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Realization of laser intensity over 1023 W/cm2
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High-intensity lasers are critical for the exploration of strong field quantum electrodynamics. We report here a demon-
stration of laser intensity exceeding 1023 W/cm2 with the CoReLS petawatt (PW) laser. After wavefront correction
and tight focusing with a two-stage adaptive optical system and an f/1.1 ( f = 300 mm) off-axis parabolic mirror, we
obtained near diffraction-limited focusing with a spot size of 1.1 µm (FWHM). From the measurement of 80 consecu-
tive laser shots at 0.1 Hz, we achieved a peak intensity of (1.1± 0.2)× 1023 W/cm2, verifying the applicability of the
ultrahigh intensity PW laser for ultrahigh intensity laser–matter interactions. From the statistical analysis of the PW
laser shots, we identified that the intensity fluctuation originated from air turbulence in the laser beam path and beam
pointing. Our achievement could accelerate the study of strong field quantum electrodynamics by enabling exploration
of nonlinear Compton scattering and Breit–Wheeler pair production. © 2021 Optical Society of America under the terms of

the OSA Open Access Publishing Agreement

https://doi.org/10.1364/OPTICA.420520

1. INTRODUCTION

With the development of ultrashort, high-power lasers based on
the chirped pulse amplification technique [1], strong field physics
has steadily advanced. In laser–matter interactions, a focused laser
intensity is a key parameter governing the physical processes of
strong field phenomena. In recent years, ultrahigh-power lasers
with output over one petawatt have been constructed or are being
developed in a few institutes around the world [2–10]. Laser inten-
sity over 1022 W/cm2 was obtained with several petawatt class
lasers, such as the HERCULES laser [11,12], the Texas Petawatt
Laser [13], the J-KAREN-P laser [14], and the SULF laser [15],
while the record high intensity of 5× 1022 W/cm2 was achieved
with the CoReLS petawatt laser [16]. For further enhancement
of laser intensity, ultrahigh-power laser facilities, such as Apollon
[17], ELI [18], EP-OPAL [19], and SEL [20], with outputs of 10
PW and beyond, are under construction. With the development
of ultrahigh-intensity lasers, investigations of electron accelera-
tion, ion acceleration, and x-/γ -ray generation have been actively
pursued [21–25].

For the exploration of strong field quantum electrodynam-
ics (SFQED), ultrahigh-power lasers with intensity exceeding
1023 W/cm2 are strongly desired [26,27]. At this intensity level,
SFQED phenomena will become accessible in the strongly non-
linear regime; ultra-intense gamma rays can be emitted via the
nonlinear Compton scattering (NCS) and electron–positron pairs
can be created via the nonlinear Breit–Wheeler process [28–31]. In

addition, proton acceleration can be dominated by radiation pres-
sure acceleration (RPA) [32,33]. To realize laser intensity exceeding
1023W/cm2, we have developed a series of laser technologies nec-
essary to obtain the highest laser intensity attainable and applied
them to the CoReLS 4-PW laser.

In this work, we report the realization of laser intensity over
1023W/cm2 by tightly focusing the CoReLS PW laser with an
f /1.1 off-axis parabolic mirror (OAP; f = 300 mm) after cor-
recting the wavefront with two-stage deformable mirrors. We
statistically analyzed the wavefront fluctuation and the intensity
stability of 80 consecutive PW laser shots at 0.1 Hz. The inten-
sity stability is critical to achieve reproducible and consistent
experimental results for investigations of high-field science.

2. EXPERIMENTAL METHODS

For the realization of the laser intensity over 1023 W/cm2, we
carefully carried out wavefront control of the PW laser. The layout
of the CoReLS 4-PW laser and the experimental setup to control
the wavefront and to measure the intensity are given in Fig. 1. The
proper wavefront control is crucial to achieve near-diffraction-
limited focusing of the PW laser. The wavefront of the PW laser
was controlled at two positions: one before the pulse compressor
and the other at the target chamber. The first deformable mirror
(DM1, AKA Optics SAS, Marseille, France) was used to make
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Fig. 1. Layout of the CoReLS petawatt laser and the experimental setup to achieve the laser intensity over 1023 W/cm2. LD, laser diode; PBS, polarizing
beam splitter; HWP, half-wave plate; EM, energy meter; PM1-4, partial reflection mirrors; DM1-2, deformable mirrors; WFS1-2, wavefront sensors; OAP,
f /1.1 off-axis parabolic mirror; OL, objective lens; and BS, beam splitter.

