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Abstract
We report on the design and characterization of the plasma mirror system installed on the J-KAREN-P laser at the Kansai
Photon Science Institute, National Institutes for Quantum Science and Technology. The reflectivity of the single plasma
mirror system exceeded 80%. In addition, the temporal contrast was improved by two orders of magnitude at 1 ps before
the main pulse. Furthermore, the laser near-field spatial distribution after the plasma mirror was kept constant at plasma
mirror fluence of less than 100 kJ/cm2. We also present the results of investigating the difference and the fluctuation in
energy, pulse width and pointing stability with and without the plasma mirror system.
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1. Introduction

With the chirped pulse amplification (CPA) technology
invented in 1985[1], research using high-intensity lasers has
evolved for various applications[2,3]. Recently, the develop-
ment of ultrahigh-power lasers and spatio-temporal control
techniques, such as deformable mirrors and an optical para-
metric chirped pulse amplifier (OPCPA), has enabled the
focused intensity to reach 1022–1023 W/cm2[4–8]. In laser-
plasma experiments, pre-plasma formation on the target
owing to the poor temporal contrast has become a signif-
icant problem preventing the interaction with an ultrain-
tense laser pulse, as the focused intensity increases[9,10]. The
sources of such pre-pulse and/or pedestal in the poor contrast
include amplified spontaneous emission[11], higher-order dis-
persion[12], clipping of the spectrum or scattering from
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the diffraction gratings[13] and non-linear optical effects[14].
These are so intricately intertwined that it is difficult to
eliminate them. To solve these problems, various methods
have been developed to improve temporal contrast actively,
including Pockels cells, cross-polarized waves[15], saturable
absorbers[16], second harmonic conversion[17] and plasma
lens filters[18]. Plasma mirrors (PMs)[19–21] have been adopted
in many experimental facilities to improve temporal contrast
at full power with TW to PW lasers after pulse compression,
just before the target. This means that PMs can reduce all
pre-pulses and pedestals inherent to the laser system. PMs
enhance the temporal contrast by preferentially reflecting
the highest intensity part of the pulse while minimizing the
reflection of the preceding light. An anti-reflective (AR)
coating is applied to a substrate, which, when irradiated
at an appropriate fluence, is ionized at the leading edge
of the main pulse. The main pulse is strongly reflected by
the self-generated plasma on the mirror. On the other hand,
the pre-pulse and pedestal do not reach a sufficient fluence
to ionize the PM and are therefore attenuated in reflection
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by the AR coating. As the reflectivity of the ionized PM
at optimum fluence exceeds the AR coating reflectivity by
more than an order of magnitude, the PM can dramatically
reduce pre-pulses and pedestals and thus improve temporal
contrast. For more than a decade, high-contrast pulses with
PMs have been a major contribution to the studies of high-
order harmonic generation[22–26] and ion acceleration[27–31].
PMs have the disadvantage that the PM substrate must be
exchanged after irradiation, but various methods have been
developed in recent years, such as using a flowing liquid[32]

or moving a large PM at high speed[33]. In addition, various
applications have been developed, such as PMs with focusing
ability[34], high reflectivity[35], frequency-resolved optical
gating[36], multi-stage laser wakefield acceleration[37] and
electron–photon interaction[38]. Therefore, PMs have been
developed and improved by many high-power laser facilities
worldwide.

There are two main ways of implementing PMs to improve
the temporal contrast. One is to install the PM as the final
optic just before the target irradiation. The other is to use
two optics focusing laser pulse onto the PM, and then
recollimating and guiding the contrast-enhanced pulse to the
irradiation chamber. The former has the advantage of easy
installation, but the number of shots is limited due to close
positioning around the target, the reflectivity of the PM being
low due to the polarization of the laser and the low F-number
of the off-axis parabolic (OAP) making it difficult to install
a double PM. On the other hand, the latter method enables
a relatively large number of laser shots and can obtain high
reflectivity by optimizing the fluence and other factors. The
disadvantage of the latter method is that, due to the large

