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Abstract: In this study, a detailed investigation of the dynamics of the generation of pre-pulse by
post-pulses is presented, using single-shot self-referenced spectral interferometry (SRSI). The capability
of SRSI in terms of the single-shot measurement of the temporal contrast of high-power laser
systems has been experimentally demonstrated. The results confirm that the energy levels of the
pre-pulses increase proportional to the square of the B-integral parametrizing the nonlinearity of the
amplifier chain.
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1. Introduction

With the development of chirped pulse amplification (CPA) technology [1], short-pulse lasers
with a power level of several tens of terawatts are relatively easy to obtain in small-scale laboratories.
In recent years, laser facilities with a power greater than the order of a few PW and focused
intensity of >10%> W/cm? have been constructed globally, thereby attaining new levels of intensity
in laser physics [2,3]. However, the key problem during experiments with such lasers is pre-pulses,
which interact with the target prior to the main pulse interaction [4-6]. This pre-pulse intensity
increases as the intensity of the focused laser pulse increases. The pre-pulses create ionization, form a
pre-plasma, and trigger the shock traveling through the target. This results in the alteration of
conditions surrounding the target.

The cause of a pre-pulse generation is complicated because it depends on the amplification method
of the laser system and the performance of its components, such as the optical elements, and their quality.
This may be due to amplified spontaneous emission (ASE) [7], higher-order dispersion [8], clipping of
the spectrum, or scattering from the diffraction gratings [9]. In recent years, investigations regarding
the formation mechanisms of various types of pre-pulse have been actively conducted. In this context,
the generation of a pre-pulse from a post-pulse of the main pulse has attracted significant attention [10].
The primary origin of a pre-pulse is derived from the change in spectrum and phase caused by
the nonlinear response of the refractive index. Multiple satellite pulses have been measured after
compressing the double pulse in the CPA system [11,12].

In a CPA system, the laser pulse undergoes self-phase modulation (SPM) owing to the intensity
dependence of the refractive index (optical Kerr effect). The nonlinear effects can be evaluated using
the B-integral [13]. SPM causes a degradation of the pulse shape with an increase in the B-integral [13].
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SPM also occurs when multiple pulses overlap (e.g., when a main pulse and a post-pulse occur
simultaneously). Typically, when a laser pulse passes through an optical element, the multiple
reflections of the pulse inside the element cause post-pulses to trail the main pulse. If the main pulse is
sufficiently stretched, the main and post pulses will interfere. When a pulse with a modulated intensity
is amplified and propagated through transmission media, such as amplifier crystals or windows,
the phase of the main pulse is modulated because of the modulated intensity and SPM [10,14].
Satellite pulses arise in both post- and pre-pulses owing to the symmetry of the Fourier transform
as the modulated main pulse is compressed. This effect is strongly influenced by the accumulated
B-integral and post-pulse intensities [10-15]. It was recently reported that the pre-pulse intensity
increases with an increase in the B-integral of the main pulse [16-18]. Furthermore, this phenomenon
is complicated owing to the impact of the initial phase and the spectrum of the pulse, delay between
pulses, and chirp condition [14,19,20].

It is essential to measure the temporal contrast of the laser pulse to identify and reduce the
generation of such pre-pulses. The contrast is generally evaluated as the ratio of the peak intensity
of the pre-pulse to that of the main pulse. A third-order cross-correlator (TOCC) is often used to
measure the temporal contrast [21]. Although this method provides a measurement with a high
dynamic range, it is time-consuming owing to the delay-scanning. In recent years, frequency-domain
interferometry technology [22] has been expanded into a new instrument called self-referenced spectral
interferometry with extended time excursion (SRSI-ETE) for single-shot measurements supporting
a relatively high dynamic range and wide temporal window [23]. A 2D spectrometer is employed
for SRSI-ETE to improve the dynamic range and temporal window. In SRSI, the available temporal
window measured with a one-dimensional spectrometer is limited owing to the symmetry law in the
Fourier domain [23]. Conversely, in SRSI-ETE a 2D Fourier transform of the interference image can
extend the wide temporal window. In addition, the Fourier transform in the spatial domain enables
signal noise reduction and increases the dynamic range. Another advantage of this method is that
the waveforms of the main pulse, pre-pulse, and post-pulse can be measured in a single shot [24].
This allows for a simultaneous comparison of the shapes and energies of different pulses that might vary
for each shot, which, in principle, is impossible to measure using a scanning-type method. The main
characteristics of this measurement method are a single-shot operation, temporal window of +10 ps,
temporal resolution of ~20 fs, and maximum dynamic range of approximately 1078.

