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Abstract
We have experimentally improved the temporal contrast of the petawatt J-KAREN-P laser facility. We have investigated
how the generation of pre-pulses by post-pulses changes due to the temporal overlap between the stretched pulse and the
post-pulse in a chirped-pulse amplification system. We have shown that the time at which the pre-pulse is generated by
the post-pulse and its shape are related to the time difference between the stretched main pulse and the post-pulse. With
this investigation, we have found and identified the origins of the pre-pulses and have demonstrated the removal of most
pre-pulses by eliminating the post-pulse with wedged optics. We have also demonstrated the impact of stretcher optics
on the picosecond pedestal. We have realized orders of magnitude enhancement of the pedestal by improving the optical
quality of a key component in the stretcher.
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1. Introduction

With the remarkable progress in chirped-pulse amplification
(CPA) technology and Ti:sapphire laser media, femtosecond
lasers with very high peak powers of 1–10 petawatt (PW)[1–6]

have been developed around the world and extremely high
intensities of 1022–1023 W/cm2[7–9] are now available. Owing
to the limitation of the available size and transverse para-
sitic oscillation in the Ti:sapphire gain media, femtosecond
lasers based on optical parametric chirped-pulse amplifiers
(OPCPAs) with a peak power of order 100 PW have been
designed and are under construction[10,11]. The laser intensity
will possibly exceed 1023 W/cm2 in the near future. With
the development of ultra-high-intensity femtosecond lasers,
the investigations of electron acceleration, ion acceleration,
X-/γ-ray generation and astrophysical systems are being
actively pursued.
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For laser–matter interaction experiments at such an intense
level, the temporal contrast of the laser pulse is a key
parameter. Temporal contrast, defined as the ratio of the
intensity of the peak of the main pulse to that of pre-pulses or
background in different temporal ranges, is required to
be as high as possible to minimize unwanted pre-plasma
dynamics. Any pre-pulses and background with the intensi-
ties of 1010–1011 W/cm2 are capable of ionizing solid targets,
which will then greatly influence the laser–matter interaction
process. Therefore, the temporal contrast is crucial for
accessing high-field physics and is now under intense
investigation throughout the world. It is necessary to develop
pulse cleaning techniques in an ultra-high peak power
laser to satisfy the experimental requirements. The poor
contrast can take the form of amplified spontaneous emission
(ASE) extending over nanoseconds[12], and discrete pre-
pulses that are usually within a few hundred picoseconds of
the main pulse[13]. A third contribution is uncompressible
energy within the stretched pulse, which manifests itself
as an exponentially rising pedestal, typically within tens of
picoseconds of the main pulse[14,15].
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Several methods have been investigated, based on temporal
cleaning or filtering techniques, for example, relying on
double CPA (DPCA)[16], ultrafast electro-optic switches[17],
saturable absorbers[5], cross-polarized wave generation in
nonlinear crystals[18], hybrid amplification in femtosecond
lasers based on OPCPA at the front-end section[19],
second harmonic generation (SHG)[20] and plasma mirrors
(PMs)[21]. The SHG and PM schemes are used as the final
temporal cleaner at the full compressed pulse in the CPA
laser chain[22,23]. ASE contrast of greater that 1010 has been
achieved by using these techniques at PW class peak powers.
With the recent significant enhancement of the ASE contrast,
pre-pulses and pedestals that were previously buried in the
ASE have risen to prominence.

Removing post-pulses is also essential in order to min-
imize the pre-pulse. Even though the post-pulses do not
directly influence laser–matter interaction experiments, non-
linear effects of post-pulses in the laser can lead to the
formation of pre-pulses. If the time between the main pulse
and post-pulse is less than the duration of the stretched
pulse in a CPA system, the pulses overlap in time and
interfere with each other, resulting in spectral interference
equivalent to spectral modulation within the main pulse.
As this pulse is amplified and transmitted through optical
elements, such as windows and amplifier crystals, the phase
is also modulated due to nonlinear optical effects. Upon
recompression of the pulse, both pre-pulses and post-pulses
are therefore generated. The magnitude of the pre-pulses
is determined by both the B-integral and the intensity of
the original post-pulse[13,24–28]. The unwanted pre-pulses can
strongly affect targets placed at the high-power laser focus,
causing ionization and target pre-heating. Therefore, it is
important to investigate the pre-pulse generation mechanism
and remove strong post-pulses to minimize target disruption
in high-intensity laser plasma experiments.