beam diameter of petawatt-class laser systems (typically
>200 mm), the construction cost is high and securing a
suitable installation site is a significant problem. Table 1
summarizes the PM performance of various laser facilities
equipped with a PM system[39–58]. There are differences in
the design of the system and the performance of the laser,
but they are routinely used to improve temporal contrast by
a factor of 100 or more. On the other hand, to use PMs,
it is essential to measure the reflectivity and spatial and
temporal distribution[20,21]. Optimal conditions for the use
of PMs differ slightly from one facility to another. This
is because the performance of the PM system depends on
several factors, including the parameters of the laser and
the setup. Recently, PMs have been planned for use not
only in relatively large laser systems of several hundred
terawatts, but also in laser facilities of 10 PW or more[59,60].
The maximum beam diameter in the final compressor of
J-KAREN-P is approximately 280 mm, and the system
consists of optical components capable of multi-PW class
output. An interaction experiment using the laser has been
conducted at a power output of approximately 200 TW, and
these performances and configurations, shown in Table 1,
will provide useful guidelines for designing PM systems with
output of several hundred terawatts.

In this paper, we report in detail the performance of
a single PM system installed in the J-KAREN-P facility.
Firstly, the components of the PM system are described in
detail. Next, we describe the measured reflectivity, temporal
contrast and pulse width of the PM system. In addition,
changes in spatial distribution, energy and pointing stability
are reported.

Table 1. Performance and design of PM systems in laser facilities around the world.

Maximum Temporal
Laser power reflectivity of contrast

Laser name or laser facility (TW) PM system design PM system (%) enhancement References
Hercules 300 Double 50 105 [39]
BELLA Petawatt Laser 1000 Single (VHS tape) 80 [40]
Scarlet 400 Single (liquid crystal) 75 350 [28]
Advanced Laser Light Source 200 Double 55 104 [41]
Astra-Gemini 500 Double 65 104 [42,43]
Salle Jaune 100 Double 50 104 [44]
UHI100 100 Double 50 104 [45]
JETI 10 Single 80 103 [46]
ATLAS 300 Double 40 103–104 [47]
Max-Born-Institute 35 Double 60 104 [48,49]
DRACO 150 (1000) Single 90 (85) 102–103 [50,51]
ARCTURUS 100 Single 80 102 [52]
POLARIS 170 Single 600 [53]
Lund Laser Center 10 Double 40 102 [54,55]
Laboratory for Laser Plasmas 200 Single 70 102 [56]
CoReLS 4-PW laser 4000 Double 70 7×106 [57]
T6-laser 10 Single 70 104 [58]
J-KAREN-P 200 Single 85 102 This work
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Figure 1. Layout and picture of the plasma mirror system at J-KAREN-P. (a) Layout of the PM setup. OAP, off-axis parabolic mirrors; PS, periscope; NF,
near-field image camera; FF, far-field image camera; FPM, focus monitor on the PM; IS, integrating sphere and spectrometer; TOCC, third-order cross-
correlator; SRSI, self-referenced spectral interferometry; FM, focus monitor. (b) PM chamber. (c) Periscope pair. (d) OAP and stage. (e) Substrate of single
PM and damage pattern.

2. Plasma mirror system on the J-KAREN-P laser
facility

The J-KAREN-P laser is a double-CPA Ti:sapphire laser
system with OPCPA stages[61,62]. After the final stage com-
pressor, a 200 TW (10 J, 50 fs) laser beam with a diameter of
250 mm was delivered to the experimental area. Owing to the
nonuniformity of the intensity distribution of the near-field
(NF) pattern, the laser power was limited in this experiment.
As shown in Figure 1(a), the PM system was installed after
the final compressor and before the target chamber. The size
of the vacuum chamber of the PM system (TOYAMA Co.,
Ltd) was 2.1 m × 2.7 m × 2.3 m (Figure 1(b)). The mini-
mal achievable pressure of the chamber was approximately
10–5 Pa. The PM system consisted of two periscope pairs,
two OAP mirrors and a PM substrate (Figures 1(c)–1(e)). As
the laser polarization was in the horizontal plane after the
compressor, we used the periscopes to facilitate irradiation of
the PM with s-polarized light. Note that the periscopes were
adopted to obtain high reflectivity by using the p-polarized
light on the future double PM[57]. The mirror holders of the
periscopes were the ANTARES series made by LIOP-TEC
GmbH, which were adjusted using piezo actuators (Physik
Instrumente (PI) GmbH & Co. KG). The flat mirror was a
dielectric multilayer mirror made by Korea Electro-Optics
Co., Ltd (KEOC), which had a dichroic coating reflecting
not only at the 770–830 nm wavelength of the high-power
laser but also at the 630 nm wavelength of a co-propagating
red alignment laser. The OAPs (TYDEX. LLC) had a focal
length of 2 m (F/8) and a wavefront accuracy of λ/10 (peak-
to-valley) at 633 nm. The OAPs were installed on a five-axis
(XY, θxθyθz) automated stage (Kohzu Precision Co., Ltd).
The setup was a ‘single’ PM, as shown in Figure 1(e). The

