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Achieving the laser intensity of 5.5x10%> W/cm?
with a wavefront-corrected multi-PW laser
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Abstract: The generation of ultrahigh intensity laser pulses was investigated by tightly focusing
a wavefront-corrected multi-petawatt Ti:sapphire laser. For the wavefront correction of the PW
laser, two stages of deformable mirrors were employed. The multi-PW laser beam was tightly
focused by an f/1.6 off-axis parabolic mirror and the focal spot profile was measured. After
the wavefront correction, the Strehl ratio was about 0.4, and the spot size in full width at half
maximum was 1.5x1.8 um?, close to the diffraction-limited value. The measured peak intensity
was 5.5x10%2 W/cm?, achieving the highest laser intensity ever reached.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Since the invention of laser in 1960, the peak power of lasers has increased rapidly with the
development of the mode-locking and the chirped-pulse amplification techniques [1]. A number
of petawatt lasers are currently in operation around the world [2-9], and they have become
essential research tools for investigating the interactions of strong light and matter. In this
regard, the most important laser parameter is the laser intensity, which determines the regime
of the interaction, e.g. linear, weakly nonlinear, strongly nonlinear, relativistic, and even
quantum electrodynamical regimes. Focused intensities of ultrahigh power lasers employed for
experiments are mostly in the range of 10" ~ 10>! W/cm?. In this intensity range, relativistic
optics experiments on electron acceleration, ion acceleration, x-/y-ray generation, and radiation
reaction can be performed [10-12]. For the investigation of extreme phenomena in strong-field
quantum electrodynamics, such as nonlinear Compton scattering, light-light interaction, and
vacuum birefringence, a laser intensity over 10> W/cm? is desired [13-15].

In order to reach a focused intensity over 10> W/cm?, a laser power has to be boosted and
tight focusing has to be performed. For boosting the laser peak power, multi-PW lasers have been
developed [8,9] and are being constructed in a number of institutes around the world [16—19]. In
order to obtain the maximum peak intensity from a high power laser the focal spot size has to
be minimized. For enhancing the focusability of a laser beam, the wavefront correction using a
deformable mirror (DM) system is essential, because a laser beam with wavefront aberration
cannot be focused close to the diffraction-limited focal spot (Airy disk) [20-22]. And a focusing
optics with a small f/# is required for reducing the focal spot size, because the Airy disk size
is proportional to the f/# of the focusing optics. The University of Michigan team obtained a
peak intensity of 1x10%? W/cm? with its HERCULES laser in 2004 [23], which was upgraded to
2x10%? W/cm? by focusing the 300 TW laser beam into 1.3 um with an f/1 off-axis parabolic
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mirror (OAP) [24]. In 2017, a peak intensity of 1x10>2 W/cm? was achieved with the J-KAREN-P
laser at KPSI (Japan) [25]. Here a 300 TW laser beam was focused to a spot size of 1.3 um by an
f/1.3 OAP (f = 350 mm). In 2018, a peak intensity of 2x10°> W/cm? was achieved with the
SULF laser at SIOM (China). A 5.4 PW laser beam was focused by an f/2.5 OAP (f = 721
mm) and the wavefront was corrected with double DMs [26]. Through more tight focusing of a
multi-PW laser, a higher laser intensity should be achievable.

In this work, the wavefront correction and the tight focusing of a multi-PW laser at Center for
Relativistic Laser Science (CoReLS) were investigated to achieve an ultrahigh laser intensity.
For the wavefront correction of the PW laser, two stages of DMs were employed. We accurately
measured the focal spot of the real PW laser beam focused with an f/1.6 OAP. In Sec. 2, the
multi-PW laser at CoReLS and the experimental setup are described. In Sec. 3, the wavefront
aberrations in the PW laser beamline and their compensation are studied, and the focal spot
characterization and the focused laser intensity are presented. In Sec. 4, the conclusion is given.