the wavefront flat before the pulse compressor, because the dis-
torted wavefront can result in the spatiotemporal coupling during
pulse compression that eventually degrades the focusing quality
at the target chamber [8,34]. For wavefront control with DM1,
a leakage beam through a reflection mirror, right after the final
beam expander, was sent to a Shack–Hartmann wavefront sensor
(WFS1, AKA Optics) via an imaging system including a large-
aperture aspheric lens with a diameter of 300 mm ( f = 1650 mm).
The wavefront aberration before the compressor was measured
with WFS1 and fed back to a closed-loop system to control the
DM1 with 100 mm diameter. The closed-loop was operated with
low-energy laser pulses at 5 Hz without pumping booster ampli-
fiers, and the laser energy was attenuated by a partial reflection
mirror (PM1) with 1% reflectivity. After the closed-loop oper-
ation, DM1 voltages were fixed to the optimized values. It was
reported that thermal loading to the compressor could induce
wavefront distortion in the case of Pyrex gratings [35]. However,
such an effect is minimal in the CoReLS PW laser with the com-
pression gratings made of fused silica and the operation less than
0.1 Hz.

The wavefront aberration induced by the large-aperture optics,
including the focusing OAP, after the pulse compressor was cor-
rected using the second deformable mirror (DM2, AKA Optics).
DM2 with 310 mm diameter and 127 actuators fully covers the
laser beam. Right before the target chamber, the near-field beam
profile was monitored with a leakage beam through a reflection
mirror. The diagnostic setup and the measured beam profile
are shown in Fig. 1. In the target chamber, the petawatt laser
beam was tightly focused with an f /1.1 OAP (300 mm effective
focal length, 60◦ off-axis angle, Aperture Optical Sciences Inc.,
Meriden, CT, USA). Since the focal spot shape is very sensitive
to the OAP alignment in the tight focusing configuration, we
used an OAP mount with high precision (1 µm for translation

and 5 µrad for rotation) six-axis (three translational and three
rotational) movements. To characterize the tight focusing with the
OAP, the focused laser beam was collimated by a 50× apochro-
matic objective lens ( f = 4.0 mm, Mitutoyo Corp., Kawasaki,
Japan) and divided into two beams by a beam splitter for far-field
imaging and wavefront measurement. The transmitted laser beam
through the beam splitter was focused by an achromatic doublet
( f = 125 mm) and its far-field image was recorded with a 12-bit
CMOS camera (SV10M6, 1.67 µm pixel, EPIX, Inc., Buffalo
Grove, IL, USA) in vacuum. At the same time, the reflected laser
beam from the beam splitter was imaged onto a Shack–Hartmann
wavefront sensor (WFS2, AKA Optics) via a pair of achromatic
doublets ( f = 200 mm and f = 750 mm) for the wavefront
characterization.

The wavefront information measured with WFS2 was fed back
to the closed-loop system connected with DM2 to compensate for
the wavefront errors at the target area. DM voltages were optimized
through the closed-loop operation initially running with low-
energy laser pulses at 5 Hz without pumping booster amplifiers.
After this preliminary operation of DM2, the wavefront and the
focal spots were measured at the target chamber while pumping the
booster amplifiers. When measuring the wavefront and the focal
spot of the full power laser beam, the laser energy was attenuated
by four partial reflection mirrors (PM1-4) with 1%, 1%, 1%, and
5% reflection coating (total reflectivity of 5× 10−8). To avoid
wavefront distortions due to the PMs, we used high-quality PMs
with a surface flatness below 20 nm (rms). When a full-power beam
was delivered to the target chamber for laser–matter interaction
experiments, PMs were replaced with high-reflection mirrors with
a flatness below 20 nm (rms) and the beam alignment was precisely
checked by several beam pointing (near- and far-field) monitoring
systems to ensure the same laser alignment.
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In addition, a laser diode (LD) was installed right after the
second power amplifier, as shown in the dotted box of Fig. 1. The
LD beam was used as a stable light source to measure environmen-
tal effects on the wavefront fluctuations of the PW laser beamline
before the pulse compressor using WFS1.

