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Abstract: We analyzed and corrected the wavefront distortion induced during the post-
compression of a 100-TW Ti:Sapphire laser and achieved the intensity enhancement. In
the post-compression, the spectral broadening of the laser was obtained by propagating through
three 0.5 mm-thick fused silica plates and the laser pulse duration was post-compressed from
24 fsto 11 fs using a set of chirped mirrors. We measured the wavefront aberrations due to the
intensity-dependent nonlinear process during the post-compression of femtosecond high-power
laser pulses. By compensating for the wavefront aberrations with an adaptive optics system, the
Strehl ratio of the post-compressed beam was improved from 0.37 to 0.52 and the focused intensity
of the post-compressed beam could be enhanced by a factor of 1.5, while the enhancement
without the wavefront correction was only a factor of 1.1 in spite of the peak-power enhancement
by a factor of 1.8.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

As ultrahigh intensity lasers have been developed with the chirped pulse amplification (CPA)
technique [1] and the adoption of a broadband gain medium, such as Ti:Sapphire, the output
power of ultrashort CPA lasers reached the petawatt (PW) level in a number of institutes around
the world [2], and recently the laser intensity of 10> W/cm? has been demonstrated by tightly
focusing a wavefront-corrected multi-PW laser [3,4]. Ultrahigh intensity lasers have been utilized
for the investigation of strong field physics, such as laser-driven charged particle acceleration and
strong field quantum electrodynamics [5-7].

The post-compression of ultrashort high-power lasers is a promising technique to enhance
the power of CPA lasers through the spectral broadening by third-order nonlinear processes,
such as self-phase modulation (SPM) [8,9]. Mourou et al. proposed to improve laser power
through pulse shortening by utilizing a large aperture solid plate as a nonlinear medium with a
quasi-flat top Joule level beam [10]. Ginzburg et al. reported that the pulse duration of the laser
beam with an 18-J energy is shortened from 64 fs to 11 fs with 1.5 PW peak-power through the
post-compression [11]. Shaykin ef al. demonstrated that the pulse duration of the laser beam
reached 10 fs using a 4-mm-thick KDP crystal [12]. The post-compression using solid plate
showed effective temporal compression performance in Joule-level femtosecond lasers [13].

Since laser intensity at focus is one of the most critical parameters in deciding the physical
interaction regime, the wavefront quality of a post-compressed beam must be properly managed.
In the post-compression process including free propagation, the spatial quality can be degraded
by the wavefront distortion induced during the spectral broadening in the case of a non-uniform
beam due to the intensity-dependent third-order nonlinearity. This wavefront distortion can result
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in self-focusing and may lead to the damage of optical components. More importantly, it can
lead to the degradation of focused laser intensity due to the wavefront distortion. To avoid the
optical damage by self-focusing, spatial filtering [14] or self-filtering [13] has been adopted.
However, these filtering methods are not effective in suppressing wavefront aberrations, since
they cannot remove the slowly varying phase modulation induced by low frequency intensity
modulation in the beam. In order to correct the wavefront distortion and thus to improve the
focused intensity, an adaptive optics system with a deformable mirror (DM) can be employed.
Druon et al. demonstrated that the DM effectively compensated for a Gaussian-shaped aberration
induced by focusing a 5 mJ laser with a Gaussian intensity profile into a glass, improving the
Strehl ratio [15]. Besides, Ginzburg ef al. theoretically showed that the Strehl ratio of a laser
beam with 50% modulation in the center can be improved through the correction of low-order
aberrations, which can be corrected by a DM [16].

In this paper, we carried out the wavefront-corrected post-compression of a 100-TW Ti:Sapphire
laser and demonstrated the enhancement of laser intensity at focus. In our previous work [14],
we showed the post-compression of a 100-TW laser to enhance the peak-power. We examined
here the wavefront distortion induced during the spectral broadening in a nonlinear medium that
affects the focusability of post-compressed laser pulses. After the post-compression using fused
silica plates and a set of chirped mirrors, the pulse duration of the laser pulses was shortened
from 24 fs to 11 fs. The wavefront aberration induced in the nonlinear plate was measured with a
wavefront sensor (WES), and an adaptive optical system with DM and WFS was employed to
correct the aberrations. Through the wavefront correction, the focal spot was recovered with the
Strehl ratio of 84% of that of the input beam, showing that the post-compression with wavefront
correction enhanced the peak intensity of a post-compressed laser.