In this study, we examine the measurements of a post-pulse-induced pre-pulse generation using
SRSI-ETE. By employing the advantages of SRSI-ETE, we evaluate the pre- and post-pulse energies
and intensities for each shot. We then investigate the changes in the energies contained in each pre-
and post-pulse, based on the B-integral of the main pulse, by changing the intensity of the main pulse.

2. Materials and Methods

2.1. Laser System Layout and Experimental Condition

The experiment is performed using the J-KAREN-P laser system [25]. The layout of the laser
system used in the experiment is presented in Figure 1. After the first CPA, the beam is amplified to
~1.5 m] by an optical parametric chirped-pulse amplifier after passing through a saturable absorber,
stretcher and an acousto-optic programmable dispersive filter. The duration of the stretched pulse is
0.5 ns. The laser energy can be amplified to 1.0 ] by Amp1l and Amp2. After the amplification, the laser
energy is attenuated to 1.5 mJ. The beam size is reduced to a diameter of 5 mm and then compressed in
the temporal domain by a compressor in air. The spectral bandwidth is 45 nm at full width at half
maximum (FWHM) when operating at a central wavelength of 810 nm. The pulse width is measured
using SRSI (Fastlite, WIZZLER). The pulse width is 48 + 3 fs with FWHM. The error component is
displayed as a standard deviation of 30 shots. In addition, the spectral and pulse widths are checked
for each experimental condition. A glass sheet with a thickness of 0.15 + 0.02 mm is installed almost
perpendicular to the laser axis for generating the post-pulse. The locations where we insert the glass
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sheet differ according to the experimental conditions and are represented in Table 1. Note that a “glass
sheet” is employed to generate the post-pulse, and “glass plates” are used to increase the B-integral
value (see Figure 1).

Glass sheet (No.5) Glass sheet (No.1, 3, 4)

\l] \l/ J Glass plate (No.1, 3)

Beam
st h
1t CPA | m [Stretcher (mp| OPCPA || Amp1 expander
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<imJ Ecomp~4 mJ

Epmgo= 0.1~1.0

Figure 1. Experimental setup in J-KAREN-P. After the first chirped pulse amplification (CPA) and
stretcher, the laser pulse is amplified with the optical parametric chirped-pulse amplifier (OPCPA) and
Ampl and Amp?2 of the multi-pass amplifier. A glass sheet (0.15 mm thick) for post-pulse generation
is placed between OPCPA and Ampl, or between Ampl and Amp2. The glass plate (6.35 mm
thick) is placed for increasing the B-integral value. The Nos indicate the experimental condition in
Table 1. The temporal contrast is measured with self-referenced spectral interferometry (SRSI) and
self-referenced spectral interferometry with extended time excursion (SRSI-ETE) after the compressor.

Table 1. Experimental conditions when investigating the pre-pulse intensity in response to a variation
of the B-integral. In the experiment of Nos. 1-3, the B-integral value is increased by adding the glass
plates. The maximum reflection loss with seven pieces is = 13%. In Nos. 4 and 5, the B-integral value is
increased by increasing the laser energy. Note that in Nos. 4 and 5, no glass plate is added.

No. Location of Glass Sheet Laser Energy after Amp2 (m]) Pumped Amplifier =~ Number of Glass Plates  B-Integral (rad)

1 After Amp1 12-14 Ampl 0-7 3.6-7.6 x 1072
2 After beam expander 12-14 Ampl 0-7 2.3-2.4 x 1072
3 After Ampl 20-23 Ampl 0-7 5.7-12 x 1072
4 After Ampl 6.6-56 Ampl N/A 1.6-14 x 1072
5 Before Amp1 6.4-640 Ampl and 2 N/A 1.0-8.0 x 1071