3. EXPERIMENTAL RESULTS

A. Optimization of Wavefront and Focal Spot

To achieve a near-diffraction-limited focal spot, we performed the
wavefront correction of the petawatt laser and measured the focal
spot image focused with the f /1.1 OAP. The wavefronts measured
with WFS2 before and after the correction are shown in Figs. 2(a)
and 2(b). The WFS1 and WFS2 have a lenslet array with 80× 80
microlenses and provide wavefront maps reconstructed with 24
Zernike polynomials. After the wavefront correction, an almost
flat wavefront was obtained and the rms wavefront error was suc-
cessfully reduced from 0.32µm to 0.05µm. The focal spot images
before and after the wavefront correction are shown in Figs. 3(a)
and 3(b). After the correction, the focal spot image became a cir-
cular shape with a size of 1.1 µm (FWHM). Figure 3(c) shows the
ideal focal spot image calculated by the vectorial simulation with
a monochromatic light (λ= 800 nm). The calculated ideal focal
spot shows a slightly elliptical beam profile with the size (FWHM)
of 0.92 (H)× 0.89 (V) µm2 due to the vector feature under the
tight focusing [36]; it becomes a slightly smaller and circular shape
of 0.89 (H)× 0.89 (V) µm2 without the vector feature. The
focal spot deformation by the vector feature, however, cannot
appear in the imaging camera due to the large f-number ( f /30,
f = 125 mm) of the imaging system, and thus the actual focal spot
area might be slightly larger than the measured one by 3%.

B. Peak Intensity Measurement

After the focal spot optimization, we obtained the peak intensity
from the measured pulse energy, pulse shape, and focal spot shape
by separately handling the temporal and spatial components of
the spatiotemporal profile. Since both a near-diffraction-limited
focal spot and near-Fourier-transform-limited pulse shape were
obtained in this work, the spatiotemporal coupling might be
insignificant. For more rigorous spatiotemporal characterization,
we have developed a single-shot spatiotemporal characterization
device and measured the spatiotemporal profile of the CoReLS PW
laser pulse. Further details of the spatiotemporal coupling effect are
given in Supplement 1, Section 1.

The temporal pulse shape was measured with a full aperture
beam right after the pulse compressor. The full aperture beam was
down-collimated to a 3.5 mm diameter with a spherical focusing
mirror with f = 12,000 mm and an OAP with f = 150 mm.

Fig. 2. Wavefront maps measured at the target chamber with WFS2:
(a) before the wavefront correction (PV: 2.11 µm, RMS: 0.32 µm) and
(b) after the wavefront correction (PV: 0.30µm, RMS: 0.05µm).

Fig. 3. Focal spot images measured at the target chamber: (a) before
and (b) after the wavefront correction; (c) ideal focal spot image for the
focusing with f /1.1 OAP; (d) measured temporal profile (τ1/2 = 19.6 fs
(FWHM)); and (e) 3D image of the focal spot for the case of the highest
measured laser intensity.

Then the pulse shape was measured with a spectral phase inter-
ferometry for direct electric-field reconstruction (SPIDER)
technique (FC-Spider, APE, Berlin, Germany). The measured
pulse duration (FWHM, τ1/2) was 19.6± 0.5 fs, which is close to
the transform-limited duration of 19.0 fs, as shown in Fig. 3(d).
The peak power (P0) in the temporal domain was calculated
using [14]

P0 = E0/τeff = E0/

∫
p(t)dt, (1)

where τeff is an effective pulse width and p(t) is a normalized opti-
cal power profile based on the temporal profile.

For the energy measurement, we used a pyroelectric sensor
(PE80BF-DIF-C, Ophir-Spiricon, LLC, North Logan, UT, USA),
and measured transmission efficiency of a laser beam before the
final beam expander (position ¬ in Fig. 1) to the target position
without pumping booster amplifiers, while high reflection mirrors
were used instead of PMs. Amplified energy (Ea ) with pumping
the booster amplifiers was measured at the position ¬ with a 20%
reflection mirror, and then on-target Energy (E0) was estimated
with the transmission efficiency. In the case of the full energy
operation of the CoReLS petawatt laser, E0 was 83 J, obtained
by compressing a laser pulse with Ea = 112 J with a transmission
efficiency of 74%. In this work, E0 was reduced to 55.6± 1.2 J
due to a decrease in the pump energy of the booster amplifiers
(Ea = 89.7± 2.0 J) and a reduction in the transmission efficiency
of the pulse compressor (62%). From E0 = 55.6 J and the mea-
sured pulse profile in Fig. 3(d), the peak power (P0) of 2.7 PW was
obtained from Eq. (1).