2. Experimental setup

A 20 fs, 4 PW Ti:sapphire laser operating at 0.1 Hz has been developed at CoReLS [8]. The
4 PW Ti:sapphire laser consists of a femtosecond oscillator, a 1 kHz front-end amplifier, a
cross-polarized wave generation stage, a grating pulse stretcher, an OPCPA preamplifier, two
power amplifiers, two booster amplifiers, and a grating pulse compressor. Figure 1 shows the
layout of the PW laser and the experimental setup. The laser pulse was amplified to 4.5 J in
two power amplifiers at 5 Hz repetition rate and amplified to 112 J in two booster amplifiers
at 0.1 Hz repetition rate. The laser beam was then up-collimated from 85 mm to 280 mm by
the final beam expander in order to avoid the optical damage of the compressor gratings. The
final beam expander consisted of spherical mirrors instead of lenses to prevent the chromatic
aberration and the increase of the B-integral value. After the final beam expander, the laser
pulse was recompressed to 20 fs (FWHM) in the grating pulse compressor, and the Fourier
transform-limited pulse duration is 19 fs. The pulse compressor was comprised of four high
quality gratings, manufactured by Lawrence Livermore National Laboratory, with a surface
roughness about 40 nm (rms) and a holographic error less than 4/10. The pulse duration was
measured with a SPIDER right after the pulse compressor. And the measurement was done
in air using a 3 mm diameter sample beam, which passed through a 2 mm thick fused silica
window. The dispersion of the window and air was subtracted by post-processing. To check the
influence of the spatio-temporal coupling on the pulse duration, we measured pulse duration with
full aperture beam. The full beam was down-collimated with a spherical focusing mirror with
f = 12,000 mm and an OAP with f = 150 mm, and then the pulse duration was measured with
the SPIDER. The pulse duration measured with full aperture beam was 20 fs, nearly identical to
the one we measured with the sample beam and the shot-to-shot fluctuation of the pulse duration
was 0.5 fs (rms). The compressed pulse energy (Ey) was 83 J in the full power operation and the
energy stability was 1.5% (rms). The peak power (Pyp) of the compressed pulse, 4.0 PW, could be
obtained from the relation between the energy and the peak power, Ey = Py f p(t)dt, where p(t)
is the normalized instantaneous power.

Two deformable mirrors were employed in the PW laser to fully compensate for its wavefront
aberration. In order to correct the wavefront distortion accumulated from the front-end to the
final beam expander, a bimorph deformable mirror (DM1, AKA optics) with a diameter of 100
mm and 48 actuators was installed after the final booster amplifier. The DM surface was coated
with a broadband dielectric coating in the range from 750 nm to 850 nm. The second deformable
mirror (DM2, AKA optics) with a diameter of 300 mm and 127 actuators was installed after
the pulse compressor to correct additional aberrations, induced from large aperture optics and
focusing optics in the pulse compressor, the beam delivery line and the target area.

For monitoring the wavefront aberration of the PW laser and for controlling the DMs, three
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wavefront sensors were installed in the PW laser, as shown in Fig. 1. The first wavefront
sensor (WFS1, Phasics, SID4), located after the second power amplifier, measured the wavefront
aberration accumulated from the front-end to the second power amplifier. The second wavefront
sensor (WFS2, Phasics, SID4), located right after the final beam expander, measured the total
wavefront aberration before the pulse compressor, and the feedback signal from the WFS2 was
sent to the DM 1 for wavefront correction. The two wavefront sensors, WFS1 and WFS2, were
based on the 4-wave shearing interferometer [27]. After being focused with an f/1.6 gold-coated
OAP (Aperture Optical Sciences) with a 450 mm focal length and a 1 nm surface roughness
installed in the target chamber, the laser beam was collimated by an apochromatic objective
lens (Mitutoyo, 50%, f = 4.0 mm, N.A. = 0.65), and then divided by a beam splitter, as shown
in Fig. 1. Here the spot image of the laser beam focused by the OAP was relay-imaged to a
12-bit CMOS camera (EPIX, SVI0M6, 1.67 um pixel) with a pair of lenses - the objective
lens and an achromatic lens (f = 125 mm). The reflected beam from the beam splitter was
sent to a Shack-Hartmann wavefront sensor (WFS3, AKA optics, WFS-5-0.100) with an 80x80
microlenslet array, and the deformable mirror surface (DM2) was imaged to WFS3 with a pair
of achromatic lenses (f = 200 mm and f = 750 mm). The wavefront aberration at the target
area was measured with the WFS3, and the DM2 was controlled by the feedback signal from the
WES3. As aresult, an accurate wavefront measurement and a proper wavefront correction could
be performed with three wavefront sensors and two DMs, and the resulting laser intensity could
be identified through the focal spot measurement. In this work, the laser performance test was
carried out in two operational modes - without (100 TW mode) and with (PW mode) pumping
two booster amplifiers. In the PW mode, on-target energy was reduced to 63 J due to the pump
energy reduction in the booster amplifiers, which corresponded to the peak power of 3.0 PW.
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Fig. 1. Layout of the PW laser and the experimental setup. WFS1-3, wavefront sensors;
DM1-2, deformable mirrors; AM1-4, attenuation mirrors; OAP, f/1.6 off-axis parabolic
mirror; OL, objective lens; BS, beam splitter. The inset (bottom right corner) shows the

temporal profile measured with a full aperture beam. The measured pulse duration was 20 fs
(FWHM).