2.2. Methods for Measurement of Temporal Contrast

The layout of the SRSI-ETE used in the experiment is the same as that applied in [23,24]. The laser
energy of <1 mJ (beam diameter of 5 mm) is divided into a ratio of 1:9 by a beam splitter. The laser is
led to the light path of the replica light (to be measured) and the light path for a cross-polarized wave
(XPW) generation [26]. The pulse passes through a polarizer and is focused on a BaF, crystal having a
thickness of 1 mm by a spherical mirror. This generates the XPW, after which only the XPW is extracted
by another polarizer. The replica pulse has an optical delay and is injected into a two-dimensional
spectrometer (Princeton, Iso-Plane 320) along with the XPW light. Interference spectral images are
obtained with a 16-bit CCD camera (Princeton, PIXIS). The temporal contrast can be obtained by taking
the Fourier transform of the spectral interference into two dimensions [23]. The dynamic range used in
this experiment is 10°~107, which confirms that the measured time contrast is in good agreement with
TOCC (Amplitude technology, SEQUOIA).

2.3. Method of Calculating the B-Integral

The B-integral of the main pulse is based on the length of all transmission media between the
post-pulse-generating glass sheet and grating compressor. The laser intensity is calculated to a certain
extent from the measurements of the beam diameter and energy. The stretched laser is assumed to
have a top-hat configuration in both the time and spatial domains. In addition, the pulse duration is
assumed to be 0.5 ns. Previous studies showed that the intensity and energy of a post-pulse-induced
pre-pulse are proportional to the square of the accumulated B-integral of the main pulse [10,11,14].
To measure the relationship, two methods are used to increase the B-integral of the main pulse. One of
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these increases the B-integral of the main pulse by adding glass plates to the beamline while the other
increases the energy of the pump laser to increase the energy of the main pulse.

In the former method, 1-7 glass plates are added to increase the medium length. The thickness of
one piece is 6.35 mm, and it is composed of synthetic quartz. Both sides of the glass plate are coated
with an anti-reflection coating (reflectivity of 1%) for the regions of the spectrum falling between 600
and 900 nm. The maximum reflection loss with seven pieces is ~ 13%. The laser energy is adjusted to
14 and 23 m]. The group velocity dispersion (GVD) increases, and the pulse width becomes longer
owing to the inclusion of the transmission medium. Therefore, the spacing of the diffraction grating
was adjusted to compensate for these effects.

The latter method increases the energy of the pump laser. The energy of the main pulse in
Ampl is varied from 6.6 to 56 m]. Under another experimental condition, the energy is varied from
64 to 640 m] by varying the energy of the Amp2 pump laser and measuring any significant changes.
The experimental conditions and B-integral are detailed in Table 1.

2.4. Pre-Pulse Intensity Generated by the Post-Pulse

The energy of the pre-pulse generated by the post-pulse is represented by equation [9]:

Epre/Eg = a X B? ><(Epos’t_O/EO ), 1)

where Epre, Eg, and Epost o are the energies of the pre-pulse, main pulse, and post-pulse of multiple
reflections with a glass sheet, respectively. In addition, B is the B-integral of the main pulse, and the value
of “a” is approximately 0.2-0.6, although it depends on the shape of the pulse, as described in [10,15].

In contrast, if the pre- and post-pulses from the intensity modulation are generated symmetrically
to the main pulse [14], the energy of the post-pulse after the compression is obtained as follows:

Epost = Epost_O + Epre- ()

Here, Epost_0/Eo is expressed as E post_o/Ep = 1.14 X 1073 in our estimation based on the Fresnel
reflection. The increases in post- and pre-pulse owing to nonlinear effects are similar to the amplification
process by four-wave mixing [27]. In the above case, it was assumed that the post- (Epost) and pre-pulse
(Epre) are signal (seed) and idler pulse, respectively. The increases can be understood as follows.
Each pulse is amplified by 1 + aB?, aB? (energy ratio with E post_0) results from the effect of the SPM [27].

