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Abstract The pulse duration is a critical parameter of picosecond-petawatt laser
systems because it directly affects the results of high-energy-density physics
experiments. This study systematically investigated the effects of the spectral width,
central wavelength, and beam-pointing deviations on pulse duration stability at the
SG-II facility. A theoretical analysis of the relationship between spectra and pulse
duration is conducted to quantify the impact on pulse duration stability, and the results
are further validated through experimental measurements. Additionally, beam-
pointing deviations at the stretcher significantly affect the pulse duration. For example,

a 27 prad deviation can induce a 30% pulse duration variation. In contrast, the
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compressor exhibits greater robustness. Based on simulation and experimental results,
we identify operational tolerance ranges for spectral width and beam-pointing
deviation to maintain pulse duration stability within 5% at the SG-II facility. These
findings provide critical guidance for optimizing the performance and reliability of

CPA/OPCPA-based high-power laser systems.

Keywords: petawatt laser, picosecond pulse, optical parametric chirped pulse

amplification, pulse duration, laser diagnostic

I. INTRODUCTION

The peak power density of lasers has increased significantly since the
introduction of chirped-pulse amplification (CPA) [1]. High-power laser systems can
generate extreme conditions of high temperature and pressure, making them
indispensable tools in fields such as high-energy-density physics, materials science,
and inertial confinement fusion (ICF) [2-4]. Among these systems, picosecond-
petawatt laser systems, which are characterized by a high peak power and pulse
energy, have become essential for advancing research and applications in these areas
[5-7]. These systems typically comprise key components, including stretchers,
amplifiers, and compressors. Consequently, precise dispersion management is crucial
to achieving a high power output and maintaining ultrashort pulse duration [8].
However, factors such as mismatches between the stretcher and compressor, spectral
variations, and beam-pointing deviations can severely affect the accuracy and stability
of the output pulse duration [9].

In recent years, significant progress has been made in pulse duration control and

dispersion management at large-scale laser facilities. For instance, the advanced
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radiographic capability (ARC) laser system of the National Ignition Facility (NIF) at
the Lawrence Livermore National Laboratory (LLNL) employs a tunable Treacy
compensator to correct accumulated dispersion and integrates a pulse duration control
module to adjust the pulse duration within a range of 1-30 ps [10-12]. Researchers
have also investigated the effects of group delay dispersion (GDD) on pulse
compression to control the picosecond pulse duration using a laser performance
operation model and virtual beamline technologies [13]. Similarly, the OMEGA-EP
laser system employs a main amplifier chain and a folded grating compressor,
enabling the delivery of kilojoule-level energy output. To support such high-
performance outputs, an ultrashort pulse diagnostic system capable of precisely
measuring pulse duration in the range of 0.4-12 ps has also been developed [14-16].
In the United Kingdom, the Vulcan laser system addresses third-order dispersion
(TOD) using an acousto-optic programmable dispersive filter (AOPDF) and
incorporates a compressor after the optical parametric chirped pulse amplification
(OPCPA) stage. This configuration enables precise measurements and optimization of
the spectral phase and pulse contrast, thereby improving the stability of high-energy
ultrashort pulse outputs [17]. However, challenges such as beam-pointing instability,
focal-spot fluctuations, and nonlinear optical effects complicate the stable control of
the pulse duration [18, 19]. Stability of ultrafast laser output is crucial in high-energy
laser systems. For example, active control of compressor grating spacing has been
shown to maintain high pulse duration stability over extended operation times in high-
energy femtosecond platforms [20]. Similarly, in multi-beam petawatt systems,
reducing beam pointing fluctuations via active stabilization improved peak power by
over 50% [21].

The SG-II 9th beamline, which is located at the Shanghai Institute of Optics and
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Fine Mechanics in China, can output pulse duration in the range of 1-10 ps,
delivering an energy of 1000 J [22, 23]. To enhance the energy and pulse contrast, it
employs a combination of high-gain ps-OPCPA and low-gain ns-OPCPA
amplification schemes [24, 25]. While the hybrid amplification scheme enhances
system performance, it also increases the complexity of pulse duration control.
Spectral fluctuations and beam-pointing deviations are key contributors to pulse
duration instability. The former arises from spectral shearing, gain narrowing,
nonlinear effects, and spectral modulation during pulse shaping [26-29], while the
latter contributes to residual group delay dispersion (RGDD), which arises from
imperfect GDD compensation between the stretcher and compressor and directly
affects the output pulse duration. As a result, the pre-compressed pulse duration
fluctuates between 0.4 and 1ps, leading to significant variations in peak power.
Therefore, identifying the sources of pulse duration instability and providing a basis
for subsequent system optimization have become critical tasks.