size of the PM substrate was 400 mm × 70 mm × 30 mm,
and the laser was incident on the mirror with s-polarization at
an incidence angle of 16 degrees. The reflectance of the AR
coating on both sides, calculated by KEOC, was less than
1% at 770–830 nm wavelengths with a 16-degree incidence
angle. The total reflectance of the AR coating, taking into
account the spectrum of the laser, is 0.8% ± 0.1%. This
assumes that the wavelengths of the pre-pulse and pedestal
are the same as the main pulse. Note that the AR-coated mir-
ror used in this experiment does not have an optimal angle
of incidence, as the mirror is designed to have the lowest
reflectivity at a 37-degree incidence angle, which will be
employed for our future double PM setup. There were silver-
coated areas on the top, bottom and centre for the alignment
of the PM substrate. The PM was placed on an automated
stage (Kohzu Precision Co., Ltd) for XYZ and θx. The mirror
could be moved between shots over a total range of ±250 mm
in the vertical direction and ±35 mm in the horizontal
direction. Assuming each irradiation makes a damage spot
of a few millimetres on the substrate surface, each mirror
can withstand about 1000 shots without replacement.

3. Measurement setup and characterization of the
plasma mirror system

3.1. The reflectivity of the plasma mirror system

The measurement setup for the characterization of
the PM system is shown in Figure 1(a). The tempo-
ral distribution was measured using the laser pulse
picked off from the full beam with a diameter of
1 inch (1 inch = 2.54 cm). The energy and spatial
distributions, on the other hand, were measured by
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Figure 2. Reflectivity of the plasma mirror system. The vertical axis shows
the reflectivity estimated from the energy acquired before and after the PM
system. The horizontal axis shows the fluence and the intensity of the PM,
whose value was estimated by measuring the spot size on the PM. The inset
image shows spots on the PM (500 J/cm2) obtained with the focus monitor
on the PM (FPM; Figure 1(a)).

down-collimating the full beam transmitted through a
dielectric mirror after the PM chamber. The reflectivity
of the PM system was calculated using an energy-calibrated
charge-coupled device (CCD) camera after the final stage
amplification, an absolutely calibrated integrating sphere
and spectrometer installed after the PM for each shot. The
measurement results included not just the reflectivity of the
PM but also the reflectivity of the OAPs and flat mirrors
in the PM system. Note that the throughput efficiency of
the beamline optics (gratings, mirrors, windows, etc.) is
60% without the PM system. In the experiment, the overall
reflectivities were obtained when the laser fluence on the
PM was varied by changing the distance of the OAP to the
PM and the laser energy. The fluence was calculated from
the image on the PM measured with a lens and CCD after
the PM system (FPM in Figure 1(a)). The error bars in the
energy indicate the measurement error of the energy meter.

Figure 2 shows the overall reflectivity of the PM system.
The reflectivity increased as the fluence increased, reaching
85% at a fluence of roughly 500 kJ/cm2. Such a high reflec-
tivity has been measured in this fluence region (intensity
~1 × 1019 W/cm2) in previous studies[63]. The reflectivity of
PMs varies significantly with the spatio-temporal profile of
PM generation. The actual spatial and temporal distribution
of the laser pulse on the PM is not an ideal flat-top or Gaus-
sian profile. Thus, for example, if the spatial distribution of
the laser is nonuniform, that is, there are many parts of the
laser that do not ionize and are not reflected, the reflectivity
will decrease. In the temporal distribution, if the light is
not ideally compressed, the timing of ionization is delayed,
more light is not reflected and the reflectivity is decreased.

