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Abstract

Spatial intensity modulation in amplified laser beams, particularly hot spots, critically constrains attainable pulse
peak power due to the damage threshold limitations of four-grating compressors. This study demonstrates that the
double-smoothing grating compressor (DSGC) configuration effectively suppresses modulation through directional
beam smoothing. Our systematic investigation validated the double-smoothing effect through numerical simulations
and experimental measurements, with comprehensive spatiotemporal analysis revealing excellent agreement between
numerical and practical pulse characteristics. Crucially, the DSGC enables a 1.74 times energy output boost compared to
conventional compressors. These findings establish the DSGC as a pivotal advancement for next-generation ultrahigh-
power laser systems, providing a viable pathway toward hundreds of PW output through optimized spatial energy

redistribution.

Keywords: asymmetric compressor; four-grating compressor; out-of-plane compressor; two-dimensional beam smoothing; ultrahigh-
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1. Introduction

With the development of chirped pulse amplification
(CPA)!"! and optical parametric CPA (OPCPA)!, ultrahigh-
power lasers have been generated worldwide, which can be
widely used in high-order harmonic generation!, particle
acceleration!!, vacuum birefringencel®!, strong-field quan-
tum electrodynamics and even the generation of positron—
electron pairs from vacuum®”1. Nowadays, laser facilities of
tens of PW level have been built in Chinal® and Romanial”’,
and laser facilities of even hundreds of PW level are under
construction in Chinal'”!, Russial''! and the United States!'?!.

The stretcher, amplifier and compressor are three key
components in PW laser systems, of which the compressor
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is the main limitation of the output peak power currently,
as the comprised gratings in the compressor are limited in
both damage threshold and size. Generally, spatial inten-
sity modulation exists in amplified laser beams, and for
the operational safety of the compressor, its output peak
power should be kept lower than almost half of the damage
threshold of the last grating in it.

Tiled gratings''* and the multi-beam tiled-aperture comb-
ing method''* were proposed to increase output peak power
for PW laser facilities''!!. However, the difficulty lies in the
adjustment of the adjacent sub-gratings for tiled gratings,
and temporal delay, wavefront, dispersion and pointing sta-
bility control of the beams for multi-beam tiled-aperture
combining! >0,

Another method to improve the output peak power is intro-
ducing spatial dispersion by simply tuning the distance of
grating pairs. Different from the traditional Treacy compres-
sor (TC)!'! or symmetric four-grating compressor (FGC),
a certain amount of spatial dispersion is introduced in the
asymmetric four-grating compressor (AFGC) to smooth the
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output pulse spatial intensity modulation in the X direction
(perpendicular to the grating groove). The AFGC was pro-
posed in 2007181 but was not urgent at that time. Nowadays,
the AFGC is actively studied''”~!!. However, the smoothing
in the X direction has little effect on modulation of the Y
direction (parallel to the grating groove).

By introducing out-of-plane design between the incident
light and the plane perpendicular to the grating line, the
out-of-plane compressor (OC)*?! has the ability to smooth
the spatial modulation in the Y direction”’). Along with
the developed grating making technology, even with an out-
of-plane angle of 15°, the diffraction efficiency can almost
remain undiminished, with unaffected pulse temporal and
spatial characteristics.

The dispersion of the OC has been analyzed in detail
previously>*). Further applications of the OC such as an OC
with Littrow incident angle!”*°! and ultra-broadband grat-
ing compressor'’’, have been proposed. Diffraction mecha-
nisms of grating introducing different kinds of out-of-plane
angles have also been studied recently!”®!. Several experi-
ments of the OC have been done!”>*"!, Using the OC for
beam smoothing in the Y direction was proposed in Ref. [23],
where theoretical formulas were derived systematically. The
Y-smoothing grating compressor (YSGC)?*! (one sort of
OC) with longitudinal smoothing ability is achieved by
introducing out-of-plane angles in the compressor, as shown
in Figure 1(b). Also in Ref. [23] the double-smoothing grat-
ing compressor (DSGC) was proposed for beam smoothing
in the X and Y directions. Experimental research of the
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DSGC is limited by the proof-of-principle experiment!*'!,
where the two-dimensional spectra of the fluence fluctuation
were measured and its comparison with the theoretical one
gave good quantitative agreement.