There is also a common temporal feature in all high-
intensity laser systems that is responsible for the degrada-
tion of the temporal contrast in the tens of picoseconds
range. In CPA lasers, a laser beam is spectrally resolved
on optics in a stretcher and compressor. Thus, the surface
roughness causes a relative phase shift at each wavelength
and is directly converted to random spectral phase noise
(RSPN). This means that the surface quality of the stretcher
and compressor optics, such as the mirror and gratings,
is important for spectral phase noise, which reduces the
temporal contrast of the main pulse and generates a noisy
structure on both sides of the main pulse[14,15,29]. Recently,
Ranc et al. have shown that the RSPN from the primary
convex mirror in Öffner stretchers is the principal source
of this feature. This feature is termed the coherent contrast
pedestal and is of concern because its effect is to extend the
rising edges of the pulse by tens of picoseconds to several
picoseconds at an intensity that is likely to be well above the
plasma generation threshold. Therefore, this pedestal should

be managed carefully and improved by orders of magnitude
of tens of picoseconds before the main pulse.

In this paper, we report on a detailed study of pre-pulses
generated by the post-pulses and the pedestal contrast in
J-KAREN-P, a PW Ti:sapphire laser at the National
Institutes for Quantum and Radiological Science and
Technology (QST) in Japan. Our experimental investigation
of this study is organized in two steps. Firstly, we describe
the experimental observation and investigation for deeper
understanding of the behavior of the pre-pulses generated by
post-pulses. We discuss three surprising observed features
of the generated pre-pulses. Firstly, in the case where there
is a long time delay between the main pulse and post-pulse,
the generated pre-pulse delay does not correspond to that of
the post-pulse. Instead, the pre-pulses are slightly delayed
in time. Secondly, in such conditions the pulse shape of
the pre-pulse is unsymmetrically distorted. Finally, the peak
intensities of the pre-pulse are strongly suppressed compared
to predictions. Furthermore, we will briefly describe the
identification of the origins of the pre-pulses generated by
post-pulses and removal of the pre-pulses in the J-KAREN-P
experimentally. We then demonstrate orders of magnitude
enhancement of the pedestal contrast of the J-KAREN-P
pulse by improving the surface quality of the convex mirror
in the Öffner stretcher.

2. Description of J-KAREN-P

J-KAREN-P[5,30] is a PW CPA laser system based on
Ti:sapphire. A schematic block diagram of the J-KAREN-P
system is shown in Figure 1. The system includes a DCPA
architecture to improve the contrast. The first CPA stage
provides a 25 fs, sub-millijoule pulse, which is transmitted
through a saturable absorber. The pulse is then re-stretched
using a grating-based all-reflective Öffner stretcher for
the second CPA stage. An acousto-optic programmable
dispersive filter (AOPDF) is implemented to compensate
for high-order dispersion terms resulting from beam
propagation, and a small-aperture Faraday isolator is used to
prevent back-reflected pulses. The pulses then enter a three-
stage OPCPA pre-amplifier, which provides amplification
with both broad bandwidth and high contrast. The OPCPA is
pumped by a frequency-doubled Nd:YAG laser (Amplitude
Laser Group Continuum, Intrepid), which can deliver an
arbitrary temporal pulse shape using a programmable optical
pulse shaper consisting of a Mach–Zehnder modulator, a
bias control circuit and a programmable arbitrary pulse
synthesizer. The pulses subsequently pass through an
ultrafast Pockels cell, improving the nanosecond-order ASE,
before being further amplified in a Ti:sapphire pre-amplifier,
a cryogenically cooled Ti:sapphire power amplifier and
two booster amplifiers. A large-aperture Faraday isolator
is also placed between the Ti:sapphire pre-amplifier and the
power amplifier to prevent any backward propagating pulses.
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Figure 1. Schematic block diagram of the J-KAREN-P laser system.