Figure 3. (a) Shot-to-shot energy variation during 40 shots without
(9.0 ± 0.31 J) and with (5.9 ± 0.26 J) the PM. (b) Shot-to-shot energy
variation during 10 shots at each fluence (0.1, 0.5, 2.5, 7.5 and 50 kJ/cm2),
without the PM and before the PM for the same shots. The circles and
triangles represent energy after the PM. Energy before the PM is shown
with diamonds.

The improvements of spatial and temporal distribution have
recently resulted in relatively high reflectivity[40]. The shot-
to-shot variation of the laser energy with and without the
PM is shown in Figure 3. Over 40 shots, the energy without
the PM is (9.0 ± 0.31 J) and with the PM is (5.9 ± 0.26 J).
The relative standard deviation of energy per shot was 3.4%
without the PM and 4.4% with the PM. The difference
with and without the PM (~1%) is due to the variation in
the energy of the original incident laser. This means that
the PM did not impede the energy stability significantly.
In addition, energy fluctuations of 10 shots in each fluence
(0.1, 0.5, 2.5, 7.5 and 50 kJ/cm2) are shown in Figure 3(b).
The shot-to-shot trends after and before the PM of energy
do not vary significantly with each fluence. Moreover, the
relative standard deviation at each fluence was 2%–4%, and
3% without the PM. The energy fluctuations are largely
independent of the fluence.
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Figure 4. Temporal contrast with (red line) and without (blue line) the PM. The dotted line is the temporal contrast estimated using the reflectance of the
PM (65%) and AR coating (0.8%). The inset figure is an enlarged plot showing detail around the peak of the pulse. From the data points with and without
the PM, the trigger time range for the PM is from –0.9 to –0.3 ps.

3.2. Pulse duration and temporal contrast

Pulse duration and temporal contrast were measured using
a self-referencing spectral interferometer (WIZZLER,
Fastlite)[64] and a third-order cross-correlator (SEQUOIA,
Amplitude Technologies). The pulse duration was optimized
using J-KAREN-P’s power-amp mode (1 J, 10 Hz) by
a feedback loop control using an acousto-optic device
(DAZZLER, Fastlite)[65] before the measurement with the
PM. For this dataset, the fluence on the PM was chosen to be
500 J/cm2, because the PM operation with high fluence and
high reflectivity would increase the chance of optical damage
due to the change of the NF profile or improper management
(e.g., repeated shots without moving the PM substrate).
Experiments could be conducted safely with a large number
of shots at 500 J/cm2 (~65%). Comparisons were made
with and without the PM system; the laser amplification
conditions for the two sets of data were the same. The
temporal contrast with and without the PM system is shown
in Figure 4. From –10 ps to several hundred fs before the
arrival of the main pulse, the contrast was improved by
about a factor of 100. The trigger time for the PM was
expected to be from –0.9 to –0.3 ps from two data points
with and without the PM in the inset of Figure 4. The dotted
line in Figure 4 shows the predicted contrast with a PM,
considering the reflectivities of the PM (65%) and the AR
coating (0.8%). This estimate assumes a constant reflectivity
(65%) after the PM is activated and does not account for
the temporal evolutions of the reflectivity[66]. However, the
results of this estimation and the measurements are in good
agreement before –0.3 ps.

Figure 5(a) shows the measured pulse duration with an
average of 100 shots. The full width at half maximum
(FWHM) pulse duration with and without the PM are
47 ± 1.4 fs and 45 ± 1.0 fs, respectively. However, a 2%
pre-pulse at approximately 140 fs was generated when the
PM was used as depicted by the arrow in Figure 5(b).

The pulse width variation for each shot is also shown in
Figure 6. The shot-to-shot stability did not change signifi-
cantly when the PM was used. The spectrum was measured
using an integrating sphere by focusing the full laser beam
transmitted through a dielectric mirror onto the aperture of
the integrating sphere. The spectra shown in Figure 7 have
FWHMs of 26 ± 2 nm and 28 ± 2 nm with and with-
out the PM, respectively, and no significant changes were
measured.