Therefore, this study investigated the key factors affecting pulse duration
stability, aiming to provide theoretical support for further optimization of high-power
laser systems. First, the effect of the spectral characteristics on the pulse duration was
examined. By combining theoretical simulations and experimental data, we quantified
the effects of spectral variations on the pulse duration under different RGDD
conditions. Next, the dispersion management of the system was analyzed, focusing on
the distribution of GDD within the stretcher and compressor. The RGDD was
calculated, and its influence on the pulse compression was clarified. Subsequently, the
effects introduced by the beam-pointing deviation in the stretcher and compressor
were evaluated, and their influence on the pulse duration stability was analyzed.

Finally, optimization strategies were developed to address these challenges and
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improve the overall stability and reliability of the SG-II facility.

Il. NUMERICAL SIMULATION

2.1. Effect of spectral variations on pulse duration

To evaluate the effect of spectral variations on the pulse duration, we employed
numerical simulation methods based on the Fourier transform theory to analyze the
relationship between the spectral width (full width at half maximum) and the pulse
duration of a picosecond laser. Owing to the gain-narrowing effect in high-energy
petawatt laser systems, the pulse shape under Fourier transform-limited (FTL)
conditions is generally close to a Gaussian distribution in the time domain. Thus,
assuming an FTL Gaussian laser pulse, we analyzed the relationship between the
spectra and pulse in the time domain. The pulse duration of an FTL Gaussian laser

pulse can be expressed as follows [30]:

2
r =K% A ,
PeAA

where A is the central wavelength of the pulse, A1 is the spectral width, ¢ is the speed

(1)

of light, and « is a constant with a value of 0.441. During pulse propagation,
assuming that only phase changes affect the pulse envelope, the spectral phase is

expanded as follows [31]:

0(0)=p(@) 0 (@) (0=0)+ 30" (@)(0=0) +o"(@)(0-0) + @)

where the terms that are nonlinear with respect to w are referred to as dispersions.

Among these, ¢"(w,) represents a second-order dispersion. This is also known as
GDD and introduces a linear chirp. ¢"(w,) represents the TOD, which leads to

asymmetric pulse distortion with oscillatory structures. For picosecond pulses, the
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pulse duration can be analytically expressed by considering only the effect of the

GDD. Under this condition, the output pulse duration can be expressed as:

4In2-9"(w,)-c- AL

2
- 0.441,° i
c-AL

04414,

). 3)

According to Eq. (3), we analyzed the effects of RGDD, spectral width, and

central wavelength on the output pulse duration. Figure 1(a) presents the variation of

pulse duration with RGDD under different spectral width conditions. The results show

that the pulse duration increases with the magnitude of RGDD. Figure 1(b) shows the

impact of the spectral width variation on the pulse duration using a baseline spectral

width of 5 nm. The results show that when the RGDD was 0 ps?, a 50% change in the

spectral width resulted in a 100% variation in the pulse duration. Under other

conditions, the same 50% change in the spectral width resulted in a maximum pulse

duration variation of 50%. This highlights that the spectral width variation has a

particularly pronounced impact on the FTL pulse duration, and its influence varies

depending on the RGDD conditions. Moreover, the influence of central-wavelength

variation (1050-1056 nm) on pulse duration was found to be minimal, with a

maximum change of 0.6%.
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Figure 1. Effects of (a) RGDD and (b) spectral width on pulse duration, based on a
baseline spectral width of 5 nm and a central wavelength of 1053 nm.