The fully amplified pulses are then recompressed in a
grating-based compressor. The spectral phase is measured
using a high-dynamic single-shot diagnostic system (Fastlite,
Wizzler) after the compressor, and then fed back to the
AOPDF to minimize phase distortion. The durations of the
stretched and recompressed pulses in this experiment were
approximately 0.5 ns and approximately 40 fs, respectively.

3. Experimental study of pre-pulses generated by
post-pulses

3.1. Pre-pulses generated by post-pulses

To facilitate the generation of controlled post-pulses, five
uncoated fused-silica plane-parallel plates of different thick-
nesses were prepared for installation into the beamline. The
thicknesses of the plates were approximately 1, 3, 5, 8 and
11.8 mm, and they were installed perpendicularly to the laser
propagation direction directly before the Ti:sapphire pre-
amplifier. The plates give a reflectivity of typically approx-
imately 3.4% per surface, and result in a post-pulse via a
double reflection of the incident pulse off two surfaces at a
contrast level of approximately 10–3. The thicknesses were
chosen to allow a range of delays between the main pulse
and post-pulse. For the thinnest plates, most of the pulses are
overlapped, whilst for the thickest plates there is only partial
overlap. The time delays were approximately t = 10, 30, 50,
80, 118 ps, determined by t = 2dn/c, where d is the thickness
of the plates, n = 1.45 is the refractive index of the plane-
parallel plates and c is the speed of light. The laser pre-pulses
and post-pulses were measured with a third-order cross-
correlator (Amplitude Technology, Sequoia, Paris, France).
For calibration, we also inserted the plates directly in front
of the third-order cross-correlator in the calibration. As this

is after amplification and recompression, there is no pre-
pulse generation when the plates are placed at this position.
The measured post-pulse intensity agrees with the prediction
of the Fresnel equations. We also observed the pre-pulse
generated artificially in the third-order cross-correlator, due
to the mixing of the post-pulse second harmonic and the fun-
damental of the main peak. The artificial pre-pulse intensity
is the square of the post-pulse contrast, approximately 10–6.

The pre-pulse generation using different thickness
plane-parallel plates is shown in Figure 2. The measure-
ments were taken at three different amplification levels:
(1) approximately 45 mJ of the Ti:sapphire pre-amplifier
output; (2) approximately 1.8 J of the Ti:sapphire power
amplifier output; and (3) approximately 26 J of the booster
amplifier output. The different amplification levels result
in different values of accumulated B-integral in the laser
system. For all amplification levels, the pulses were
attenuated appropriately using wedged plates to provide the
same level of laser energy at the third-order cross-correlator.

For a plate thickness of approximately 1 mm, the post-
pulse was generated at approximately 10 ps after the main
pulse with an approximately 10–3 contrast, resulting in an
artificial pre-pulse at approximately 10 ps of an approxi-
mately 10–6 contrast before the main pulse, as seen from
the green curve in Figure 2(a). Increasing the pulse energy
resulted in increasing pre-pulse contrasts of approximately
4.1 × 10–6 (blue line), 5.3 × 10–5 (red line) and 6.8 × 10–4

(black filled circles) in Figure 2(a), with corresponding
calculated B-integral values of approximately 0.037, 0.25
and 0.85 rad, respectively. The B-integral was estimated by
considering all the transmissive optics in the laser chain.
The calculated B-integral value is not linearly related to the
laser pulse intensity because of the different beam diameters
for each amplifier. At the maximum amplification level,
giving pulses of approximately 26 J, the pre-pulse was
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Figure 2. Measured pre-pulse contrast in the J-KAREN-P laser system with the plane-parallel plates of (a) approximately 1 mm, (b) approximately 3 mm,
(c) approximately 5 mm, (d) approximately 8 mm and (e) approximately 11.8 mm. The green line is for calibration (the plane-parallel plate is placed after
the compressor). The blue line, red line and black filled circles are obtained with the output energies of approximately 45, 1.8 and 26 J, respectively. These
energies correspond to the B-integrals of approximately 0.037, 0.25 and 0.85 rad, respectively.