3.3. Spatial distribution (far-field image and near-field
image)

To measure the spatial distribution of the laser, far-field (FF)
and NF images were measured. The full beam, transmitted
through a dielectric mirror, was focused using an OAP with
an F-number of 8, and the magnified FF image was acquired
using an objective lens and CCD camera. The NF was
measured by imaging the beam profile 3 m after the PM.
The results of the NF image measurements are shown in
Figure 8(a), and it is clear from the XY line profiles that
the intensity distribution changed significantly at fluences
higher than 500 kJ/cm2 (~1 × 1019 W/cm2). The reason for
the change in the NF is that the fluence of some parts of the
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Figure 5. One hundred shots average of pulse duration measurement from
the self-referenced spectral interferometer: (a) linear scale; (b) log scale.
The error bars correspond to statistical variations. The arrow in (b) shows
the pre-pulse generated when using the PM.

spatial distribution is higher and thus ionizes the substrate
earlier than regions of lower fluence[50,67]. The results of the
FF when the fluence is varied by changing the distance of
the OAP to the PM are shown in Figure 8(b). No significant
change could be seen at 100 kJ/cm2. Note that due to the
limitation of the travel range of the OAP drive stage, FF
images with fluence higher than 100 kJ/cm2 have not been
measured.

3.4. Spot size measurement and pointing stability after
focusing by OAP (F/1.3)

Figure 9 shows the focal spot distribution using the OAP
(F/1.3) installed in the target irradiation chamber. This mea-
surement was taken using a strongly attenuated Ti:sapphire
laser for focusing adjustment. Therefore, these measure-
ments only measure the impact of the PM substrate and

Figure 6. Shot-to-shot fluctuation of pulse duration (FWHM): without the
PM, 47 ± 1.4 fs; with the PM irradiated with a fluence of 500 J/cm2,
45 ± 1.0 fs.

Figure 7. The spectrum of 10 shots average with and without the PM.
The fluence of PM irradiation is 500 J/cm2. The error bars correspond to
standard deviations of statistical variations.

additional beamline optics on the focal spot quality, and do
not include any influence of ionizing the substrate when
triggering the PM. The PM substrate was positioned such
that the Ag coating reflected the alignment beam, and no
plasma was ignited. The laser fluence was too low to activate
the PM. The spot size FWHM was found to be X: 1.57 µm, Y:
1.65 µm when bypassing the PM system, and X: 1.66 µm, Y:
1.59 µm with the PM. In addition, the peak intensity average
of 100 shots was (1.98 ± 0.28) × 1021 W/cm2 without the PM
and (1.72 ± 0.24) × 1021 W/cm2 with the PM. This value was
calculated using the integrated signal value as 100 TW[6],
and the error is the standard deviation. Note that it is assumed
that the focused intensity measured by the alignment laser
remains the same in the case of PM triggering. From the
results of this estimate, the peak intensity did not decrease
even when the PM system was used. This indicates that the
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Figure 8. Spatial profiles: (a) NF image; (b) FF image. The laser fluence on the PM is written above.

Figure 9. Focus spot images from the alignment laser (< µJ) after focusing by the OAP (F/1.3), (a) without (X: 1.57 µm, Y: 1.65 µm) and (b) with the PM
system (X: 1.66 µm, Y: 1.59 µm), with FWHM values given. The focused intensity is calculated as 100 TW of the integrated value of all signals. Note that
(b) is the focused spot from a highly reflective coated part of the PM substrate, rather than an activated PM.

addition of the extra periscopes and OAPs of the PM system
into the laser beamline did not severely affect the wavefront.

The stability of the pointing of the beam at the focal point
(100 shots) was measured (Figure 10). This measurement
was again made without activating the PM. The stability was
found to be X: 1.11 µrad, Y: 1.22 µrad without the PM, and
X: 1.99 µrad, Y: 2.07 µrad with the PM. This difference may
be due to the vibration of the optical components (OAP and
periscope) of the PM system and the vacuum chamber.

4. Discussion and outlook

The main performance of the PM system installed in
J-KAREN-P is shown in Table 2. The results with the PM
system (0.5 and 100 kJ/cm2) are summarized and compared
to the beam parameters bypassing the PM; with the PM, the
focused intensity at the target decreases, which is primarily
due to absorption at the PM. The shot-to-shot variation
of energy and pulse width does not change significantly
with the use of the PM. This indicates that the stability
is equivalent to that without the PM. Note that, for the

last measurement, the focal spot in the target chamber was
measured using a laser that was attenuated for alignment.
Therefore, the PM is not activated at the time of this
measurement. However, the NF and FF images (Figures
8(a) and (b)), of the on-shot diagnostic when the PM is
activated showed no significant change in the focusing
spot size even when the fluence is changed in the range of
0.1–100 kJ/cm2 (1015–1018 W/cm2). These results indicate
that the degradation of the spatial distribution is likely
to be small when the PM is used in normal operation.
However, it would be ideal to directly measure the focal
spot in the target chamber when using an activated PM.
There have been various techniques introduced to measure
the at-target focal spot for full power shots, including
attenuation[68], backscatter focus[69] and measurement of
high-order harmonics[70].