2. Post-compression of a 100-TW laser

The post-compression of a 24 fs, 100-TW Ti:Sapphire laser has been performed using the setup
in Fig. 1 [17]. In the post-compression process, the laser beam from the pulse compressor
was spectrally broadened by propagating through three 0.5 mm-thick fused silica plates and
recompressed with a set of chirped mirrors (UltraFast Innovations) to compensate for the
dispersion induced by the plates. The reflectivity of the chirped mirror is over 99% in the spectral
range from 600 to 950 nm and the group delay dispersion (GDD) is -100 fs? per a pair of the
mirrors. The beam diameter, fluence and intensity of the laser beam on the chirped mirrors
were 70 mm, 14 GW/cm?, and 0.34 mJ/cm?, respectively, after the energy attenuation by two
uncoated glass wedges. For the characterization of post-compressed pulses, the laser beam
was de-magnified to 6 times with two silver-coated concave mirrors and attenuated to 4x107>
using uncoated glasses to avoid nonlinear effects in the 1-mm thickness vacuum window by
keeping the B-integral of the window to be much smaller than 1. The temporal characteristics of
post-compressed pulses were measured with spectral phase interferometry for direct electrics-field
reconstruction (SPIDER). The dispersion induced by the vacuum window and the air in the
optical beam path to the SPIDER, corresponding to GDD of 104 fs?, was almost compensated by
the chirped mirrors.

The input and the output spectra are shown in Fig. 2(a) with the black and the red lines,
respectively, which shows that the spectral width was almost doubled after the three fused silica
plates. The laser intensity and the beam diameter on the plates were 2.6 TW/cm? and 70 mm,
respectively. The B-integral for the three plates was 6.5. Figure 2(b) shows the measured temporal
profiles of the input and the post-compressed pulses. We achieved the pulse shortening from 24
fs to 11 fs (FWHM) and the peak-power was enhanced by 1.8 times, as shown in Fig. 2(b). In this
plot, the energy loss at the uncoated fused silica plates was not considered since it can become
minimal by implementing anti-reflection coated plates or by setting them at the Brewster’s
angle. Although the peak-power of the laser beam was improved due to the pulse shortening
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Fig. 1. Schematics of the experimental setup for the post-compression with wavefront
correction. M1: dielectric mirror, FS: fused silica plates for spectral broadening, Al and
A2: uncoated glass for attenuation of pulse’s energy, M2, M3, and mirrors at diagnostics:
silver-coated mirror, CM: chirped mirror, CC (CC1, CC2, and CC3) and CX: silver-coated
concave and convex mirrors, W: chamber window, L: AR-coated achromatic lens, ND:
a neutral density filter, BS: beam splitter, WES: wavefront sensor and BP: CMOS beam
profiler.

by post-compression, the intensity enhancement at focus should be carefully assessed since the
wavefront of a post-compressed beam may become distorted during the SPM process.
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Fig. 2. (a) Broadened spectrum (red line) after three 0.5-mm fused silica plates, shown
along with the input spectrum (black line). (b) Temporal profiles of the post-compressed
pulse (red line) and the input pulse (black line) measured with a SPIDER. The area of the
two pulses is set to be the same.
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3. Wavefront correction and intensity enhancement of post-compressed pulses

3.1. Measurement and correction of the wavefront of post-compressed pulses

During the spectral broadening in a thin solid medium, the wavefront of a laser pulse can be
degraded due to intensity-dependent third-order nonlinearity. We measured the wavefront of
post-compressed laser pulses using the WFS and corrected the degraded wavefront by employing
an adaptive optics system. The DM was installed before the plates to pre-compensate for
the wavefront distortion incurred during the post-compression. The location of the DM was
chosen to avoid an accidental damage of the DM due to self-focusing when placed after the
post-compression stage.

For the analysis of beam quality, the wavefront and the focal spot image of post-compressed
laser pulses were measured. The laser beam after the fused silica plates was image-relayed to a
WES (SID4, Phasics) with a set of achromatic lenses (f =750 mm and f =200 mm). The focal
spot image was measured using a CMOS camera after focusing with an achromatic lens (f =300
mm). The wavefront aberrations measured with the WES were then corrected with an adaptive
optics system, consisting of a 70-mm DM (AKA optics) with 32 actuators and the WFS for a
feedback control. An optimization process to minimize the wavefront aberrations was performed
at 0.1 Hz.