Then, the peak intensity (I0) was calculated from the measured
peak power and the focal spot profile using [14]

I0 = E0/(τeff Aeff)= P0/Aeff = P0/

∫
i(x , y )dxdy , (2)

where Aeff is an effective spot area and i(x , y ) is the normalized
intensity distribution of a measured focal spot. Using the measured

https://doi.org/10.6084/m9.figshare.14356910
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peak power, we obtained the peak intensity of 1.4× 1023 W/cm2

from the focal spot image in Fig. 3(b), which, to the best of our
knowledge, is the first demonstration of the intensity exceeding
1023 W/cm2. Figure 3(e) shows the 3D focal spot image for the
case of the highest measured intensity. Here, by correcting the
wavefront and tight focusing of PW laser pulses, we could success-
fully obtain the unprecedented laser intensity over 1023 W/cm2,
but the consistent generation of laser pulses with such intensity
must be confirmed.

C. Stability of the Wavefront and Intensity

Since the intensity stability at the focus is critical in the exploration
of ultrahigh intensity laser-matter interactions, we examined the
shot-to-shot variation of wavefront and intensity. For the inspec-
tion of wavefront stability, we measured the wavefront map of 80
consecutive shots of the petawatt laser operating at 0.1 Hz after the
feedback correction of the wavefront with the DMs. In Fig. 4(a),
the rms wavefront aberrations (φRMS) of 80 consecutive shots mea-
sured with WFS2 are shown, where the average and the standard
deviation (SD) are 0.079 µm and 0.017 µm, respectively. The
source of the fluctuations is discussed later. The Strehl ratio (SR),
defined as the ratio of the peak intensity of a measured focal spot
to the peak intensity of an ideal diffraction-limited focal spot, is an
effective parameter to describe the focusability of a laser beam. We
calculated the SR from the measured rms wavefront errors (φRMS)
using the formula, SR' exp[−(2πφRMS/λ)

2
] [37]. The shot-to-

shot SR variation is shown in Fig. 4(b) for the 80 consecutive shots,
where the average SR is 0.68 and the fluctuation is 0.11 (SD).

For the statistical characterization of the intensity, the focal spot
image of a wavefront corrected PW pulse was recorded and ana-
lyzed for 80 consecutive shots. Figure 4(c) shows the FWHM focal
spot size (dFWHM =

√
dx dy ) and the effective focal spot diameter

Fig. 4. (a) The rms wavefront error of the PW laser measured with
WFS2 for 80 consecutive shots at 0.1 Hz and (b) corresponding Strehl
ratio (black dot) and the peak intensity (red dot) obtained from the
measured focal spot. (c) FWHM focal spot size (dFWHM =

√
dx dy , black

dot) and the effective focal spot diameter (deff = 2
√

Aeff/π , red dot), and
(d) energy concentration within the first minimum for 80 consecutive
shots of the PW laser focused with f /1.1 OAP.

(deff = 2
√

Aeff/π ), where dx and dy are the horizontal and the ver-
tical focal spot sizes (FWHM), respectively. Figure 4(d) shows the
energy concentration (EC) within the first minimum of a focal spot
image. The measured FWHM focal spot size was 1.2± 0.1 µm,
close to the diffraction limit of 0.90µm, the effective focal spot size
was 1.8± 0.2 µm, and the energy concentration was 0.65± 0.05.

From the measured focal spots, we obtained the peak inten-
sity for the 80 consecutive shots using Eq. (2), as shown by
the red dots in Fig. 4(b). The average peak intensity and SD
were 1.1× 1023 W/cm2 and 0.2× 1023 W/cm2 (16%),
respectively. This result confirmed that we could obtain
the laser intensity over 1023 W/cm2 on average. Here, we
note that 1I0/I0 =1Aeff/Aeff = 16% on the assumption
of constant energy and pulse width. Because the variation
of laser energy (1E0/E0 = 2.2%) and that of pulse width
(1τ1/2/τ1/2 = 2.5%) are much smaller than the focal area
variation (1Aeff/Aeff = 16%), the intensity fluctuation was
contributed mainly from the focal area variation, according to
1I0/I0 =

√
(1E0/E0)

2
+ (1τeff/τeff)

2
+ (1Aeff/Aeff)

2
'

16%. In addition, Fig. 4(b) shows that the shot-to-shot variation
of the peak intensity (red dots) and that of the Strehl ratio (black
dots) change quite consistently, which implies that the focal spot
is affected mainly by the wavefront aberration. Thus, the intensity
stability was affected primarily by the wavefront fluctuation that
significantly influences the focal spot profile. Additionally, the
shot-to-shot variation of the Strehl ratio does not exactly coincide
with that of the intensity in Fig. 4(b), because the accuracy of the
wavefront data at the beam edge was limited due to the cropped
edge by the circular pupil of the wavefront sensor [14].