3. Results

First, the results of the pre-pulse generation caused by the post-pulse are illustrated in Figure 2.
The figure displays the temporal contrast measured using SRSI-ETE. The vertical axis represents the
normalized value at the maximum intensity and the horizontal axis indicates that the time of the peak
intensity is zero. The gray and black lines in Figure 2 denote the time contrast results without and with
the glass sheet, respectively, just before applying SRSI-ETE. The solid arrow represents a post-pulse
(Iof ~ 1.3 x 1073) at +1.47 ps. The red line in Figure 2 denotes the case wherein a glass sheet is inserted
before Ampl. Finally, the dotted arrow indicates a new pre-pulse generated at —1.47 ps.

Next, we describe the results of changing the B-integral with the addition of the glass plate.
Figure 3a,b depicts the temporal contrast of the post- and pre-pulse, respectively. The intensity of the
pre-pulse increases with an increase in the number of glass plates. In contrast, the post-pulse intensity
does not increase compared to the pre-pulse intensity. Figure 3c illustrates the number of glass plates
and the normalized energy of the pre- and post-pulses. The data points represent the average of
30 shots, and the error bars indicate the standard deviation. The data for the pre-pulse indicate that
the intensities with seven glasses plates are higher than those without glass plates. The triangles in
Figure 3¢ present the results when the glass sheet and glass plate are placed after the beam expander
just before Amp2. In addition, the diameter of the beam increases from 4 to 13 mm. The energies of
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the pre-pulse do not increase even under the additional glass plates owing to a small change in the
B-integral (see Table 1). Figure 4 exhibits the results at the main pulse energy of 23 mJ. In Figure 4c,
the relationship between the normalized energy and the B-integral is illustrated. It is seen that the
pre-pulse intensity increases with an increase in the B-integral.

10 - -
—— Without glass sheet
~ -1 — Glass sheet before SRSI-ETE ]
-‘é‘ 10 === Glass sheet before Amp1
=
£107°F
S
> -3
% 10 F
c
g,
E107F
o
N, s
s 10 F
E
210°
10
-3.0 -2.0 -1.0 0.0 1.0 2.0 3.0

Timé (ps)

Figure 2. Measured temporal contrast without a glass sheet (gray line) and with a glass sheet before
SRSI-ETE (black line) and before Ampl1 (red dashed line). The solid and dotted arrows indicate the
post- and pre-pulses with the glass sheet at +1.47 and —1.47 ps.
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Figure 3. (a,b) Temporal contrast for the pre- and post-pulses and (c) normalized energy of pre- and
post-pulses with the addition of a glass sheet at a laser energy of 14 m]. The values in (a,b) indicate the
number of glass plates. The experimental conditions are listed as Nos. 1 and 2 in Table 1.
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Figure 4. (a,b) Temporal contrast for the pre- and post-pulses and (c) normalized energy of pre- and
post-pulses with the addition of a glass sheet at a laser energy of 23 mJ. The values in (a,b) indicate
the number of glass plates. The experimental conditions are listed as No. 3 in Table 1. The solid
line indicates the results of the approximate curves with Equation (1). The dashed line indicates the
post-pulse energy of Equation (2).
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We subsequently measured the change in the pre-pulse intensity for an increase in the laser energy
output. A glass sheet was placed after Ampl to generate a post-pulse, and the energy of the main
pulse was varied from 6.6 to 56 mJ. Figure 5 indicates the temporal contrast of the post- and pre-pulses.
As the energy of the main pulse increases, the intensity of the pre-pulse also increases. Furthermore,
the result of the energy increase from 64 to 640 mJ with Amp2, as shown in Figure 6. As the energy
of the pre-pulse is higher than that of the post-pulse, it is evident that the energy of the post-pulse
increases with the pre-pulse.
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Figure 5. (a,b) Temporal contrast for the pre- and post-pulses, and (c) normalized energy of pre- and
post-pulses when increasing the laser energy of the main pulse from 6.6 to 56 m]. The experimental
condition is shown as No. 4 in Table 1. The solid line indicates the results of the approximate curves
with Equation (1). The dashed line indicates the post-pulse energy of Equation (2).
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Figure 6. Normalized pre- and post-pulse energies at the B-integral from 6.6 to 640 m]J of laser energy.
The solid line indicates the results of the approximate curves with Equation (1). The dashed line indicates
the post-pulse energy of Equation (2). The experimental condition is shown as No. 5 in Table 1.