It can be concluded that a spectral width change from 2.5 nm to 7.5 nm may
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cause a pulse duration variation of up to 100% for FTL pulses, while the pulse
duration variation under RGDD is relatively smaller. Importantly, the RGDD is
influenced by the dispersion introduced by the stretcher and compressor, which can be
significantly affected by beam pointing deviations. Spectral width also plays an
important role, particularly under low-dispersion conditions. Therefore, the following
analysis investigates the effects of beam pointing and spectral characteristics on
system dispersion and pulse duration.
2.2. Effect of beam-pointing deviation in the stretcher

In the CPA laser systems, the beam must enter the stretcher and compressor at a
specific incident angle to introduce a precise dispersion, enabling the desired temporal
stretching and subsequent compression of the pulse. However, beam-pointing
deviations directly alter the RGDD in the system, thereby affecting the output pulse
duration stability. Two common types of stretchers are the Martinez-type and Offner-
type configurations [32, 33]. The Offner-type stretcher, known for its compact layout
and minimal optical aberrations, is used in our system. Its optical layout is illustrated
in Figure 2. The stretcher employs a single-grating, folded geometry, consisting of a
reflective diffraction grating, a convex mirror, a concave mirror, two roof mirrors and
polarization-control elements. The input beam sequentially traverses a thin-film
polarizer (TFP1), a half-wave plate (HWP), a Faraday rotator (FR), and a second thin-
film polarizer (TFP2), which together constitute a polarization-isolation stage. The
beam is then diffracted by the grating and reflected sequentially by the concave mirror,
the convex mirror, and back to the concave mirror, before returning to the grating for
a second diffraction.

After the second diffraction, the beam is directed to a roof mirror (M1 and M2),
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introducing a vertical offset relative to the original optical plane. This vertical
displacement enables the beam to re-enter the grating at a different height and
undergo a third diffraction. The beam is then reflected again by the same mirror
sequence (concave—convex—concave) and returns to the grating for a fourth diffraction.
A small roof mirror (M3) retroreflects the beam approximately along the original path.
Finally, due to the non-reciprocal polarization rotation introduced by the Faraday
rotator and HWP, the output beam is separated from the input path at TFP1. The beam
undergoes eight diffractions at the grating while passing through the stretcher four

times in total, achieving efficient temporal pulse stretching.

Concave mirror

X
TFP2 .
FR' X TFPI

7
WP '\

Input

I’Output

Figure 2. Configuration of the stretcher in SG-II laser system (M1, M2: reflective
mirror; M3: roof mirror; TFP: thin-film polarizer; FR: Faraday rotator; HWP: half-

wave plate).
The concave mirror has a radius of curvature of 3.4 m. The convex mirror has a

radius of curvature of 1.7 m. The distance from the grating to the concave mirror is
2.2m, and the separation between the concave mirror and convex mirror is 1.7 m.
Using the ray-tracing model, the spectral phase accumulated during a single pass

through the stretcher can be derived as follows, where d denotes the grating groove
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period [34]:
w~(ﬁ+ﬁ+C_D+ﬁ+ﬁ) 27 AE

c d

Assuming a central wavelength of 1053 nm, spectral width of 5nm, the grating

$(o) =

4)

groove period of 1/1740 mm, and an incident angle of 71°, the stretcher was
configured to provide four effective grating interactions. Based on Eq. (4),
calculations of high-order partial derivatives of ¢(w) with respect to @ showed that
the stretcher introduced a positive GDD of 275.59 ps2 and a negative TOD of -3.97
ps’. After that, the pulse is temporally broadened to approximately 3 ns.

Thus, by treating the incident angle deviation as an independent variable, the
additional GDD and TOD introduced by the incident angle deviation could be
obtained. Figure 3(a) shows the variation of additional GDD and TOD with beam
pointing deviation. Therefore, a deviation of the incident angle of the beam in the
stretcher caused a change in the RGDD of the system, resulting in an increase in pulse
duration. For example, the pulse duration could be tuned to 0.4 ps (the shortest
measured pulse duration) and 1 ps by adjusting the compressor. To evaluate the
impact of beam pointing deviation under these two pulse duration conditions, we first
calculated the additional GDD using Eq. (4), and then calculated the corresponding

output pulse durations using Eq. (3). The results are presented in Figure 3(b).
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Figure 3. (a) Additional GDD and TOD introduced by beam-pointing deviation in the
stretcher; (b) Effect of beam-pointing deviation on output pulse duration expansion
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Beam-pointing deviations in the stretcher led to different levels of pulse duration
variation depending on the initial pulse width, with larger relative changes observed
for 0.4 ps pulses compared to 1 ps pulses.

2.3. Effect of beam-pointing deviation in the compressor

The optical path arrangement of the compressor is shown in Figure 4. It
consisted of two gratings and a reflective mirror. When the beam was incident on the
grating pair, the nominal incident angle was denoted as y, and a small deviation from

this angle was represented by .

