrast was better than 1010 at 20 ps ahead of the main pulse. In the basic laser foil target interaction, a set of experimental data were
collected, including spatially resolved x-ray emission, the image of the coherent transition radiation, the harmonic spectra in the direction of
reflection, the energy spectra and beam profile of accelerated protons, hot-electron spectra, and transmitted laser energy fraction and spatial
distribution. The experimental results show that the laser intensity reached 53 1020 W/cm2 within a 5.8 μm focus (FWHM). Significant laser
transmission did not occur when the thickness of the CH foil was equal to or greater than 50 nm. Themaximum energy of the accelerated protons
in the target normal direction was roughly unchanged when the target thickness varied between 50 nm and 15 μm. Themaximum proton energy
via the target normal sheath field acceleration mechanism was about 21MeV.We expect the on-target laser intensity to reach 1022W/cm2 in the
near future, after optimization of the laser focus and upgrade of the laser power to 3 PW.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0016019

I. INTRODUCTION

The invention and application of the chirped pulse amplification
technique in short-pulse lasers has led to unprecedented ultra-high laser
peak powers.1 After more than three decades of development, petawatt
(1015 W) class lasers, with pulse durations varying from a few femto-
seconds to several picoseconds, have been constructed around the
world.2,3 The focused laser intensity reaches as high as 1022 W/cm2.4,5

Recently, several new femtosecond laser facilities have demonstrated
output laser powers of up to 10 PW.3,6 A new facility, the Station of

ExtremeLight Science (SEL), which aims to produce 100 PW laser pulses
in 2023, is under construction in Shanghai, China. Not only do these
ultra-intense lasers have many applications, such as high-energy ion
acceleration, laser electron wakefield acceleration, ultrafast x-rays, and
fast ignition, with their increased intensity, they will also bring new
fundamental research opportunities in areas such as strong-field
quantum electrodynamics.7

The first multi-hundred terawatt laser (SILEX-I) started oper-
ation at the Laser Fusion Research Center, CAEP in 2004.8 This first
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high-peak-power laser facility was followed by an even larger-scale
laser facility, Xingguang-Ⅲ, which is capable of generating three
synchronized laser pulses of femtosecond, picosecond, and nano-
second pulse durations.9 In 2016, the construction of the third ultra-
high-power laser facility, SILEX-Ⅱ, of 4.9 PW power and 18.6 fs
duration, was completed.10,11 Besides the extremely high peak power
of SILEX-Ⅱ, its temporal contrast reaches higher levels, thanks to the
employment of the complete optical parametric chirped-pulse am-
plification (OPCPA) technique. The temporal contrast is better than
1010 at 20 ps before the main pulse. In 2018, a commissioning ex-
periment was carried out on this high-contrast high-intensity laser
facility. A set of experimental results was obtained with an on-target
laser power around 1 PW. These results are correlated with the laser
focus, temporal contrast, and laser intensity. The confirmed laser
parameters in the commissioning experiment provide a solid basis for
future laser–target interaction experiments and the optimization of
the laser facility.

The commissioning experiment focused on the characterization
of laser–plane foil interaction. A set of comprehensive diagnostics
were set up around the target to collect the spatially resolved x-ray
emission, the image of the coherent transition radiation (CTR), the
harmonic spectra in the direction of reflection, the energy spectra and
beam profile of accelerated protons, hot-electron spectra, and
transmitted laser energy fraction and spatial distribution. From the
complete experimental dataset, the on-target laser spot size, laser
intensity, and prepulse level can be inferred. The data suggest that the
laser intensity reaches 53 1020W/cm2 with a 5.8 μm focus (FWHM)
and 30 fs pulse duration. The laser is of inherent high temporal
contrast owing to the complete OPCPA technique. When the S-
polarized laser pulse impinged on the CH foil at 30° with respect to the
target normal, relativistic transparency occurred for a foil of thickness
20 nm. The cutoff energy of the proton beams accelerated by standard
target normal sheath field acceleration (TNSA) was almost inde-
pendent of the target thickness when this varied between 50 nm and
15 μm. The maximum proton energy was about 21 MeV in the target
normal direction.