4. Discussion

The thickness of the glass sheet is 0.15 + 0.02 mm, and the refractive index n is 1.466 at a wavelength
of 800 nm. The present delay of the post-pulse concerning the main pulse can be expressed by t = 2nd/c,
where c denotes the speed of light and d represents the medium thickness. The delay is found to be
t =1.467 + 0.196 ps. The experimental results in Figures 3a,b—5a,b indicate that the post- and pre-pulse
delay range from 1.46 to 1.48 ps and —1.44 to —1.48 ps, respectively, which exhibits good agreement
with the estimates. The results show that pre- and post-pulses are generated symmetrically to the
main pulse.

As indicated by the results in Figure 2, a new pre-pulse is generated by placing a glass sheet
upstream from Amp1 for the post-pulse generation. The pre-pulse intensity is increased by an increase
in the B-integral owing to an increase in the number of glass plates or, independently, the pulse energy,
as shown in Figures 3-6. From these two points, the measured pre-pulse at —1.47 ps is identified as a
trend that is generated by the nonlinear effects of the main and post pulses in a CPA [10].
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To clarify the trend in the energy increase of the pre-pulse for the experimental B-integral, the solid
lines in Figures 4c, 5¢ and 6 denote an approximate curve based on the least-squares method of
Equation (1), which is assumed to be Epqst_o/Eg = 1.14 X 1073. These results clearly indicate that the
pre-pulse energy shown in Equation (1) is proportional to B?. In addition, the values of a in Equation
(1) obtained from this approximation are 50, 26, and 3.5. The values of the fitting parameter “a” in each
experimental condition (Nos. 4-6) are segregated by order-of-magnitude. Moreover, a difference of
approximately 10- to 100-times the results of the previous studies is noted [10,15], the causes of which
are not well understood but may be attributed to changes in the post-pulse intensity, differences in
energy, or the uniformity of the spatial and temporal distributions [10]. For large and complex laser
systems, such as the ]-KAREN-P, it is difficult to accurately measure the total B-integral value. However,
as shown in Figures 4c¢, 5¢c and 6, the increase in the B-integral with increasing glass plate and energy is
found to be correct; therefore, the pre-pulse energy is proportional to B.

As shown in Figures 3¢, 4¢, 5¢c and 6, the normalized energy of the post-pulse is lower than
1.14 x 103 that was estimated from the Fresnel reflection. A potential explanation is that the
surface roughness and flatness are of low quality because the parallel glass sheet is a cover glass for
the microscope.

As indicated in Figure 6, the intensity of the post-pulse also tends to increase as the B-integral
increases. Equation (2) of the post-pulse is denoted as a dashed line in Figure 6. On comparing the
experimental results with the equation, the increasing trend of the post-pulse energy displays good
agreement. When the post-pulse energy increases to above 5-6 x 107%, the energy of the post-pulse
increases with the pre-pulse, which suggests that the post-pulse and pre-pulse occur symmetrically
with regard to the main pulse. When the B-integral is small, it is difficult to measure the post-pulse
because it is lower than the intensity of the post-pulse owing to multiple reflections from the glass sheet.
However, as the post-pulse of the nonlinear effects gets close to the reflected post-pulse, its intensity
increases, similar to the pre-pulse. The increases in the post-pulse in our results are consistent with
those reported in previous studies [14].

5. Conclusions

A post-pulse-induced pre-pulse generation was observed using the SRSI-ETE. The variation of
each pulse was evaluated using SRSI-ETE based on the energy of each pulse per shot. The results
indicate that the pre-pulse energy increases with the integrated B-integral, on increasing the laser energy
and adding the transmission media. The experimental data clearly show that the pre-pulse energy
increases in proportion to the square of the B-integral. The intensity of the post-pulse also increases,
similar to the pre-pulse. These results exhibit good agreement with the equations presented in previous
studies and are caused by a self-phase modulation owing to the optical Kerr effect. Such pre-pulses can
adversely affect experiments. In recent years, many PW class lasers are in operation, and 10-PW laser
systems [2,3] will be operational in a few years. Based on current achievements regarding the system,
it has become essential to suppress the B-integral and the post-pulse generated in physics experiments
that require a high temporal contrast.
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