In order to change the input energy without affecting spatial characteristics, the combination
of a high-quality half-wave plate and a polarizer, installed after the amplification stage of the
100-TW system, was used to adjust the laser energy by rotating the wave plate. In order to confirm
that the spatial characteristics of the input beam did not change when the input beam energy was
controlled, we measured the beam profiles and the wavefronts without the plates for the cases of
the low energy (0.03 J) and the high energy (2.5 J). The beam profiles, as shown in Figs. 3(a) and
(b), for the low and the high energy beams without the plates exhibit no significant difference.
The wavefronts for the low and the high energy beams without the plates are shown in Figs. 3(c)
and (d), obtained after averaging over three shots, respectively. The wavefront difference between
the two beams, obtained by subtracting the wavefront of the low energy beam from that of the
high energy beam, was 0.02 um (rms). The measurement of the beam profiles and wavefronts,
thus, confirmed that no significant difference in the spatial characteristics was induced during the
control of input beam energy.

The wavefront aberrations were corrected in two steps. Firstly, the wavefront aberrations at the
low laser energy of 0.03 J (B-integral < 0.1) were corrected with the adaptive optics system to
remove the initial aberrations of the laser beam after passing through the fused silica plates. By
correcting the wavefront at the low energy, the wavefront error was optimized to 0.037 pm (rms),
as shown in Fig. 3(f). Secondly, at the laser energy of 2.5 J, the induced wavefront aberrations of
post-compressed laser pulses were measured with the WFS. The measurement result showed that
the wavefront aberrations were considerably induced during the nonlinear process in the plates.
The wavefront error increased to 0.086 pm (rms), implying a degraded focal spot quality. In order
to improve the distorted wavefront, the wavefront correction was carried out using the adaptive
optics system. Figure 3(h) shows the corrected wavefront at the high energy. The wavefront error
was improved to 0.056 pm (rms), but still larger than that of the low energy case. In addition,
it is noted that the wavefront in Fig. 3(g) after the nonlinear plates closely followed the input
beam profile, shown in Fig. 3(e), of the 100-TW laser, which clearly supports that the wavefront
distortion came from the nonlinear spectral broadening process.

We analyzed the wavefront of the high energy case to figure out the source of the remnant
wavefront aberrations. Considering only the first 13 orders of Zernike polynomials, we compared
the wavefront maps for the low-order aberrations before and after the wavefront correction, as
shown in Figs. 3(i) and (j). In this case, the wavefront error decreased from 0.075 um to 0.036 um
after the correction. On the other hand, the wavefront error containing the high-order aberrations,
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Fig. 3. Beam profile and wavefront: (a)-(d), measured without the fused silica plates, and
(e)-(1), measured after propagating through the plates. Beam profiles for (a) the low energy
(0.03 J) and (b) the high energy (2.5 J). Wavefronts for (c) the low energy and (d) the high
energy. (e) Beam profile and (f) wavefront of the low energy case, showing the undistorted
wavefront. (g) Uncorrected wavefront and (h) corrected wavefront of a post-compressed
pulse with the high energy case. (i) and (j) Wavefront maps with low-order aberration
components of (g) and (h), respectively. (k) and (i) Wavefront maps with high-order
aberration components of (g) and (h), respectively.

i.e., the remnant part of the wavefront map after subtracting the low-order aberrations (the first 13
orders), showed no significant difference after the correction, as shown in Figs. 3(k) and (1). This
means that the high-order wavefront aberrations could not be corrected with the DM, showing the
limitation of our DM with 32 actuators. This high-order wavefront distortion can be mitigated by
installing a spatial filtering system [14] or replacing the DM with a higher-spatial-resolution DM.