II. TARGET AREA AND LASER PARAMETERS

The detailed design, structure, parameters, and performance of
SILEX-Ⅱlaser facility have been reported previously.10,11 The central
wavelength of the laser is 800 nm. The repetition rate is one shot every
5 min for preamplifier output (50 mJ on targets) and 1 shot per hour
for the full output (30 J on targets), respectively. The shortest pulse
duration is 18.6 fs. The pulse duration was measured with a single-
shot autocorrelator, by applying a Gaussian deconvolution factor.
Both the entire beam and a sampling portion have been used to
characterize the pulse duration, and it has been found that there is
little difference between the two cases. The laser contrast measured
by a single-shot third-order autocorrelator can be found in Fig. 7 of
Ref. 10. The temporal contrast at 20 ps before the main pulse reaches
1010, which is the measurement limit of the autocorrelator. The
obvious change in temporal contrast within 20 ps before the main
pulse is mainly attributed to optical parametric fluorescence and
spectral-phase distortion. The near field of the final laser beam is an
eighth-order super Gaussian and the measured modulation is about
1.8. The largemodulation is largely due to the large modulation of the
pump laser beam for the main amplifier.

In the commissioning experiment, themaximum laser energy on
target was 32.6 J due to a smaller LBO crystal used in the main
amplifier, although the demonstrated highest energy of the com-
pressed laser pulse of SILEX-Ⅱ is 91.9 J.10 The laser energy on targets
was 27 ± 2.7 J (rms), and the laser pulse duration was 34.5 ± 2.5 fs
(rms) for the total of 30 shots.

Figure 1 is a photograph of the target area of the SILEX-Ⅱ laser
facility. The three vacuum chambers are the deformable mirror
chamber, the laser–target interaction chamber containing the short-
focus parabola, and the chamber for the long-focus parabola. Only the
short-focus parabola (f � 800 mm) was used in the commissioning
experiment. Thewhole target area is surrounded by specially designed
radiation-shielding walls.

Figure 2 shows the structure of the laser–target interaction
chamber and the laser path inside the chamber. The laser beam from
the deformable mirror chamber is reflected by the turning mirror M1

to the on-axis parabola P1. The converging laser beam from P1 passes
through a 68 mm circular hole in the center of M1 and focuses at a
point about 5 cm from the rear side of M1. The cross section of the
laser beam is a 2203 210mm2 rectangle and the effective F-number is
2.63 for the 800mmfocal length parabola. An image systemwith an F/
1.4 lens is used to measure the laser focus in the vacuum chamber.
Even though the space before the target is very limited for diagnoses in
the experiment, the on-axis parabola is more easily aligned than the
off-axis parabola. In addition, the secondary laser beam through the
hole in M1 can be used for on-site measurement of laser parameters.

In high-field experiments, precise data on the laser focus is
essential for laser–target interaction. The quality of laser focus is a
critical factor in determining the laser intensity. Figure 3 shows the
measured laser focus with the laser light from the preamplifier of
SILEX-II for a laser energy of 50 mJ.

A laser focus of this relatively high quality was obtained after
correction of the laser wave front with the deformable mirror. The
deformablemirror consists of 49 (73 7) elements. During the process
of wavefront correction, a wavefront sampling lens was installed after
the focusing parabola so that the aberration of the focusing parabola
could also be corrected. The intensity distribution of the laser focus

FIG. 1. Target area of SILEX-Ⅱ laser facility.
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can be fitted by a Gaussian function with an FWHM of 5.4 μm.
Seventeen percent of the laser energy was containedwithin the 5.4 μm
circular spot. The size of the ideal Airy spot should be 2.2 μm
(FWHM), containing 80% of the laser energy for the current focusing
system. Also, owing to the relatively large aberration resulting from
the current focus system, the observed far field (see Fig. 3) actually
looks more like a circle than the rectangle that would expected for an
ideal rectangular laser beam.

The far field shown in Fig. 3 was measured for a laser energy of
50 mJ instead of the full laser energy of 30 J. This is because direct
measurement of the far field is very challenging owing to the risk of

damage by high-power laser radiation. Instead, to explore the
properties of the laser focus under high-laser-energy conditions, the
near field for a full laser energy of 30 J wasmeasured. It was found that
the near field exhibits an eighth-order super-Gaussian profile with a
modulation of about 1.8, and so the intensity distribution across the
beam is nearly the flat. Both the near and far fields are believed to
change with the laser energy, especially in the range from 50 mJ to 30
J. However, the measured laser focus at low laser energies can still
provide a reference for the focus at high energies.