Grating2

g
y%
Y A
l

Reflective mirror

Gratingl

Figure 4. Optical layout of the compressor in SG-II laser system. The blue line
represents the beam entering with normal incidence, while the black line corresponds
to the beam with a pointing deviation of a. G is the distance between grating 1 and
grating 2.

The grating equation under this geometry is given by:

sin(y)+sin(y—6)=ml/ d. (5

where 6 represents the angle between the incident beam and its diffracted beam, and
the diffraction angle is therefore given by (y—6). Here, m is the diffraction order, 4 is
the wavelength, d is the grating groove period (1/1740 mm) and G denotes the
perpendicular distance between the gratings. A small deviation in the incident angle
changes the left-hand side of the equation, and thus alters the resulting diffraction
angle 6. The spectral phase introduced by the grating pair can be expressed as follows

[35]:
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By taking the second- and third-order partial derivatives of ¢ (w) with respect to @,

the expressions for the GDD and TOD introduced by the beam passing through the

grating pair can be expressed as follows [36]:

3
GDD =—- GA TR
27zczd2~{l—[j—sin7/j }
i 7
oy (1+ﬂs;n;/_sin2 7) (7)
TOD =

47Z2C3d2.|: R 2}5/2'
1—(—sin7j
d

As shown in Figure 4, the two-grating folded compressor introduced an
additional dispersion owing to the beam-pointing deviations. In this configuration,
beam-pointing deviation alter the incident angle on the first grating, resulting in a
deviation of the diffraction angle from its design value. After reflection from the
reflective mirror and re-entry into the second grating, the angular deviations of the
forward and return beam paths are opposite in sign, leading to partial cancellation of
the dispersion error caused by pointing.

The specific impact of the beam-pointing deviation on the compressed pulse
duration can be quantified based on Eq. (3) and Eq. (7). Through theoretical
simulations, we analyzed the effects of beam-pointing deviations on the output pulse
duration in the pre-compressor (G = 2.10 m) and main compressor (G = 1.99 m), and
the results are presented in Figure 5. In the pre-compressor, for a pulse duration of 0.4

ps, the change in pulse duration was nearly 0% with a beam-pointing deviation of 100

prad but increased to 6% as the deviation reached 900 prad. Likewise, for a pulse
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duration of 1 ps, the pulse duration remained nearly unchanged at 100 prad but
exhibited a 3.7% increase at 900 prad. In addition, the gain-narrowing effect of the
amplifier led to a rise in the final output pulse duration. Therefore, a pulse duration of
1 ps was used in the main compressor for the analysis. In the main compressor, a

beam-pointing deviation of 900 prad corresponded to a pulse duration change of 2.1%.
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Figure 5. Effects of beam-pointing deviations on the output pulse duration of the
pre-compressor (dashed lines) and main compressor (solid line).

In conclusion, we systematically analyzed the additional GDD and TOD
introduced by beam-pointing deviations in both the stretcher and compressor and
quantified their respective impacts on the output pulse duration under different initial
pulse duration conditions. To evaluate the contributions of various factors to the
overall pulse duration deviation, we defined the following terms:

(1) the deviation caused by changes in the central wavelength was J;;

(2) the deviation caused by variations in the spectral width was dz;

(3) the deviation introduced by beam-pointing deviations in the stretcher was ds;
(4) the deviation introduced by beam-pointing deviations in the compressor was ds.

Thus, the total pulse duration deviation after compression can be expressed as follows:
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S =62 +8,2+582+5,. (8)

The above analysis revealed that the compressed pulse duration deviation was a
cumulative effect of multiple factors, with the spectral variations and beam-pointing
deviations in the stretcher having the most significant influence on the output pulse

duration.

lll. EXPERIMENTAL RESULTS AND ANALYSIS

To comprehensively evaluate the impacts of dispersion management, spectral
variations, and beam-pointing deviations on the performance of a laser system, we
analyzed the dispersion management strategy employed in the SG-II 9th system. Next,
we measured and examined the stability of the spectra and pulse duration of the
OPCPA output. Finally, we investigated the effects of beam-pointing deviations on
the pulse duration in the stretcher and compressor.
3.1. Dispersion management of SG-II 9th