approximately 1000 times stronger than the artificial pulse
generated in the third-order cross-correlator. The increase
of pre-pulse magnitude with the B-integral is due to the
accumulation of the nonlinear effects[13] and can be theoret-
ically estimated to be 4.6 × 10–7, 2.0 × 10–5 and 2.4 × 10–4

for the three different B-integral values, respectively. Note
that for small values of the B-integral, the real pre-pulses
are hidden by the stronger artificially generated pre-pulse.
The experimental data agree with the theoretical predictions
relatively well.

When using thicker plane-parallel plates, as shown in
Figure 2, three interesting features were found. Unlike the
observations from thinner plates, the timing of the pre-
pulse peak differs somewhat with the corresponding post-
pulse timing, even though the artificial pulse remains at
the same delay as the post-pulse. The temporal pre-pulse
shape is also found to be asymmetric, characterized by a
faster rise time and slower fall time. Finally, the pre-pulse
peak intensity is smaller than the theoretical predictions[13].
This is exemplified by the behavior using the thickest plate,
shown in Figure 2(e). Despite the post-pulse coming 118 ps
after the main pulse, and the corresponding artificial pre-
pulse generated by the third-order cross-correlator generated
at 118 ps before the pulse, the real pulse was generated at

113.2 ps before the main pulse, a shift of 4.8 ps. The real pre-
pulse shows significant asymmetry between the rising and
falling edge. The absolute height of the pre-pulse peak was
also suppressed compared to thinner plates. The different
modes of laser amplification with the 11.8 mm plate resulted
in pre-pulses of approximately 1.8 × 10–8 (blue line), 2.0 ×
10–6 (red line) and 3.8 × 10–6 (black filled circles), corre-
sponding to B-integral values of approximately 0.037, 0.25
and 0.85 rad, respectively. At maximum amplification, the
pre-pulse intensity reached approximately 6.8 × 10–4 with a
1 mm thick plate, but only approximately 3.8 × 10–6 with
an 11.8 mm plate, a reduction of more than two orders of
magnitude. The relationship of pre-pulse intensity and delay
with parallel-plate thickness is given in Figure 3.

Although our measurements for thinner plane-parallel
plates were in reasonable agreement with theoretical
predictions[13], the surprising pre-pulse properties resulting
from the thicker plates are still not well understood at
present and require further consideration. Increasing the
plate thickness reduces the overlap between the stretched
main pulse and post-pulse. Due to the chirped nature of
the stretched beams, this means the spectral bandwidth
over which the spectral intensity and phase are modulated
becomes narrower. This naturally leads to a reduction
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Figure 3. (a) Summary of pre-pulse peak contrast in the J-KAREN-P laser system with plane-parallel plates of approximately 1, 3, 5, 8 and 11.8 mm.
The blue, red and black filled circles are obtained with the output energies of approximately 45, 1.8 and 26 J, respectively. These energies correspond to
B-integrals of approximately 0.037, 0.25 and 0.85 rad, respectively. (b) Summary of the time delay versus the plane-parallel plate thickness.

in available energy to create the pre-pulse, which would
naturally reduce the pre-pulse intensity. This is compounded
by a longer pulse duration due to the narrow spectral
bandwidth, further reducing the pre-pulse intensity. The
pre-pulse clearly possesses a post-pulse foot following the
peak with a decaying oscillatory modulation characteristic of
positive higher odd-order dispersion, likely combined with
self-phase modulation. As the window of spectral intensity
modulation leading to the pre-pulse is different from that
of the main pulse, the pre-pulse experiences more spectral
phase modulation, which can cause it to be delayed in time.
A full quantitative understanding of these effects is under
investigation and will be presented in a future publication.