In this study, with a home-made FGC, simulation and
experiment of the DSGC, which combines the AFGC and
the YSGC, were conducted. The results demonstrate that
the spatial intensity modulation is greatly weakened without
deteriorating the temporal and spatial characteristics.

2. Principles of the double-smoothing grating compressor

2.1. Temporal compression

Figure 1 schematically depicts the top and side views of
the DSGC configuration. The input beam is an amplified
uncompressed 10th-order super-Gaussian pulse with positive
chirp, as Equation (1) shows:

E=Iyexp(—r'"/ry’) x exp(—1—iC/2) (t/Tp)*. (1)

The chirp parameter C > 0 corresponds to a pulse exhibit-
ing a positive frequency chirp. If we neglect diffraction
effects, the temporal and spatial dispersion introduced by the
DSGC can be expressed as follows:

(®)
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Figure 1. Setup of the DSGC. (a) Top view of the setup. G1-G4 are 1480 lines/mm, 800 nm central wavelength golden gratings; o and § are the incident
angle and diffraction angle, respectively. (b) Side view of the setup; y is the out-of-plane angle.
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In Equation (2), ¢ (w) represents the phase delay of
different frequencies, where 2 = w — wy is the frequency
difference from the central frequency wg; ¢, ¢”, ¢”
correspond to the first- to third-order temporal dispersion
coefficients, respectively. The delays of spatial frequency
by time are defined as rx% and ry%, where ky = i—’g is the
wave vector in vacuum, with &, and k, representing the wave
vector along the X and Y directions, respectively. Here, .,
7, are the delay coefficients depicted in Ref. [23]. Notably,
the delay of spatial frequency in the X direction by time
can also be calculated employing the definition of spatial
dispersiont'”!.

The group delay dispersion (GDD) and third-order disper-
sion (TOD) for an out-of-plane grating pair compressor are
as follows!*?:

, ¢ (ok =k =0) 472Ge 3
o= 2w T wid2cos? (B)cos (y)
y PP (0 k=k=0) 1272Ge
o= 3w T w3d3cos’ (B) cos (y)
x [wdcos® (B) +2mesin(B) /cos ()]. 4)

Here, c is the speed of light in vacuum, « is the incident
angle, y is the out-of-plane incident angle, § is the diffrac-
tion angle defined by grating formula d [sin («) 4 sin(8)] =
A/cos(y), G is the grating perpendicular distance and d is
the grating period. Through Equations (1)—(4), it is easy to
simulate compressed pulse temporal and spatial characteris-
tics of the DSGC.

2.2. Beam smoothing

To evaluate the smoothing effect of compressors, the laser
spatial intensity modulation (LSIM) values of input and
output spots are calculated, which are generally defined as
the ratio between the local maximum intensity to the average
beam intensity of the main area.

The smoothing simulation using the YSGC was conducted
by introducing Gaussian type hot spots in a 400 mm X
400 mm 10th-order super-Gaussian light spot, with 14 fs
Fourier transform limit (FTL) pulse duration. Based on
established PW facility parameters®*>=341, hot spot radii
were systematically varied from 1 to 10 mm with spatial
alignment along the X-axis. Since temporal characteristics
remained consistent across spatial configurations, our
analysis focused specifically on spatial fluctuation evolution
through the compressor. As Figure 2(a) shows, the LSIMs
of output pulses decrease quickly with the increase of
the out-of-plane angle from 0° to 20°, with different
speeds for different radii. As expected, smaller hot spots
exhibited greater LSIM reduction magnitudes, as quantified
by ALSIM = max(LSIM)-min(LSIM) in the embedded
plot. Specifically, 1 mm hot spots showed LSIM reduction
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Figure 2. The relationships of LSIM and out-of-plane angle with different
hot spot radii are shown in (a). The inset figure illustrates the relation
between the ALSIM and hot spot radius. (b)—(d) The spatial intensity
distributions of the output pulse from the YSGC with out-of-plane angles
y = 0°, 5° and 15°. The intensity along the X direction at ¥ = 0 mm is
shown in (e), in which black, blue and red lines represent y = 0°, 5° and
15°, respectively.

from 2.0 to 1.03, while their 10 mm counterparts decreased
from 2.0 to 1.18.