The SG-II 9th laser system developed by the National Laboratory on High Power
Laser and Physics (NLHPLP) is an important scientific facility that supports various
areas of physics research. The optical layout of this system is shown in Figure 6. A
femtosecond mode-locked laser is employed as the seed source to generate pulses
with a central wavelength of 1053 nm and pulse duration of 250 fs. These pulses first
pass through a Dazzler (acousto-optic programmable dispersive filter, AOPDEF,
FASTLITE) and are then injected into the ps-OPCPA stage. Afterward, the pulses are

stretched to the nanosecond scale using an Offner-type stretcher, and subsequently
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amplified to the millijoule level by the ns-OPCPA. Subsequently, the pulses are
initially compressed using a pulse adjustor (fine-tuning compressor). In the following
step, rail-controlled mirrors direct the beam to the pre-compressor, which monitors
the key parameters of the compressed pulse, including the pulse duration, energy, and
pulse contrast. After the initial compression, the beam passes through rod and slab
amplifiers for further energy amplification. Finally, the laser beam is compressed
using the main compressor. Subsequently, 99% of the compressed output is delivered
as a high-power picosecond pulse, whereas the remaining 1% is extracted and
directed toward the diagnostic system. To ensure the high precision and stability of
the output pulse duration, the system precisely controls the dispersion. By adjusting
the pre-compressor, the SG-II 9th system achieves continuous tunability of the pulse

duration between 0.4 ps and 10 ps [37].
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Figure 6. Schematlc of the SG-II 9th laser system (Dazzler: acousto-optic
programmable dispersive filter; Pulse adjustor: fine-tuning compressor; SNR, signal-
noise-ratio; SF, spatial filter; Gpi, Gpz, Gmi-Gma: gratings).
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The above analysis emphasizes the impact of the RGDD on the pulse duration in
a CPA/OPCPA laser system. Consequently, we conducted a detailed analysis of the
dispersion introduced by each component in the SG-II 9th system, and the
corresponding data are summarized in Table 1. In this analysis, 1 ps and 10 ps were
selected as typical pulse durations of the system. The results indicate that pulse
duration depends on RGDD levels, emphasizing the need for effective dispersion

management.

Table 1. Dispersion distribution of the SG-II 9th

Stretcher Pulse adjustor Material Main compressor
1 ps 275.59 -17.95 0.50 -258.29
10 ps 275.59 -19.5 0.50 -258.29

(unit: psz)

In addition, the residual third-order dispersion (RTOD) after compressor was
found to have a negligible effect on the pulse duration for picosecond pulses. While
its effect on pulse duration is limited, excessive RTOD may still introduce subtle
distortions to the pulse envelope, slightly degrading pulse contrast [38-40].

3.2. Spectra and pulse duration stability measurements of SG-11 9th

To investigate the influence of spectral characteristics on pulse duration stability,
we measured the temporal envelope and the corresponding spectra of the pulse after
the stretcher. As shown in Figure. 7, the measured temporal profile exhibits a pulse
duration of 3.2 ns, while the spectral width of the pulse is approximately 6.1 nm. Both

the temporal and spectral profiles demonstrate good stability at this stage.
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Figure. 7 (a) Temporal envelope of the pulse after the stretcher, with a pulse duration
of 3.2 ns measured using a 5 GHz-bandwidth oscilloscope. (b) Corresponding spectra
with a spectral width of 6.1 nm.

Then, we measured the output spectra and pulse duration of the ps- and ns-
OPCPA outputs. The laser repetition frequency was set to 1 Hz. Spectra
measurements were performed using a fiber-coupled spectrometer, providing
sufficient resolution to capture fine spectral variations. For pulse duration
characterization, we employed a single-shot autocorrelator, which enables pulse
duration measurement of individual pulses. These diagnostics ensured that both
spectral fluctuations and temporal instabilities could be accurately monitored and
analyzed [41-43]. We simultaneously measured the output spectra and pulse durations
of single-shot pulses after the compressor. As shown in Figure 8, spectral widths of
5.9nm and 4.6 nm correspond to the full width at half maximum (FWHM) of the
autocorrelation function (ACF) trace, measured to be 0.56 ps and 0.84 ps, respectively.
The observed relationship between the spectral width and the pulse duration is
consistent with the Fourier transform described by Eq. (1), further supporting the
interpretation that spectral fluctuations contribute to pulse duration instabilities in the

system.
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Figure 8. (a) Measured spectra and (b) corresponding autocorrelation traces of single-
shot pulses after the compressor. For spectral widths of 5.9nm and 4.6 nm, the
FWHM of the ACF trace is 0.56 ps and 0.84 ps, respectively, yielding pulse durations
of 0.4 ps and 0.6 ps based on Gaussian fitting.