Following from these investigations with inserted plane-
parallel plates, we have confirmed that the pre-pulse gen-
erated by the Ti:sapphire pre-amplifier crystal was also
distorted and time-delayed, as shown in Figure 4. The post-
pulse and artificial pulse were at a delay of approximately
186 ps before and after the main pulse, respectively, but an
additional real pre-pulse was observed approximately 11 ps
after the artificial pre-pulse. This pre-pulse was asymmetri-
cally distorted and broadened, just as described above. We
imply from this observation that the time delay increases
quadratically with the optical path length, which is the
product of the thickness and refractive index of the optical
components in the system.

3.2. Pre-pulse contrast improvement

Figure 5(a) shows the measured contrast of the J-KAREN-
P laser system. According to our above experience and
knowledge, we have identified pre-pulses and artificial
pulses generated by the post-pulses. The pre-pulses at
approximately 270, 175, 137, 96 and 40 ps are real,
coming from the post-pulses due to double reflection in the

Figure 4. Representative measured artificial and real pre-pulses in the
J-KAREN-P laser system by the Ti:sapphire pre-amplifier crystal.

Ti:sapphire crystal of the power amplifier, the Ti:sapphire
crystal of the pre-amplifier, the small-aperture Faraday
isolator between the stretcher and the OPCPA, the windows
of the cryogenically cooled power amplifier and the optics
inside the oscillator, respectively. These real pre-pulses in
Figure 5(a) imply the existence of artificial pulses. The
two pre-pulses at approximately 298 and 186 ps before
the main pulse are artificial pulses originating from the
Ti:sapphire crystals of the power amplifier and pre-amplifier,
respectively. These two artificial pulses can be seen more
clearly because of the long time delay between the artificial
and real pre-pulses, while the other artificial pulses appear to
overlap with the real pre-pulses because of the shorter time
delay between the artificial and real pre-pulses.

After identifying the source of all the pre-pulses, we
endeavored to remove them by avoiding post-pulse genera-
tion in our laser system. This was implemented by adding a
small wedge to the post-pulse generating Ti:sapphire crystals
and windows. The wedge is orientated horizontally to enable
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Figure 5. Typical contrast of the J-KAREN-P laser system (a) before and (b) after employing optical components with a small wedge angle.

angular dispersion compensation in the four-pass amplifier
geometry. The angular dispersion of the output pulse was
also calculated with Zemax software, and it was found to be
negligible and result in no focal spot degradation, which was
subsequently experimentally confirmed. We also removed
the small-aperture Faraday isolator, eliminating its pre-pulse,
as it was found to be unnecessary with the current system
configuration. The final remaining pre-pulse at 40 ps before
the main pulse is generated in the oscillator and is difficult
to remove. A PM system will therefore be introduced to
suppress its impact on high-power laser plasma experiments.
The subsequent contrast with wedged optical components is
displayed in Figure 5(b), showing the elimination of all pre-
pulses except the one originating from the oscillator.

4. Experimental study of the coherent contrast

In our previous theoretical investigation, we reported a
detailed analysis of the influence of RSPN on the temporal
contrast of an ultra-high-intensity laser pulse[14]. We
accurately evaluated the impact of stretcher and compressor
optics on the contrast pedestal of the ultra-high-intensity
laser pulse by precise quantitative characterization of the
optics surface. The surface roughness of tens of nanometers
on the stretcher and compressor optics causes RSPN, which
reduces the temporal coherence of the main pulse and
generates a noisy structure around the main pulse. Recently,
the impact of RSPN on the pedestal contrast was explored
experimentally[15]. The results show clearly that the temporal
pedestal greatly depends on the optics roughness of the
convex mirror in the Öffner stretchers. We demonstrate the
crucial impact of the surface roughness of the convex mirror
in the Öffner stretcher on the contrast of the J-KAREN-P
PW laser facility.