Detailed spatial intensity evolutions are shown in
Figures 2(b)-2(d), demonstrating significant smoothing
effects: hot spot structures become markedly suppressed
at y = 5° and reach near-minimal LSIM values at y = 15°.
Figure 2(e) displays corresponding X-axis intensity profiles
(Y = 0 mm) for comparative analysis. Although LSIM
reduction continues beyond y > 20°, spectral diffraction
efficiency experiences significant degradation””!, which
might influence the output temporal characteristics. To
achieve optimal smoothing while preserving temporal char-
acteristics, ¥ = 15° was maintained throughout subsequent
experimental and numerical investigations.

The DSGC configuration is achieved by implementing
additional spatial dispersion along the X-axis. Figure 3(a)
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Figure 3. (a) The relationships between LSIM and out-of-plane angles
with different grating pair distance variations from 0 to 80 mm. The red full
lines represent hot spot radius of 10 mm and blue dashed lines represent
1 mm. (b)—(d) The spatial intensity distributions of the output pulse from
the DSGC with grating distance variations L = 20, 40 and 80 mm, when
y = 5°. The intensities along the X direction in ¥ = 0 mm are shown in
(e), in which black, blue and red lines represent L = 20, 40 and 80 mm,
respectively.

illustrates the LSIM variation profiles as functions of out-
of-plane angle (y) and grating pair distance variation (L)!'"!.
For 1 mm radius hotspots in the AFGC (y = 0°), LSIM
reaches 1.06 at L = 80 mm, approaching the minimum
LSIM of 1.03 achieved through pure angular dispersion
(y = 20°, L = 0 mm). This comparison reveals transverse
spatial dispersion’s significant smoothing contribution at low
y values. For radii of 10 mm, the LSIM is reduced to 1.40 by
the AFGC with 80 mm grating distance, while for the YSGC,
the same LSIM value is achieved with just an 8.4° out-of-
plane angle, showing greater dispersion ability. Furthermore,
if employing the DSGC, only a 40 mm grating distance and a
7.2° out-of-plane angle are introduced to obtain 1.40 LSIM,
avoiding spectral shearing caused by grating shifting
and diffraction efficiency decreasing caused by a large
out-of-plane angle. Under the most effective circumstances,
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Figure 4. (a), (b) Intensity distributions before and after the DSGC in the
X and Y directions, respectively. The blue solid lines refer to the intensities
before the DSGC, while the red dashed lines refer to the intensities after the
DSGC. The input intensity distributions along the X and Y directions are
from Figure 3 in Ref. [32].

the DSGC with L = 80 mm and y = 20° can decrease LSIM
to 1.16 for a 10-mm-radius hot spot.

Maintaining a fixed y = 5°, transverse spatial dispersion
becomes essential for further LSIM reduction. Figures 3(b)—
3(d) illustrate the spatial intensity distributions from the
DSGC with varying L when y = 5°. It is easy to note that for
larger hot spot radii, the effect of L is more important. When
the radius is 1 mm, 80 mm grating distance contributes
0.05 LSIM decline compared to the YSGC in Figure 2(c).
However, when the radius is 10 mm, it brings a 0.25 LSIM
decline. The intensities along the X direction at ¥ = 0 mm
of different L values are illustrated in Figures 3(e) and 2(e).

Simulation results demonstrate two key advantages of the
DSGC. Firstly, because the longitudinal spatial dispersion is
introduced by the out-of-plane angle, the dispersion quality
can be considerable for no light path blocking. Secondly,
the combination of transverse and longitudinal spatial dis-
persion has a superior smoothing effect on the single YSGC
or AFGC. Practically, in applications, the spatial intensity
distributions are more complicated, so in the next section a
proof-of-concept experiment has been conducted to further
verify the practicality and effectiveness of the DSGC.

With the same simulation program above, the DSGC’s
smoothing effect for a real high-power laser facility!*! is
verified. The pulse diameter after amplifier is 235 mm, with
21 fs duration and 800 nm central wavelength. The near-field
intensity distribution is as shown in Figure 3 of Ref. [32].
With 15° out-of-plane angle and 80 mm grating distance
variation, the intensity modulations in the X and Y directions
were extremely smoothed, as Figures 4(a) and 4(b) show. The
diameters of hot spots signed by arrows are from 2 to 14 mm,
which are in accordance with the simulation above. To
quantificationally evaluate the spatial intensity modulation
degree, the intensity peak to average (PTA) values of input
and output spots are calculated. The formula of the PTA is
as follows:

Imax
—_— 4)

average

PTA =
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Figure 5. Numerical simulation results of light spots from the YSGC or DSGC. (a) Uncompressed input spot without modulation. (b) Input spot
with longitudinal modulation, and (d) corresponding output spot from the YSGC. (c) Input pulse with longitudinal and transverse modulation. (e),
(f) Corresponding output spots from the YSGC and DSGC, respectively. (g), (h) Intensity distributions of (c), (¢) and (f) along the X and Y directions,

respectively.