Figure 4 shows the dependence of the laser spot parameters on the
off-focus distance, obtainedusing laser light fromanoscillator (77MHz,
5 mW). The laser intensity and focus size (FWHM) are normalized by
their values at the focus. The laser intensity distribution of the central
spot is similar for all off-focus distances less than ±20 μm. The laser
intensity drops to about half of its maximum at a position 35 μm from
the focus, which is consistent with the expected 39 μm Rayleigh length
for the F/2.6 focusing system. When the off-focus distance reaches
65 μm, distortion of the central bright spot appears, and the laser
intensity drops to 29% of its maximum. During the experiment, the
targets were aligned within ±20 μm from the focus, and the decrease of
the laser intensity from its maximum was less than 10%.

Based on the focus data, the laser intensity was 4.73 1020W/cm2

within FWHM for 1 PW laser power.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Experimental setup

In the commissioning experiment, the S-polarized laser impinged
on plane foils at 30° or 0°. A set of diagnostic instruments were installed
in the horizontal plane (Fig. 5). An Ocean HR2000+ optical spec-
trometer was set up tomeasure the reflected laser light at about 40° with
respect to the target normal. An electron spectral meter (4000 G static
magnetic field) was used to measure the electron spectra emitted from

FIG. 2. Top view of laser–target interaction chamber containing the short–focus
parabola.

FIG. 3. Laser focus of SILEX-Ⅱ with an F/2.6 on-axis parabola.

FIG. 4.Dependence of laser focus parameters on off-focus distance, obtained using
laser light from an oscillator (77 MHz, 5 mW).
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the target rear side in the laser propagation direction. A piece of
radiochromicfilm (RCF) (HD-V2)was used tomeasure the transmitted
laser beam through the thin foils. AThompson spectrometer anda stack
ofRCFswere used tomeasure the ion spectra andprotonbeamprofile in
the target normal direction behind the target. A high-resolution optical
imaging system,with aworkingwavelengthof 400 nm,was employed to
take a picture of the coherent transition radiation from the rear side of
the target at an angle of 60° from the target normal. In addition, an x-ray
pinhole camera located above the horizontal planewas used to obtain an
image of x-rays at an energy of about 1 keV.

B. Experimental results related to basic laser
parameters

1. Experimental results related to laser focus

For large-scale laser facilities, reports of direct optical laser focus
measurements under full energy output conditions are rare. However,

Pirozhkov et al.5 have made some important progress and reported the
1.3 μm (FWHM) laser focus on the J-KAREN-P laser facility, where the
20 J laser energy was attenuated by orders of magnitude by using 10
optical wedges. So far, for the SILEX-Ⅱ facility, as pointed out in Sec. II,
even though the laser focus is measured in the interaction chamber, the
laser light used in the measurement is from the preamplifier when the
main amplifier is not pumped-on. Theoretically, the focus should be
almost the same for the two cases when the main amplifier is on and
when it is off for the OPCPA laser, but this expectation has not yet been
confirmed by direct optical measurement. Therefore, in the commis-
sioning experiment, x-ray pinhole imaging and coherent transition
radiation imaging were used to diagnose the laser focus when a laser
pulse of full energy (about 30 J) impinged on the targets.

Figure 6(a) is a typical x-ray image taken by the x-ray pinhole
camera. The pinhole was 17 μm in diameter and was covered by a
20 μm thick beryllium foil. The magnification of the pinhole camera
was 3.2. The targetwas a piece of 2 μmthickCu foil. The size (FWHM)
of the circular bright x-ray spot in Fig. 6(a) is 563 53 μm2. Generally,
x-ray spots are much larger than the laser focus. The x-ray pinhole
camera can roughly resolve the structure of x-ray images even though
its hole size is larger than the laser focus. For example, in an abnormal
shot as shown in Fig. 6(b), the on-target laser intensity distribution is
distorted so much that even the x-ray pinhole camera can resolve the
complex structure of the x-ray image. In this case, the x-ray intensity is
one-third of normal intensity, the image is larger and scattering, and
the measured hot-electron temperature and cutoff energy of
accelerated protons are lower, which suggests the laser intensity is
lower in this shot. Unexpected modulation of the spectral phase may
be the reason for the abnormal shot shown in Fig. 6(b).