Figures 9(a) and 9(b) show the spectral and pulse duration measurements of the
ps-OPCPA output (energy of 200 wJ) 1 h and 4 h after the laser system was turned on.
A total of consecutive 80 laser shots were selected to balance representative statistical
sampling and manageable data complexity. The RMS values of the spectral widths
were 2.4% and 2.1%, respectively, whereas the RMS values of the corresponding
pulse durations were 4.8% and 4.5%, respectively. It can be observed that the pulse
duration deviation was approximately twice the spectral width deviation, which
agreed with the simulation results shown in Figure 1(b). Furthermore, Figures 9(c)
and 9(d) present the spectral and pulse duration measurements of the ns-OPCPA
output (energy of 4 mJ) 1 h and 4 h after the laser system was turned on. The RMS
values of the spectral widths were 6.4% and 8.6%, respectively, whereas the RMS
values of the corresponding pulse durations were 20.7% and 23.6%, respectively. For
reference, a spectral width deviation of 8.6% was associated with a calculated pulse

duration variation of approximately 9%, consistent with the observed trend.
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However, the measured pulse duration deviation was significantly larger than the
theoretical value. This discrepancy may be attributed to factors such as beam-pointing
deviations, nonlinear amplification effects, and spectral gain narrowing, which were
introduced as the chirped pulse passed through the stretcher, ns-OPCPA, and pre-
compressor. Among these factors, beam-pointing deviations directly affected the
RGDD of the system, which was likely the primary cause of the larger RMS pulse
duration observed in the ns-OPCPA stage. These results complement the theoretical
analysis, which provided a simplified yet useful framework for interpreting the

observed pulse duration fluctuations.
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Figure 9. (a) Spectral width and (b) pulse duration stability measurement results for
ps-OPCPA output; (c) spectral width and (d) pulse duration stability measurement
results for the ns-OPCPA output.

Additionally, the gain-narrowing effect significantly reduced the spectral width
of the end output pulse to 3.4 nm after the main compressor. The experimental results
revealed the spectral stability characteristics across different stages of the

CPA/OPCPA-based high-power laser system, highlighting the importance of
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managing spectral evolution to preserve pulse duration. Therefore, careful control of
spectral shaping throughout the amplification and compression stages is essential to

ensure long-term system stability and optimal performance [44, 45].
3.3. Beam far-field pointing measurements of the stretcher and pre-compressor

To validate the theoretical analysis, we measured the far-field beam-pointing
deviations in the stretcher and pre-compressor. The far-field image was captured at a
downstream target plane using a collimation monitoring module, which receives the
transmitted beam from a beamsplitter placed before the stretcher or pre-compressor.
In the experimental setup, the beam diameter is approximately 10 mm prior to
entering the stretcher, and about 20 mm prior to entering the compressor. Within both
the stretcher and compressor, reflective gratings induce angular dispersion, causing
the beam to expand into an elongated, stripe-like spatial profile.

Far-field pointing data in the stretcher were measured 1 h and 4 h after the laser
system was turned on, and the results are shown in Figure 10(a). The RMS value of
the beam pointing deviation was 8.5 prad one hour after startup and increased slightly
to 10.6 urad four hours after startup. The significant influence of beam-pointing
deviations at the stretcher input on pulse duration is studied in this section. The
measured magnitude of a 27 prad deviation can induce a pulse duration variation of
approximately 30% for an initial pulse duration of 0.4 ps, and about 15% for 1 ps,
according to the theoretical analysis shown in Figure 3(b). This value reflects the
largest observed deviation and highlights the potential worst-case impact of beam-

pointing instability. We also monitored the beam-pointing deviations in the pre-
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compressor, as shown in Figure 10(b). The RMS values were 16.4 prad and 10.2 prad

one hour and four hours after startup, respectively.
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Figure 10. Far-field beam pointing fluctuations measured in the (a) stretcher and (b)
pre-compressor over 80 consecutive laser shots. Data acquisition was performed on a
single-shot basis at a repetition rate of 1 Hz.