The PTA values in the X and Y directions are represented
by PTA, and PTA,, respectively. After the smoothing of the
DSGC, PTA, decreased from 2.31 to 1.82 (21.2% reduction),
while PTA, decreased from 1.87 to 1.38 (26.2% reduction),
demonstrating a theoretical energy boost by (2.31/1.82) x
(1.87/1.38) = 1.72 times. Note that in this part of the
simulation, the smoothing effects of the two directions are
considered separately, so it is reasonable to calculate their
contribution to energy boost by multiplying them. If consid-
ering the oblique incidence of the light spot on the grating
caused by the out-of-plane angle, the output energy can be
further increased.

For further testing the smoothing effect of the YSGC
and DSGC, combining with the Fourier diffraction formula,
simulation of a spot smoothing experiment was conducted.
The simulation results are illustrated in Figure 5. For longi-
tudinal modulation in Figure 5(b), the YSGC can smooth it
completely with a 15° out-of-plane angle, as shown in Figure
5(d). However, for transverse modulation, the YSGC has
little effect, while the DSGC eliminates the modulations in
the two directions simultaneously, for which smoothed light
spots are shown in Figures 5(e) and 5(f). Through illustrating
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the intensity distribution at ¥ = 0 or X = 0, it reveals that the
gaps in the X or Y direction are compensated by frequency
components in other parts after the DSGC, as depicted in
Figures 5(g) and 5(h). The minimum normalized intensity
was increased from 0 to 0.68 by the DSGC, demonstrating a
powerful ability of redistributing energy in space.

3. Experimental results

3.1. Pulse compression

Pulse compression capabilities were systematically evalu-
ated using y = 15° (YSGC) and L = 60 mm (DSGC)
configurations with a Ti:sapphire oscillator uncompressed
pulse (123.7 ps full width at half maximum (FWHM) dura-
tion, 14 mm beam diameter, 49° grating incidence). The
pulse temporal profiles were measured by a home-made
transient grating-based self-reference spectral interferometer
(TG-SRSI), for which energies are normalized, as Figure 6
shows. The compressed pulse durations after the three types
of compressors are 43.0, 43.1 and 43.6 fs, respectively, which
are close to the FTL duration of 35.5 fs, calculated by
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Figure 6. The gray area represents the FTL pulse profile retrieved by the spectrum. The blue solid line, red dashed line and yellow chain line represent pulse

temporal profiles compressed by the FGC, YSGC and DSGC, respectively.

the spectrum of the output pulse. Due to the high-order
dispersion introduced by the stretcher and amplifier, even
the FGC cannot compress the pulse to the FTL duration.
The compression efficiency of the DSGC decreased by 10%
to 76%, compared to the FGC’s 84%, which is consistent
with the data measured by Han et all*’). Furthermore,
intensity profile analysis reveals that pulse wing variations
account for observed peak intensity discrepancies between
configurations.

The pulse duration discrepancies among the FGC, YSGC
and DSGC configurations result from spatially nonuniform
frequency distributions inducing tiny (<2%) temporal
broadening in near-field propagation. On the other hand,
as was shown in Refs. [20,23], the introduction of spatial
dispersion has no impact on far-field intensity, which is a
primary goal for most applications.

3.2. Beam smoothing

A proof-of-concept experiment was done by adding 1-mm-
wide paper tapes on a diaphragm for pre-compression spatial
modulation. Figure 7 demonstrates remarkable consistency
between experimental results and numerical simulations:
Figure 7(a) shows the non-modulated beam profile with
negligible diffraction rings from the diaphragm aperture,
Figure 7(b) displays the Y-axis longitudinal modulation
and Figure 7(c) presents combined longitudinal-transverse
modulation. The charge-coupled device (CCD) detection
plane, positioned 500 mm from the modulation diaphragm
(matching the first grating-to-diaphragm distance), recorded
the beam profiles. Therefore, the modulated spot shows some
diffraction characteristics. Note that similar experiments
were made in Ref. [31] where horizontal smoothing was
provided not by different grating distances but by different
incident angles in the diffraction plane.