Compared with the x-ray pinhole imaging technique, the co-
herent transition radiation imaging technique can achieve much
higher spatial resolution in diagnosis of the laser focus in high-
intensity short-pulse laser interaction experiments if certain exper-
imental conditions are met. Coherent transition radiation (CTR) in
intense short-pulse laser–target interactions has been widely stud-
ied.12–15 Figure 7(a) is a schematic of the generation of CTR in
laser–foil interaction under normal-incidence, high-laser-contrast
conditions. When the high-intensity laser pulse impinges steeply

FIG. 5. Interior of the interaction chamber with the installed diagnostics. TP,
Thompson spectrometer; ESM, electron spectral meter; OS, Ocean HR2000+
optical spectrometer; PHC, x-ray pinhole camera; CTRI, coherent transition radi-
ation imager; PM, parabola; M1, turning mirror.

FIG. 6. Images taken by the x-ray pinhole camera: (a) normal shot for a laser energy of 29.8 J; (b) abnormal shot for a laser energy of 28.9 J.
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on the dense plasma surface, a train of electron bunches with velocity
close to that of light is produced via the J3 Bmechanism within the
laser focus and propagates forward. The distance between relativistic
electron bunches is equal to half the wavelength of the incident laser.
When these periodic hot electrons pass through the boundary be-
tween the target rear side and the vacuum, a pulse of electromagnetic
radiation of wavelength half that of the incident laser is emitted into
the vacuum. This radiation is well known as CTR. Three experimental
conditions must be met to employ CTR imaging to diagnose laser
focus. First, the laser contrast must be high enough to avoid the
formation of a large-scale preplasma. Filamentation or self-focusing
of the laser beam in a large-scale preplasma wouldmake the laser spot
on the critical surface very different from that in vacuum, and theCTR
image would not represent the original laser focus in vacuum. Second,
the laser pulse must impinge normally on the target surface. Intense
sheathfields (>1012V/m) grow rapidly on both front and rear surfaces
of a foil target when the target is irradiated by an intense short laser
pulse. Multiple reflux of the hot-electron beamwill occur between the
front and rear surfaces owing to these sheath fields. If the laser pulse
impinged obliquely on the foil surface, the multiple reflux would lead
to an increase in size of the CTR image in the dimension parallel to the
plane of incidence of the laser. Therefore, the temporally integrated
CTR imagewould be distorted from a circular one to an ellipse. Third,
the thickness of the foil target must be considerably smaller than the
size of the laser focus. The typical divergent angle of the electron beam
produced on the target front surface is a few tens of degrees. A thick
target would lead to significant increase in the transverse size of the
hot-electron beam, and the CTR spot size would be substantially
larger than the original laser focus. In addition, the propagation of an
extremely high-current electron beam in a high-density target is very
complicated, and therefore, to avoid the occurrence of complex hot-
electron patterns, thick foils should not be used.

In the commissioning experiment, CTR imageswere takenwhen
these three requirements were almost satisfied. The target was a 2 μm
thick Cu foil, which was normally irradiated by the laser pulse. The
scale length of the preplasma was only 0.3 μm according to a 2D
hydrodynamic simulation based on the measured prepulse. The
spatial resolution of the coherent transition radiation imager (CTRI)
was 3 μm. Figure 7(b) shows a typical CTR image for 400 nm

wavelength light. The size (FWHM) of the central bright spot in
Fig. 7(b) is 6.7 3 7.0 μm2, which is 1.4 μm larger than the expected
laser focus (5.4 μm). From this result, the estimated divergent angle of
the hot-electron beam is about 20°, which agrees with the general
expectation. This measurement confirms that the laser spot is smaller
than 7 μm under the full-energy laser–target interaction condition.

2. Experimental results related to laser contrast

Laser contrast plays a significant role in high-intensity laser–
plasma interaction. Two diagnostics are used to characterize the
contrast of the SILEX-Ⅱ laser. The first is the intensity of the three-
halves harmonic emitted from a plane target in the direction close to
reflection. The second is the laser transmittance through a few tens of
nanometers thick ultrathin foils.