To avoid nonlinear optical effects and the optical damage of sensors, the laser energy was
attenuated with partial reflection mirrors (AM1-4) located after the final booster amplifier. For
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the energy attenuation in the 100 TW mode, four partial reflection mirrors with 1%, 1%, 5%
and 100% reflection coating were used. For the energy attenuation of PW beam, four partial
reflection mirrors with 1%, 1%, 5% and 1% reflection coating were used. The surface flatness
of the attenuation mirrors, measured with a Zygo interferometer, was less than 0.02 ym (rms).
The effect of this surface flatness on wavefront distortion was thus negligible. The attenuation
mirrors could be easily moved out an in without affecting the main beam alignment by checking
the alignment using several beam pointing (near-field and far-field) monitoring optics.

In addition, though thermal loading to compression gratings may be problematic when a high
average power laser is injected to the pulse compressor, this kind of thermal load effect was
negligible in our PW laser operating at the repetition rate less than 0.1 Hz.

3. Experimental results

3.1. Wavefront aberration of the PW laser

Wavefront aberrations were measured with the wavefront sensors at three positions in the PW laser
beamline. The peak-to-valley (PV) value and root-mean-square (RMS) value of the wavefront
error at WFS1 were 0.60 ym and 0.14 um, respectively. In the 100 TW mode (without pumping
two booster amplifiers), the PV and RMS values at WFS2 were 0.84 ym and 0.16 ym, respectively.
It means that just a little wavefront aberration was induced in the booster amplifiers and the final
beam expander. In the 100 TW mode, the PV and RMS values measured at WFS3 were 2.94
pm and 0.45 pm, respectively, and in the PW mode, 3.05 ym and 0.45 um, respectively. This
large PV and large RMS values mean that serious wavefront distortion was induced after the
final beam expander. And little difference in measured aberrations between the 100 TW and the
PW modes indicates that strong amplification of two booster amplifiers had little influence on
the wavefront aberration. The large wavefront aberration was mainly caused by large aperture
optical components and the OAP misalignment. This aberration was large enough to deteriorate
the focal spot quality, and the wavefront correction using adaptive optics systems was strongly
required to achieve the diffraction-limited focusing of the PW laser.

3.2. Wavefront correction and focal spot characterization of the 100 TW beam

The wavefront correction and the focal spot measurement were performed in the 100 TW mode.
Figure 2 shows the wavefront maps measured with WFS2 before and after the first DM (DM1)
operation in the 100 TW mode. The RMS value of the wavefront error was greatly reduced
from 0.16 um to 0.04 um after the DM1 operation. In principle, flat wavefront before the pulse
compressor is required to avoid spatio-temporal coupling in the pulse compressor [28,29]. In our
PW laser, DM1 made the wavefront, before the compressor, flat. Figure 3 shows the wavefront
maps and the Zernike coefficients measured with WFS3 in the 100 TW mode before and after
the wavefront correction with the second DM (DM?2). Before the correction, the RMS value of
the wavefront aberration was 0.45 um. After the correction, the RMS value was dramatically
reduced to 0.05 um. Figure 4 shows the focal spot images measured by the CMOS camera before
and after the wavefront correction in the 100 TW mode. The focal spot image after the wavefront
correction in Fig. 4(b) shows a quite elliptical shape. When we measured the focal spot with an
800 nm band-pass filter (10 nm bandwidth), there was no elongation, which means that the focal
spot distortion in Fig. 4(b) resulted from an angular chirp. For the angular chirp compensation,
we adjusted the groove tilt and the horizontal rotation of the third grating in the pulse compressor.
After the fine tuning of the grating orientation by 50 urad, we obtained the almost circular focal
spot shown in Fig. 4(c). When the pulse duration was measured again to check the influence of
the grating adjustment on temporal duration, the measured pulse duration was nearly the same
(20 fs) due to the small amount of the grating adjustment. In Fig. 4(c), the corrected focal spot
size in FWHM was measured to be 1.4 x 1.5 um?, very close to the diffraction-limited spot size
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of 1.3 um (FWHM). Furthermore, pulse duration measured with a full aperture beam, 20 fs, was
also near Fourier transform-limit (19 fs), which indicates that the spatio-temporal coupling is not
significant in our PW laser. In case such focal spot image in Fig. 4(c) were obtained with the full
power (Py = 4.0 PW), the peak intensity would correspond to 1.1 X 102 W/em?. In the case of
the SULF laser with a 5.4 PW peak power at STOM, a peak intensity of 2 x 10> W/cm? was
estimated from the low energy mode operation without pumping the booster amplifiers [26].
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Fig. 2. Wavefront maps measured at WFS2 (a) before and (b) after DM1 operation in the
100 TW mode
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Fig. 3. Wavefront maps measured in the 100 TW mode by WFS3 (a) before the wavefront
correction, (b) after the wavefront correction, and (c) the comparison of the Zernike
coeflicients before and after the wavefront correction.