Firstly, we separately analyze the spatial intensity distribu-
tion change before and after the YSGC. Not only the PTA in
the X or Y direction (represented by PTA, or PTA,, respec-
tively), but also the PTA of the whole spot (represented by
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PTA,;) is used in evaluation. Figures 7(d)-7(f) illustrate
the output spot intensity distributions from the YSGC,
corresponding to the input spots from Figures 7(a)-7(c),
respectively. With the smoothing effect of the YSGC, the
PTA, of the spot without modulation decreased from 1.63
to 1.61 (1.2% reduction) after compression, PTA, decreased
from 1.86 to 1.40 (24.7% reduction) and PTA,; decreased
from 5.21 to 3.16 (39.3% reduction). The obvious PTA
decline in the whole spot after the YSGC demonstrates that
the output energy can be increased by 1.65 times considering
the damage threshold of the grating. For the input pulse with
longitudinal modulation, the smoothness of the YSGC in the
Y direction is more conspicuous. As Figures 7(b) and 7(e)
show, PTA, decreased from 2.59 to 1.29 (50.2% reduction),
corresponding to output energy increasing by 2.01 times.
In addition, PTA,; decreased from 6.09 to 3.32 (45.5%
reduction), corresponding to output energy increasing by
1.83 times. A more comparative situation was considered
with a longitudinal and transverse modulated input pulse,
for which input and output spots are shown in Figures 7(c)
and 7(f). It is evident that the hot spots in Figure 7(c) were
smoothed to strips in the Y direction by the YSGC, but in
the X direction the PTA, did not decrease. The detailed PTA
values of all the spots are listed in Table 1.

Although the YSGC has a remarkable smoothing effect
in the longitudinal direction, the hot spots in the practical
output spot are irregular, such as those shown in Figure 7(c).
Modulation in the transverse dimension cannot be elimi-
nated effectively by the YSGC. Analogously, it is the same
for the AFGC. Therefore, it is natural to simultaneously
introduce out-of-plane angle and grating pair distance dif-
ference in the FGC to smooth the spot in two dimensions —
that is, the DSGC. It was proposed in Ref. [20] and imple-
mented in a proof-of-principle experiment in Ref. [31] where
horizontal smoothing was provided not by different grat-
ing distances but rather by different incident angles in the
diffraction plane. We introduced a 60 mm perpendicular
distance change of two grating pairs in the YSGC, with
which one can obtain sufficient transverse spatial dispersion
while avoiding spectral shearing.
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Figure 7. The spatial intensity distributions of input pulses without modulation (a), with longitudinal modulation (b) and with longitudinal and transverse
modulation (c). (d)—(f) Corresponding spatial intensity distributions of output pulses from the YSGC. (g), (i) Output pulses of (a) and (c) from the DSGC.
(h) Intensity distribution comparison along the X or Y direction of (c), (f) and (i).

Table 1. PTA values of measured spots.

PTA, PTA, PTAa
Input no modulation 1.63 1.86 5.21
Input Y modulation 1.55 2.59 6.09
Input X & Y modulation 225 2.36 6.71
YSGC no modulation 1.61 1.40 3.16
YSGC Y modulation 1.62 1.29 3.32
YSGC X & Y modulation 2.37 1.57 4.43
DSGC no modulation 1.35 1.41 3.07
DSGC X & Y modulation 1.68 1.36 3.85

For the input spot without modulation, the DSGC shows
a better smoothing ability in the X direction compared to
the YSGC, as Figure 7(g) illustrates. For the input spot
with longitudinal (Y) and transverse (X) modulation, the
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DSGC has a more prominent smoothing effect, no matter
whether in the X or Y direction, as Figure 7(i) shows. As
for the input spot with longitudinal modulation, its output
spot from the DSGC is similar to that shown in Figure 7(g),
and is not shown separately. An obvious contrast can be seen
from PTA values. When PTA, decreased from 2.25 to 1.68
(25.3% reduction), PTA, decreased from 2.36 to 1.36 (42.4%
reduction), which is much lower than the value for the
YSGC. For PTA,, it decreased by 1.74 times, which means
a 0.74 times output energy increase achieved by the DSGC.
For the YSGC, this value is 0.51. More visualized intensity
distributions along the X and Y directions of Figures 7(c),
7(f) and 7(i) are depicted in Figure 7(h). The transverse
and longitudinal spatial modulations were eliminated step-
by-step by introducing corresponding spatial dispersion.