The temporal contrast is in good agreement with the results
obtained by considering the reflectivity of the AR coating
and the reflectivity of the PM. The temporal contrast could
still be improved further by one to two orders of magnitude
by optimizing the AR coating[46,58]. In addition, we are also
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Table 2. Summary of the characteristics of the PM system in J-KAREN-P. Note that the focus spot size and pointing stability are measured
with alignment mode laser (< µJ). Note that the PM dataset is from a highly reflective coated part of the PM substrate, rather than an
activated PM. The peak intensities are calculated from the on-target energy, pulse duration and focused intensity, respectively.

Energy on Temporal contrast Pulse duration Spot size Pointing Peak intensity
target (J) at –10 ps FWHM (fs) FWHM (µm) (µrad, RMS) (W/cm2)

Without PM 9.0 ± 0.31 10–7 47 ± 1.4 X: 1.57 X: 1.11 (3.8 ± 0.6) × 1021

Y: 1.65 Y: 1.22
PM 5.9 ± 0.26 10–9 45 ± 1.0 X: 1.66 X: 1.99 (2.3 ± 0.3) × 1021

(0.5 kJ/cm2) (RPM � 65%) Y: 1.59 Y: 2.07
PM 7.0 ± 0.34 X: 1.66 X: 1.99 (2.9 ± 0.4) × 1021

(100 kJ/cm2) (RPM � 83%) Y: 1.59 Y: 2.07

Figure 10. Pointing stability of the alignment laser (< µJ) with the OAP
(F/1.3) at the target position: (a) horizontal axis; (b) vertical axis. The
standard deviations are X: 1.11 µrad, Y: 1.22 µrad with the PM and X:
1.99 µrad, Y: 2.07 µrad without the PM. Note that the PM dataset is
from a highly reflective coated part of the PM substrate, rather than an
activated PM.

planning to introduce a second PM to achieve even higher
contrast. On the other hand, in the case of the PM, a new
pre-pulse is measured at approximately –140 fs (Figure 6(b)).
This may be because of the PM, but the cause is still under
investigation. This is a major problem in experiments where
minimizing the laser energy in the rising edge of the pulse
is important[51,71], although it can be suppressed by feedback
control using acousto-optic elements.

In addition, the temporal contrast was measured sev-
eral times over 300 shots on the same PM substrate, and
no degradation of temporal contrast or reflectivity due to
debris accumulation on the PM substrate was observed. This
implies that lateral debris spread from plasma ablation with
a single PM is not significant. On the other hand, debris
shielding is likely to be essential if two mirror substrates are
in proximity, as in the case of a double PM.

In the future, we plan to conduct experiments using a
contrast-enhanced laser pulse (e.g., ion acceleration[27–31]).
Following this, we will upgrade to a double PM and intro-
duce a deformable mirror after the compressor to further
improve the laser quality.

5. Conclusion

In this paper, we have reported on the configuration and per-
formance of a single PM system installed in the J-KAREN-P
laser system. The maximum reflectivity of the PM system
exceeded 80%. The temporal contrast was improved by
nearly two orders of magnitude at times earlier than 1 ps
before the main pulse. The wavelength spectrum and pulse
width did not change significantly when the PM was used.
It was found that the laser NF degraded significantly when
the fluence was larger than 500 kJ/cm2 (~1 × 1019 W/cm2).
The FF image did not change significantly in the fluence
range of 0.1–100 kJ/cm2 (1015–1018 W/cm2). The shot-to-shot
stability of the laser energy, pulse duration and pointing were
not changed significantly when the PM system was used. In
the future, we plan to carry out target irradiation experiments
using a PM and upgrade our system to accommodate double
PMs.
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