In the second CPA stage in the J-KAREN-P, the pulses are
temporally stretched to over nanosecond duration by passing
through an aberration-free, all-reflective, Öffner-type
stretcher[31]. This stretcher consists of a 1480-grooves/mm

Figure 6. Typical contrast of the J-KAREN-P laser system with the Öffner
stretcher convex mirror roughness of (a) 1–2 nm RMS (blue line) and (b)
0.2–0.3 nm RMS (red line).

grating, a 2000-mm radius of curvature mirror (400-mm
width, 80-mm height), a 1000-mm radius of curvature
convex mirror (150-mm width, 10-mm height) and a roof
mirror. We prepared and compared two convex mirrors. The
measured RMS (root mean square) values for the roughness
of the two mirrors are 1–2 and 0.2–0.3 nm, respectively.
Figure 6 shows the typical contrast of the J-KAREN-P laser
system with the Öffner stretcher convex mirror roughness of
1–2 nm RMS (blue line) and 0.2–0.3 nm RMS (red line). The
pedestal contrast of less than around 10–6 of the main pulse
is improved by using higher quality convex mirrors. The
improvement of the pedestal contrast by one to two orders
of magnitude between these two mirrors in the –7 to –33 ps
range is clearly observed. The spectral phase modulation
leads to a reduction of the temporal contrast of the pulse,
and the induced pedestal is directly linked to the power
spectral density of the spectral phase[32]. The intensity of the
pedestal scales quadratically with the amplification of the
spectral phase. Our result is reasonably in agreement with
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the theoretical prediction. The reduction of the pedestal by
the improvement of the convex mirror quality has revealed
two pre-pulses at –19 and –14 ps that are generated by the
post-pulses through the nonlinear coupling described above.
The pre-pulse at –14 ps originates from the double reflection
of the half-wave plate. The origin of the pre-pulse at –19 ps
is not clear at the moment, but probably comes from the
oscillator section. Because the contrast trace of Figure 6(b)
is taken without the large-aperture Faraday isolator and with
smaller laser energy, the intensity of the pre-pulse at –40 ps
may be below the detection limit due to the smaller nonlinear
coupling associated with the 40 ps post-pulse at a smaller
B-integral. Further investigation is required. The pedestal
that is closer to the main pulse is caused by the lower fre-
quency spectral phase modulation in the other optics[32] and
by the nonlinear transfer of the characteristic post-pedestal to
pedestal[13]. This pedestal, with the rising slope just before
the main pulse, has a non-negligible effect on the plasma
physics processes occurring on the target surface. Because it
is also difficult to remove these pre-pulses and the pedestal,
we plan to suppress them by installing a PM in the future[23].

5. Conclusions

We have experimentally measured in detail the properties
of pre-pulses generated by the nonlinear coupling associated
with post-pulses at different values of the B-integral, using
the PW facility J-KAREN-P. When there is a small time
difference between the main and post-pulses, a pre-pulse is
generated before the main pulse at the same time difference
as the delay between the main and post-pulses. However, for
longer time differences between the main and post-pulses,
the generated pre-pulse is offset in time, asymmetrically
distorted and lengthened in time. The improved understand-
ing of the pre-pulses allowed identification of all sources of
pre-pulses in the J-KAREN-P system, almost all of which
were subsequently eliminated via the use of wedged optical
components.

We also demonstrate the impact of the surface quality
of the convex mirror in the Öffner stretcher. Installing a
higher quality convex mirror in the J-KAREN-P stretcher has
resulted in a one to two orders of magnitude reduction in the
intensity of the coherent pedestal. This simple method may
pave the way to improve the inherent contrast of PW class
lasers by directly using pre-pulse mitigation techniques.

Since 10 PW lasers were demonstrated recently and even
100 PW class lasers are under construction, the achievable
focused intensities on targets are rapidly increasing. There-
fore, great care has to be exercised in the design of the laser
chain and its components to avoid the generation of the pre-
pulses and the pedestal, which radically modify the laser–
matter interaction processes. We believe that the results
of the investigation described here, therefore, are useful
guidelines for the characterization and improvement of

pre-pulse contrast and will be of great significance for ultra-
high peak power and ultra-high-intensity CPA-based lasers.
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