It is well known that a three-halves harmonic is generated by a
two-plasmondecay (TPD)process in the region of plasma density close
to one-quarter of the critical density. It has been shown that the in-
tensity of this three-halves harmonic is strongly dependent on the
density scale length at one-quarter critical density.16 As shown in Fig. 4
of Ref. 16, only when the density scale length at one-quarter critical
density is larger than the laser wavelength will the three-halves har-
monic appear. When the plasma density scale length at one-quarter
critical density increases to about twice the laser wavelength, the in-
tensity of the three-halves harmonic rapidly increases to saturation and
then decreases gradually with further increase in scale length. To es-
timate the density scale length of the plasma formed by the laser
prepulse in the commissioning experiment, a 2D hydrodynamic
simulation using the XRL2D code was performed. The prepulse data
was from Ref. 10, and the target was a 2 μm thick Al foil. Figure 8(a)
shows the preplasma density profile along the target normal from the
simulation, and it can be seen that the density scale length at one-
quarter critical density is 0.35 μm (i.e., 0.44 wavelength). Figure 8(b)
shows themeasured reflected spectra for three shots. In the two regular
shots (red and blue curves), the three-halves harmonic is barely visible.
On the contrary, when an extra prepulse is intentionally applied, a
much stronger three-halves harmonic (black curve) appears. The ex-
perimental results agree with the 2D hydrodynamic simulation,
showing that the scale length at one-quarter critical density was small

FIG. 7. (a) Schematic of diagnosis of laser focus by coherent transition radiation (CTR). (b) Image of CTR at 400 nm; the size (FWHM) of the central spot is 6.7 3 7.0 μm2.
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(less than twice the laser wavelength) owing to the inherent high
contrast of the complete OPCPA laser.

The setup for the laser–ultrathin foil interaction experiment is
shown in Fig. 9(a). The laser is S-polarized, and the incident angle is 30°.
The typical accelerated protonbeamvia theTNSAmechanism is emitted
in the target normal direction, and the transmitted laser goes roughly
along the incident laser direction. A large piece of RCF (HD-V2) is
installed at a position 28 cm away from the target and is used for
measurement of the transmitted laser. Calibration of the quantitative
response of the HD-V2 RCF to a femtosecond laser was carried out
separately.17 The calibration shows the clear colorization of the RCF
when the laserfluxgoesbeyond the threshold (∼2mJ/cm2). Furthermore,
the change in the optical density of theRCF is directly proportional to the
laser flux. With the calibration data, a quantitative measurement of the
transmitted laser beam with high spatial resolution can be achieved.

In two successive experimental shots, the RCFs were used to
measure the transmitted laser beam through 20 nm thick and 50 nm
thick CH foils, respectively. The results are shown in Figs. 9(c) and
9(d). The laser pulse duration was 33 fs for both shots. The on-target
laser energy was 27.7 and 29.6 J, respectively. The white spots in
Figs. 9(c) and 9(d) overlap with the center of the laser beam. The red
dashed square in Fig. 9(c) indicates the expected area of impingement
of the laser beam on the RCF if the laser propagates in vacuum. The
RCF was intentionally left uncovered except in the irregular blue
polygonal area in Fig. 9(c), where it was covered by a 25 μm thick Al
foil, which completely blocked the transmitted laser. The irregular red
polygon in Fig. 9(d) indicates the area where the RCF was blocked by
other installed instruments.

Generally, aswell as ultra-short-pulse lasers,RCFs are also sensitive
to energetic ions, electrons, and x-rays. Separation of the response of the
RCF to the laser from its response to other radiation is not always
possible.However, by taking advantage of the experimental setup shown
in Fig. 9(a) and by analyzing the experimental results, we succeeded in
measuring the transmitted laser beam by subtracting the colorization of
the RCF due to energetic ions, electrons, and x-rays.

Compared with Fig. 9(d) (50 nmCH case), themost outstanding
feature of Fig. 9(c) (20 nm CH case) is the significant colorization of
the filamentary structure within the area outlined by the black dashed
square. The shape of this area of significant colorization can be