Based on the experimental data, we analyzed the pulse duration deviations under
different pulse duration conditions, with the results listed in Table 2. For a near-FTL
pulse duration of 0.4 ps, the pulse duration deviation (J;) caused by central-
wavelength variations was 0.2% The deviation (J,;) caused by spectral width
variations was 9%, while the pulse duration deviation (J3) introduced by beam-
pointing deviations in the stretcher was 29%. The pulse duration deviation due to
beam-pointing deviations in the compressor was negligible (d;, = 0%). According to
Eq. (8), the total pulse duration deviation (d5) was 30%.

Similarly, for a pulse duration of 1 ps, the deviation (J;) caused by central-
wavelength variations was 0.2%, whereas that (d,) caused by spectral width variations
was 8%. The pulse duration deviation (J3) introduced by beam-pointing deviations in
the stretcher was 15%, and the pulse duration deviation (J,) in the compressor was 0%.

The total pulse duration deviation (ds) was 17%.
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Table 2. Analysis of compressed pulse duration stability under different pulse
duration conditions

0y 0> 03 04 05
ns-OPCPA (0.4 ps) 0.2% 9% 29% 0% 30%
ns-OPCPA (1 ps) 0.2% 8% 15% 0% 17%
Target value 0.2% 3% 4% 0% 5%

In summary, achieving high pulse duration stability within 5% requires the
simultaneous optimization of the spectral management and beam-pointing stability
while accounting for the practical operating conditions of the laser system. Based on
the analysis and experimental data, for a pulse duration of 0.4 ps, the spectral width
deviation must be controlled to within 0.3 nm. In contrast, the beam-pointing
deviation should be limited to within 5 prad. These results underscore the necessity of
comprehensively evaluating the effects of various parameters, particularly
emphasizing the critical importance of achieving higher precision and stability in
spectral and beam-pointing control. The current analysis and measurements account
for approximately 10% of the RMS pulse duration fluctuation, indicating that

additional instability factors may also contribute.

IV. CONCLUSIONS
In conclusion, we systematically investigated the factors influencing the pulse
duration stability of the SG-II facility through a combination of theoretical
simulations and experimental validation. First, we identified the significant influence
of spectral width variations on the pulse duration stability. For a 1 ps pulse, a 50%

change in the spectral width results in a 40% variation in the pulse duration, whereas
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for a near-FTL pulse duration of 0.4 ps, the same spectral width variation leads to a
pulse duration change of up to 100%. Additionally, beam-pointing deviations in the
stretcher were identified as a major factor contributing to pulse duration fluctuations,
primarily owing to variations in the RGDD of the laser system. The theoretical
analysis and experimental results demonstrated that beam-pointing deviation in the
stretcher had a significant impact on the stability of the pulse duration. For example,
when the beam-pointing deviation reached 27 prad, the pulse duration variation could
be as high as 30%. Therefore, it is necessary to improve the beam-pointing stability
and precision of stretchers. In contrast, the geometric design of the compressor
exhibited properties that significantly mitigated the impact of beam-pointing
deviations. These findings underscored the critical importance of precise spectral
management and provide essential guidelines for controlling the beam-pointing
accuracy to maintain pulse duration stability. Furthermore, this study offers operating
tolerance ranges for maintaining pulse duration stability. Specific optimization
parameters such as limiting spectral width deviations to within 0.3 nm and beam-
pointing deviations to within 5 purad are proposed based on the SG-II 9th laser system.
This could be useful for understanding the impact of each parameter on the pulse
duration stability in high-power laser systems and guiding their optimization to
improve the overall system performance.

This study provides a preliminary analysis of pulse duration fluctuations in high-

power laser systems, which may offer useful guidance for improving spectral

https://doi.org/10.1017/hpl.2025.10057 Published online by Cambridge University Press


https://doi.org/10.1017/hpl.2025.10057

Accepted Manuscript

management and beam-pointing control in CPA/OPCPA-based systems. While this
work primarily focused on the spectral width and beam-pointing deviations, future
investigations are expected to explore the influence of complex nonlinear effects, such
as self-phase modulation and cross-phase modulation, on the pulse duration stability
and overall system performance. The goal of these efforts should be to further
optimize high-power laser systems for advanced applications, including attosecond-
pulse generation, supercontinuum generation, and high-energy-density physics

experiments.
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