The Strehl ratio and the encircled energy factor of the measured focal spot were calculated.
For the focal spot analysis, background noise was subtracted from the measured focal spot, and
then signal was integrated in the range of 30 times the Airy disk. The cross-sectional profiles of
the measured focal spot, the ideal focal spot and the point spread function (PSF) are shown in
Fig. 5(a). Here the Strehl ratio calculated from the peak intensity of the focal spot was about
0.58. On the contrary, the Strehl ratio calculated from the measured wavefront and the intensity
distribution (PSF) was 0.91. This difference was mostly caused by the inaccuracy of wavefront
data at the beam edge [25]. As shown in Fig. 5(b), the encircled energy factor of the measured
focal spot was 0.33 within FWHM and 0.55 within 1/¢.
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Fig. 4. The focal spot images measured in the 100 TW mode (a) before the wavefront
correction, (b) after the wavefront correction, and (c) after the wavefront correction and the
fine tuning of the compressor gratings.
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Fig. 5. (a) Cross-sectional profile (horizontal direction) and (b) the encircled energy
factor of the focal spot measured after correction in the 100 TW mode, and those of the
diffraction-limited focal spot. The PSF calculated with the measured wavefront is also shown
in (a).

3.3. Wavefront correction and focal spot characterization of the PW beam

As the next step, the focal spot optimization of the PW laser beam through wavefront correction
was performed. Figure 6 shows the wavefront maps and the Zernike coefficients measured with
WES3 in the PW mode before and after the wavefront correction with both DMs. After the
correction, the RMS wavefront error was dramatically reduced from 0.45 ym to 0.07 um. Figure
7 shows the focal spot images measured before and after correction. This work was the first
measurement of a real PW laser beam with an intensity over 1022 W/cm?, though the focal spot
of a PW laser beam was previously measured with a large f/# focal system [30]. The corrected
focal spot size in FWHM was measured to be 1.5x1.8 um?. Figure 8(a) shows the cross-sectional
profiles of the measured focal spot, the ideal focal spot and the PSF. The Strehl ratio calculated
from the peak intensity of the corrected focal spot was about 0.39 and the Strehl ratio calculated
from the PSF was 0.84. The encircled energy factor was 0.29 within FWHM and 0.48 within
1/€?, as shown in Fig. 8(b). Here the focal spot size in the PW mode was slightly larger than that
in the 100 TW mode in Fig. 4(c). This was caused by the different feedback rate of the closed
loop adaptive optic system between the 100 TW mode and the PW mode. In the 100 TW mode,
the adaptive optics system was operated in a closed loop running at 5 Hz. In other words, the
wavefront measurement and the feedback to the deformable mirror were performed at 5 Hz to
compensate for the wavefront variation slower than 5 Hz in the 100 TW mode. On the other
hand, in the PW mode, the short-term wavefront fluctuation could not be stabilized due to the
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slow feedback rate of 0.1 Hz.
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coeflicients before and after the wavefront correction.
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The peak laser intensity obtained from the space integral of the intensity distribution (/(x, y))
in Fig. 7(b) was 5.5 x 10?2 W/cm?. From the focal spot area measurement of 100 shots, the
average value and the fluctuation value (rms) of the peak intensity were 4.9 x 10> W/cm?
and 0.35 x 10> W/cm?, respectively. The latter was obtained by considering the pulse width
fluctuation of 0.5 fs (rms) and the energy fluctuation of 1.5% (rms).

4. Conclusion

In order to achieve ultrahigh peak intensity, a 3.0 PW laser beam was tightly focused by an f/1.6
OAP after correcting the wavefront of the PW laser with two stages of DMs located before and
after the pulse compressor. After the wavefront correction, the residual RMS wavefront aberration
was 0.07 um and the focal spot size of the 3.0 PW laser beam was 1.5 x 1.8 um? (FWHM), close
to the diffraction-limited focal spot size. The Strehl ratio and the encircled energy factor within
1/e? was 0.39 and 0.48, respectively. When considering fluctuations of the focal spot area, pulse
duration and pulse energy, the maximum focused peak intensity obtained was 5.5 x 10?> W/cm?,
while the average value (RMS value) of the focused peak intensity was 4.9(0.35) x 10?> W/cm?,
which is the highest peak intensity measured to the best of our knowledge. With the laser pulses
of such high intensities, we can explore the novel interaction regime of strong-field quantum
electrodynamics, and boost the performance of laser-driven high-energy particle sources.
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