considered to be square, even though the complete area of significant
colorization was not obtained. The square shape of the significant
colorization completely excludes the possibility of energetic ions,
electrons, and x-rays as sources of this colorization, because their
transverse sections of these beams could not be squares. On the
contrary, the laser beam does have a square cross section, and
therefore the most likely candidate responsible for the significant
colorization of the filamentary structure in the black dashed box is the
transmitted laser beam. In addition, the 25 μm thick Al foil is
completely opaque to laser light but almost transparent to energetic
ions, electrons, and x-rays. The clear area covered by the 25 μm thick
Al foil indicated by the irregular blue polygon in Fig. 9(c) further
confirms that it is the transmitted laser beam that is responsible for the
significant colorization of the filamentary structure. In Fig. 9(c), it is
notable that the black dashed square is more than twice the size of the
red dashed square and that the colorization has a significant fila-
mentary structure. From these features, we suggest that the laser
transmission is due to relativistic transparency. Under this hypoth-
esis, the relativistic transparency occurs only in the central area of the
laser focus, where the laser intensity exceeds the relativistic trans-
parency threshold, and so the transparent area is smaller than the
initial laser focus. The smaller equivalent focus of the transmitted
laser leads to a cross section that is larger than the expected laser beam
cross section in vacuum. The filamentary structure results from the
significant filamentation of the transmitted laser as it passes through
the dense plasma. The colorization is much smoother within the
purple square at the top of Fig. 9(c). The colorization in this area is
considered to be the response of the RCF to energetic ions, electrons,
and x-rays and has been taken as the constant background during the
calculation of the transmitted laser flux. The results show that the
transmittance for the 20 nm CH target is about 25% in Fig. 9(c).

The laser intensity in the experiment was up to 53 1020W/cm2,
and the corresponding relativistic critical density is 16nc, which is
much less than the initial target electron density. No relativistic
transparency should be observed if the target expansion does not
occur before the main pulse arrives at the target surface. However,
significant expansion of the ultrathin foil by the laser prepulse does
occur. A hydrodynamic simulation of this expansion has been carried
out with theMULTI-1D code. The simulated profile of the preplasma

FIG. 8. (a) Plasma density profile of the preplasma along the target normal from the XRL2D hydrodynamic simulation for a 2 μm thick Al foil. (b) Reflected spectra from 2 μm thick
copper foil targets. An extra prepulse was applied on purpose when the black curve was measured.
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density is shown in Fig. 9(b). For the 50 nm CH foil, the simulation
shows the peak preplasma density to be about 50nc. The thickness
when the plasma density exceeds 16nc is 210 nm, and no transparency
should be observed evenwhen the relativistic effect is included.On the
other hand, for the 20 nm CH foil, the simulation shows the peak
preplasma density to be about 5.2nc, which is less than the relativistic
critical density but still larger than the critical density. These sim-
ulation results support the relativistic transparency hypothesis with
respect to the observed 25% transmittance for the 20 nm CH target
shown in Fig. 9(c).

Table I summarizes experimental transmission results for ul-
trathin foil targets of different materials and thicknesses, with dif-
ferent laser incident angles. The results reveal the stable operation of
the laser with high contrast. The burn-through thickness is between
20 and 50 nm for CH targets when the S-polarized laser is incident on
the target at 30°.

3. Experimental results related to laser intensity

There is nowell-establishedmethod for accuratelydetermining the
on-target laser intensity by measuring a single physical quantity in the
laser interaction. In the commissioning experiment, the laser intensity
was estimated by measuring the hot-electron temperature in the laser
direction. Generally, the hot electron temperature is related to both the
laser intensity and the scale length of the preplasma in the laser–solid
target interaction. Because of the high laser contrast of SILEX-Ⅱ, the
scale length is quite short (0.35 μm). Under this condition, the J 3 B
heating is the main mechanism of hot-electron generation.

The scaling of thehot-electron temperature from the laser intensity
in laser interaction with solids has been studied previously.18–23

According tonumerical results fromparticle-in-cell (PIC) simulations, a
ponderomotive scaling model Thot,pond � (1 + a20)1/2 − 1 was suggested
by Wilks et al.18 However, this scaling law tends to overestimate the

FIG. 9. Laser transmission measurement in laser–ultrathin foil interaction. (a) Schematic of experimental setup. (b) Hydrodynamic simulation results for the preplasma profile
driven by the laser prepulse, with the intensity of the latter being calculated by taking into account both the actual laser contrast profile and the energy concentrations in the laser
spot. (c) and (d) Transmitted laser beamsmeasured by the RCF for 20 nm thick and 50 nm thick plastic foils, respectively. In (c), the purple square in (c) indicates the area where the
colorization of RCF was only from the radiation background, the black dashed square indicates the area where the colorization of the RCF was dominated by the transmitted laser
beam, the red dashed square indicates the expected laser beam when the laser propagates in vacuum, and the irregular blue polygon indicates the area where the RCF was
covered by a 25 μm thick Al foil, completely blocking the transmitted laser (in some other shots, when 2–3 μm thick foils were used, similar blocking of radiation was observed). In
(d), the irregular red polygon indicates the area where the RCF was blocked by other installed instruments.
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hot-electron temperature when compared with experiments. For ex-
ample, the experiments byBeg et al.19 at intensities ranging from33 1016