https://doi.org/10.1017/hpl.2025.28

0.8
. 0.6
04

FGC (XY-modu)

FGC (XY-modu)

0.8

. 0.6

04

DSGC (XY-modu)

-60 0 60
B X (um) X (um) X (um)
ey 7= [@ Fh =8| [ =
folasrr N | L : A\
-60 0 60 -60 0 60 -60 0
B X (um) X (um) X (um)
lan 77\ AR @)
é 0‘ y g
- -60 0 0 -60 0
Y (um) Y (hm) Y (hm)

Figure 8. The far fields of output light spot from the FGC and DSGC.
From left to right, the first to third columns are the input pulses without
modulation, with longitudinal and transverse modulation and correspond-
ing simulation results. Lines 1-3 are far fields of the FGC and DSGC and
intensity distributions along the X or Y direction.

3.3. Focal spots

Practical applications prioritize far-field beam quality due
to its direct correlation with focal intensity maxima, as
demonstrated through experimental measurements using a
300 mm focal-length lens and 11 pm/pixel CCD resolu-
tion (Figure 8). The FGC exhibited comparable FWHM
dimensions (22 pwm X/33 wm Y) for both modulated and
unmodulated inputs, aligning with simulated 24 pm predic-
tions. For the DSGC, the FWHM increased to 33 pwm in the
X direction and 44 pm in the Y direction for both with and
without modulation input spots, due to the spatial dispersion.
Although the focal spots compressed by the DSGC present
a little broadening on the spatial scale, the overall intensity
distribution is compact and uniform, demonstrating a high
focal quality. Once again we emphasize that, as was shown
in Refs. [20,23], far-field intensity is the same for any type of
compressor — AFGC, YSGC and DSGC.

4. Discussion and conclusion

The compressor, comprising gratings with limited damage
threshold and size, is the main factor limiting high-peak-
power laser output currently. Therefore, improving grating
area utilization and reducing spot spatial intensity modula-
tion are two important approaches promoting output power
under the limited grating size.

The recent multistep pulse compressor (MPC) was pro-
posed as an efficient path to achieving hundreds-of-PW
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lasers by reducing spot spatial intensity modulation only!*1,

Further, the DSGC can be a key step to replace the AFGC
in MPCs, without adding any additional components. Also,
full-aperture compressors”*®~*/ may be upgraded by this
double-axis smoothing. Different from the in-plane com-
pressor, the three-dimensional structure of the DSGC allows
the grating area to be fully utilized without spectral shear-
ing!>>?81. In particular, due to the introduction of out-of-
plane angles, the intensity of the spot can be dispersed in
the longitudinal direction of the grating. Meanwhile, the
double-smoothing function of the DSGC further improves
the tolerance of spot intensity, which is significantly superior
to those of the YSGC and AFGC according to the simula-
tions and principle-verification experiments. Moreover, the
compressed pulse from the DSGC can be improved further
by post-compression!**401,

In summary, through simulation and an experiment on a
home-made FGC system, the temporal compression, focus
ability and spatial smoothing abilities of the DSGC were
verified and it was demonstrated that the DSGC has a supe-
rior smoothing effect compared with the YSGC or AFGC.
The simulation considering the single hot spot verified that
by introducing an appropriate out-of-plane angle and grating
pair distance difference, LSIM can be decreased from 2.0
to 1.16. Simulation results of a practical amplified spot in
a 10 PW facility proved its smoothing ability once again.
Later a smoothing simulation and a corresponding pulse
compression experiment employing the DSGC confirmed
the DSGC’s smoothing effect by calculating the PTA of near-
field spots. In addition, the temporal and far-field characteris-
tics of the DSGC were not significantly different from those
of traditional TCs.

Overall, based on its practicality, effectiveness and
simplicity, the DSGC has certain application potential in
high-power laser facilities.
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