Considering the importance of wavefront fluctuation in
intensity stability, we investigated the source of the wavefront fluc-
tuation. In the case of tight focusing with a small f-number OAP,
the wavefront of a focused beam is very sensitive to the alignment
and even beam pointing. Since a small f-number OAP ( f /1.1) was
used in this work, the wavefront fluctuation induced by the beam
pointing might be significant. We estimated the wavefront fluc-
tuation by analyzing the beam pointing of 80 consecutive shots, as
shown in Fig. 5(a) where the horizontal and the vertical pointing
variations (SD) are 3.0 µrad and 3.6 µrad, respectively. We also
calculated the wavefront aberration, induced by the horizontal
and the vertical pointings, with the ray-tracing tool, CODE V,
for the experimental conditions that a laser beam with a diam-
eter of 280 mm at 800 nm was focused by the OAP with f /1.1.
According to the calculation, 0◦ and 45◦ astigmatisms were pri-
marily induced by the beam pointing, and other aberration terms
were negligible. Fluctuations (SD) of 0◦ and 45◦ astigmatisms
calculated from the measured beam pointing data were 0.052 µm
and 0.063µm, respectively. We could then estimate the Strehl ratio
using the induced astigmatisms for each laser shot, assuming that
the laser had no aberration before the OAP. The calculated SR was
0.94± 0.06, as shown in Fig. 5(b); it indicates that beam pointing
can be one of the possible sources of the wavefront fluctuation and
the SR degradation at the target area.

To identify other causes of the wavefront fluctuation, we investi-
gated the environmental effect on the wavefront fluctuation using
a laser diode (LD) beam with a stable wavefront, installed right
after the second power amplifier, as shown in Fig. 1. To rule out the
laser amplification effects, the LD beam was used as a probe beam
without pumping of two booster amplifiers. Because the main laser
beam propagated in the air up to the pulse compressor, the effect
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Fig. 5. (a) Beam pointing measured from 80 shots of the PW laser.
(b) Variation of Strehl ratio induced by the beam pointing estimated for
the case of ideal incident beams with flat wavefront.

Fig. 6. (a) The rms wavefront error of an LD beam measured with
WFS1 for 80 shots and (b) the corresponding Strehl ratio.

Table 1. Strehl Ratio of the PW Beam and the LD
Beam, and the Beam Pointing Effects on the Strehl
Ratio (calculation)

Strehl Ratio

PW beam 0.68± 0.11
LD beam 0.74± 0.08
Beam pointing effects (calculation) 0.94± 0.06

of air turbulence on wavefront fluctuation must be investigated.
To measure the air turbulence effect, the wavefront fluctuation
of the LD beam during the propagation in the air was measured
with WFS1 right before the vacuum compressor chamber in the
absence of the main laser beam. The rms wavefront aberration of
the LD beam measured at 0.1 Hz was 0.071± 0.017 µm, as shown
in Fig. 6(a), and the corresponding Strehl ratio calculated from
the measured wavefront aberration was 0.74± 0.08, as shown in
Fig. 6(b). Compared to the fluctuations of the wavefront and the
Strehl ratio of the PW laser beam in Figs. 4(a) and 4(b), the LD
beam has a comparable level of wavefront fluctuation and Strehl
ratio fluctuation, indicating that the air turbulence in the beam
path before the compressor is the major contributor to the wave-
front fluctuation of the PW laser. Table 1 shows a comparison of
the Strehl ratio of the PW laser beam and the LD beam, and beam
pointing effects on the Strehl ratio. These results show that the
intensity stability of the petawatt laser can be improved further by
suppressing the air turbulence in the laser beam path as well as the
beam pointing.

4. CONCLUSION

To realize ultrahigh intensity over 1023 W/cm2, we carried out a
wavefront correction and tight focusing of the CoReLS petawatt
laser. After the wavefront correction using a two-stage DM system
and the tight focusing with an f /1.1 OAP ( f = 300 mm),
near-diffraction-limited focusing was achieved. The aver-
age and the variation of peak laser intensity at the focus were
1.1× 1023 W/cm2 and 0.2× 1023 W/cm2, respectively, which,
to the best of our knowledge, is the first realization of laser inten-
sity over 1023 W/cm2. It was found that the focused intensity
fluctuation was caused by the wavefront fluctuation due to the air
turbulence in the beam path and the beam pointing. With the PW
laser of an intensity over 1023 W/cm2, we plan to explore strong
field QED phenomena, such as the nonlinear Compton scatter-
ing and the nonlinear Breit–Wheeler processes, and proton/ion
acceleration dominated by the RPA mechanism.
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