to 6 3 1018 W/cm2 indicate that the hot-electron temperature is given
by a one-third power-law scaling Th(keV) � 215(I18λ2μm)1/2, which is a
muchweaker scaling than that given by the ponderomotivemodel.More
recent experiments20,21 confirm that this one-third scaling extends to
high laser intensities of 1019–21 W/cm2. To explain the weaker electron
temperature scaling, a relativistic model based on energy and
momentum conservation laws was proposed by Haines et al.,22 giving
Te(mec2) � (1 + 21/2a0)1/2 − 1. It was shown that the hot-electron
temperature given by the scaling law of Haines et al. agrees with the

experimental scaling of Beg et al. for a wide range of laser intensities.
Kluge et al.23 proposed another analytical model that focuses on the
ensemble dynamics at the critical density interface by taking into account
the distribution of electrons with respect to the laser phase. This novel
approach makes it possible to accurately predict the scaling of hot-
electron temperature seen in experiments and simulations for both
nonrelativistic and relativistic intensities. For a0≫ 1, the model of Kluge
et al. gives Th

e(mec2) � πa0/(2 ln 16 + 2 ln a0)− 1. This scaling con-
verges with that ofHaines et al. formoderate laser intensities in the range
a0 � 1–20, while it predicts much higher electron temperatures than the
Haines et al. scaling for high laser intensities a0 > 20. Thus, in the present
experiment with laser intensities around 1020−21W/cm2, both theHaines
et al. and Kluge et al. scaling laws are appropriate and can be used to
estimate the on-target laser intensities from the measurement of hot
electron temperature.

The typical hot-electron spectrum of a mono-temperature
structure in the laser propagation direction when a 2 μm thick
copper foil is used as the target is shown in Fig. 10. The fitted
temperature is 1.9 MeV for the hot electrons whose energy is more
than 3 MeV. According to the theoretical scaling law of Haines et al.,
the corresponding laser intensity is 4.9 3 1020 W/cm2.22–25 The
calculated intensity is 4.73 1020W/cm2, based on the 31 J laser energy
and 31 fs laser pulse duration of this shot. The difference in laser
intensity between the two approaches is 4%.A comparison of the laser
intensity between the two approaches for three shots is summarized in
Table II. The difference is within 20%. The experimental results show
that the scaling law ofHaines et al. is valid in our experiments and that
the maximum laser intensity is about 5 3 1020 W/cm2.

C. Laser proton acceleration

Laser proton acceleration is one of the important applications of
intense ultra-short-pulse lasers.26,27 The acceleration is related to the

TABLE I. Summary of burn-through measurements of nanometer-thick foil targets under different experimental conditions.

Material Thickness (nm)
Transmission probability for

incidence angle 30°
Transmission probability
for normal incidence

SiN 50 0/3
20

CH 50 0/2 1/4
20 2/2

FIG. 10.Measured hot-electron spectra in the laser direction for a 2 μm thick copper
foil.

TABLE II. Comparison of laser intensities measured by two approaches: Ilaser is frommeasured laser parameters, and ITe is from the scaling law of Haines et al. and the experimental
hot-electron temperature.

Shot No.
Laser

energy (J)
Pulse

duration (fs)
Laser intensity from laser parameter
measurement, Ilaser (10

20 W/cm2)

Laser intensity fromhot-electron temperature
measurement and using Haines et al. scaling

law

Ratio Ilaser/ITeLaser intensity ITe (10
20 W/cm2) Te (MeV)

t004 31 31 4.7 4.9 1.9 0.96
005 29.8 35 4.0 3.4 1.7 1.18
t006 18.3 29 3.0 2.6 1.57 1.14
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laser intensity, pulse duration, contrast ratio, and laser polarization.
The maximum proton energy achievable is one of the important
measures of a laser facility’s capabilities.