3.2. Intensity enhancement of post-compressed pulses

The degradation of the laser wavefront after the post-compression affects the laser intensity
achievable at focus. Though the peak-power could be enhanced through the post-compression, as
shown in Fig. 2(b), the focused intensity cannot be improved as much, since the focal spot quality
can deteriorate due to the wavefront aberrations shown in Figs. 3(g) and 3(h). Thus, focal spot
images were measured and analyzed to investigate the intensity enhancement at the focus for
the three cases: a low energy beam with an undistorted wavefront, a high energy beam without
correction, and a high energy beam with correction. The initial focal spot image in the low energy
case after removing the initial wavefront error is shown in Fig. 4(a), and the peak intensity at the
focal spot was 0.62 of its diffraction-limited case for the input beam profile with a flat phase. In
the calculation of the focal spot image of the diffraction-limited beam, the Fresnel propagation
using a two-step method in the AO tool package [18] was implemented for the focusing of a
laser beam with a lens with =300 mm at 800 nm. The focal spot image became degraded in the
case of the energy of 2.5 J, as shown in Fig. 4(b), since the considerable wavefront distortion
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was induced during the post-compression process. This resulted in a significant decrease of the
Strehl ratio to 0.37. On the other hand, after additional compensation of the induced wavefront
error during the post-compression, the focal spot image was recovered, as shown in Fig. 4(c), and
the Strehl ratio was improved to 0.52. The lineout profiles of the diffraction-limited focal spot
(black dotted line) and the measured focal spot (red line) for each case are shown in Figs. 4(d),
(e), and (f), where the peak value of the diffraction-limited focal spot was normalized to 1. Our
result thus showed that, even in the case of a non-uniform laser beam, the wavefront-corrected
post-compression could effectively improve the intensity at the focus.
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Fig. 4. Comparison of focal spot images: (a) at a low input energy (0.03 J), (b) at a high
input energy (2.5 J), and (c) at the high input energy after the wavefront correction. (d), (e),
and (f) Lineout profiles along the horizontal axis for the diffraction-limited and the measured
focal spots of (a), (b), and (c), respectively.

Although the intensity at the focus could increase by a factor of 1.8 by pulse shortening through
the post-compression, the peak intensity increased only 1.1 times without wavefront correction
because the Strehl ratio decreased from 0.62 to 0.37 due to the wavefront aberration. Whereas, by
the wavefront correction with the adaptive optics system, the peak intensity could be enhanced by
1.5 times after improving the Strehl ratio from 0.37 to 0.52, corresponding to 84% of that of the
undistorted input beam. We note that the application of the reduced energy to the chirped mirrors
was imposed to avoid the strong nonlinear absorption [19] by the chirped mirrors. We observed
that the reflectance of the chirped mirrors decreased when the intensity of 25 fs laser pulses
exceeded 0.5 TW/cm?. When a full energy laser pulse was applied to the chirped mirrors, more
than a half of the laser energy was lost due to the nonlinear absorption by the chirped mirrors. In
order to compress the full energy beam, the beam size should be enlarged more than two times,
or a new design of chirped mirrors supporting higher laser intensity has to be developed. Besides,
the spatio-temporal coupling of post-compressed pulses may affect the focused laser intensity. In
our experimental results, the measured pulse duration (11.0 fs, FWHM) was close to the Fourier
transform-limited pulse duration (10.3 fs) and the measured focal spot size (75 um, FWHM)
was almost the same as the diffraction-limited focal spot size (74 um), which indicates that the
spatio-temporal coupling was not so significant in our post-compressed laser pulses. As a future
work, we are planning to perform a systematic measurement of spatio-temporal coupling.
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4. Conclusion

The peak-intensity enhancement through post-compression has been investigated with the
wavefront correction using an adaptive optics system in a 100-TW Ti:Sapphire laser. The laser
pulse was shortened from 24 fs to 11 fs by the post-compression achieved by employing thin fused
silica plates and a set of chirped mirrors. The wavefront aberrations, coming from the propagation
of a non-uniform beam through the nonlinear plates, were measured and corrected using a DM.
The Strehl ratio was improved from 0.37 to 0.52 after the wavefront correction. Through the
wavefront-corrected post-compression, the focused intensity of the 100-TW Ti:Sapphire laser
could be enhanced by 1.5 times, while the enhancement of the uncorrected case was a factor
of 1.1, showing that the wavefront distortion induced in the plates degraded the focusability of
post-compressed laser pulses. Our results confirmed the necessity of the wavefront-correction
process in the post-compression of a femtosecond high-power laser. More importantly, our results
showed clearly that the implementation of the post-compression technique to PW or multi-PW
lasers should be proceeded with well-managed wavefront control due to their considerably more
complicated optical structure with large-size optical components in order to realize unprecedented
laser power and intensity for the exploration of strong field physics under extreme physical
conditions.
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