Proton acceleration mechanisms include TNSA,28–30 radiation-
pressure-dominated acceleration (RPDA),31,32 and transparency-
enhanced hybrid acceleration.33 The dominant acceleration mech-
anism in an experiment is determined by the laser and target pa-
rameters. We systematically changed the target thickness while the S-
polarized laser was incident on the foils at 30°. The target thickness
changed from 10 nm to 15 μm. The main target material was copper,
but CH, SiN, and carbon foils were usedwhen the target thickness was
less than 200 nm.

Typical proton beams measured with an RCF stack are shown in
Fig. 11(a) for a target thickness greater than200nmand inFig. 11(b) for a
target thickness less than 100 nm. In Fig. 10(a), the target is 7 μm thick
copper foil, and the maximum proton energy is 13 MeV. A prominent
ring-like structure is present for low-energy protons. The full divergent
angle is as small as 11° for 1.6MeVprotons,which indicates thehigh laser
contrast. In Fig. 10(b), the target is 10 nm thick C foil, and themaximum
proton energy is 5.9MeV. A double-ring-like structure is clearly present
for 2.4MeVprotons. The full divergent angles in the horizontal direction
for the inner and outer rings are 10° and 22°, respectively.

The dependence of the maximum proton energy on target
thickness is shown in Fig. 12. The maximum proton energy is roughly
independent of target thickness when no significant laser transmission
occurs. The average proton energy is 14 MeV, and the maximum is 21
MeV. The average proton energy decreases to about 7MeVowing to the
weaker laser absorption when significant laser transmission occurs.
Similar results for the dependence of proton energy on target
thickness34–36 and of proton beam profile on target thickness37,38 have
been reported in the literature. Under the present experimental con-
ditions, TNSA is suggested to be the dominant mechanism of proton

acceleration. It is well known that if the laser irradiance is extremely
high, radiation pressure can bring about another very efficient accel-
eration mechanism, namely RPDA.31 In general, the RPDA can be
achieved for laser intensities >1021W/cm2 with preferred conditions of
circular polarization, normal incidence, and ultra-high laser contrast.
For the present experiments, however, the incident laser has an intensity
of about 5 3 1020 W/cm2 with S-polarization. More importantly, al-
though the laser contrast is as high as 1010, a preplasma with a scale
length of 0.35μmis still formedbefore the arrival of themain laser pulse.
This preplasma can enhance the laser absorption and subsequent hot-

FIG. 11. Proton beam profile measured with RCF (HD-V2) stack in the normal direction of the target rear side for different foils: (a) 7 μm copper foil; (b) 10 nm C foil.

FIG. 12. Effect of target thickness on maximum proton energy in the target normal
direction.
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electron generation, thus reinforcing the electric sheath field on the
target rear side, which comes to dominate the proton acceleration.
Therefore, under the present experimental conditions, the most ener-
getic protons come fromthe target rear sidebyTNSA insteadof fromthe
target front surface by RPDA. Also, in the case of TNSA, the electron
reflux effect is expected to play an important role in the proton ac-
celeration, depending on the target thickness.39 This is confirmed by the
experimental results. As can be seen in Fig. 12, the maximum proton
energy decreases with increasing target thickness when the latter is
greater than 2 μm. This decrease in proton energies with thicker targets
can thus be partially interpreted as the result of the reduced electron
reflux effect.

IV. CONCLUSIONS

A commissioning experiment has been carried out on the high-
contrast petawatt-class complete OPCPA SILEX-Ⅱ laser facility. The
experimental results show that the maximum laser intensity is about
5 3 1020 W/cm2 within a 5.8 μm focus (FWHM) and that the
performance of the laser is relatively stable. Although 50 nm thick CH
foils were not burned through by the laser prepulse, significant laser
transmission was observed for 20 nm thick CH foils.

The on-target laser power of the SILEX-Ⅱ laser facility is to be
increased to 3PWand the laser intensitywill go beyond 13 1021W/cm2.
The current laser focus quality is far from the best achievable and
will be improved constantly. The laser intensity should be able to reach
1 3 1022 W/cm2 if the laser focus is decreased to 2 μm and the con-
centration increased by a factor of two. To further improve the laser
contrast, it should be easy to set up a traditional plasma mirror for this
laser facility, thanks to its high intrinsic contrast. Furthermore, an
ellipsoidal plasma mirror40,41 would be a better option to achieve si-
multaneously higher intensity and better laser contrast.
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