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Abstract: The focusing quality of high peak power lasers plays a crucial role in laser wakefield
electron acceleration investigations. We report here an improvement in the focusing quality of the
SULF-1PW laser beamline, planning to drive and generate 5~10 GeV electron beams. After the
wavefront correction in vacuum with an adaptive optical system and the focusing with an f/56 off-
axis parabolic mirror, near-diffraction-limited focal spots with a size of 52 × 54 µm2 at full width
at half maximum are achieved, and the enclosed energy inside this size is ~36.6%. Consequently,
the focused intensity of ~1.66 × 1019 W/cm2 can be achieved at 1 PW peak power. Moreover, we
also examine the wavefront stability in air and vacuum, respectively. From the statistical analysis of
1900 shots of successive laser pulses at 1 Hz, we identify the wavefront fluctuation resulting from air
turbulence and the better correction capacity in vacuum. This work demonstrates the importance
and necessity of wavefront correction in vacuum for high peak power lasers.

Keywords: high peak power lasers; adaptive optical system; wavefront correction; stability

1. Introduction

With the development of ultrashort, high peak power lasers based on the chirped
pulse amplification (CPA) and optical parametric chirped pulse amplification (OPCPA)
techniques [1,2], the strong field science has been a rapidly growing area in physics and
meanwhile opened fascinating and entirely new applications. Among them, benefits from
the high accelerating gradient (GeV/cm), laser wakefield accelerator has great potential for
the development of compact accelerators and secondary radiation sources [3–8].

Laser wakefield electron acceleration is a highly nonlinear process based on the
interaction of intense laser and gas targets. Hence, it can be significantly affected by the
focused beam quality of driving lasers [9]. On the one hand, the focal spot size and the
enclosed energy inside the focal spot decide the achievable laser intensity at targets. On the
other hand, the focal depth determines the effective laser-matter interaction length, and the
enclosed energy inside the focal spot is closely related to the charge of produced electron
beams [10]. Hence, the improvement of focused beam quality plays an important role in
the laser wakefield electron acceleration.

Wavefront aberrations are the main limitation to the realization of ideal focal spots
and it can be divided into two categories: static aberration, resulting from the aberration
of optical elements; and dynamic aberration, mostly originating from the thermal loading
in the laser system [11]. The adaptive optical system (AOS) based on a deformable mirror
(DM) is generally applied in high peak power lasers, in order to correct the wavefront
aberration and therefore improve the focusing quality [12–16]. Sometimes, double AOSs
with cascaded correction functions are also used, in view of the large beam size and serious
aberration [17–20]. It is worth noting that the focused intensity exceeding 1023 W/cm2 has
recently been achieved in CoReLS PW laser based on two-stage AOS and an f/1.1 off-axis
parabolic (OAP) mirror [21].
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For high peak power lasers, the wavefront correction in vacuum is greatly important
and necessary. From air to vacuum, not only extra aberration may be introduced but
also the air turbulence (one of the main sources of wavefront fluctuation [21,22]) can be
quite different. The wavefront fluctuation will affect focal spot stability, which is crucial to
achieving reproducible and consistent results in laser wakefield acceleration experiments
and it will also influence the final correction result, since the more stable the wavefronts,
the better the correction results to some extent.

In this work, we introduce an AOS after the laser compressor in our SULF-1PW laser
beamline to improve its focusing quality, and then to drive and produce 5~10 GeV electron
beams. After correction, the wavefront aberrations in root-mean-square (RMS) are around
0.09 µm and 0.06 µm, respectively, in air and vacuum cases. In vacuum, the focal spot size
achieved by an f/56 OAP mirror is 52 µm × 54 µm at full width at half maximum (FWHM)
which is close to the diffraction-limited value. The enclosed energy inside this size is about
36.6%, corresponding to a focused laser intensity of ~1.66 × 1019 W/cm2 in the case of
1 PW peak power. Furthermore, we also statistically analyze the wavefront fluctuation of
1900 consecutive laser shots at 1 Hz. The stand deviation (std) of RMS wavefront aberration
fluctuation after correction is 0.01 µm and 0.005 µm in air and vacuum, respectively.
These experimental results demonstrate that air turbulence should be one of the causes of
wavefront fluctuation, and the wavefront correction in vacuum can realize better focusing
quality. Hence, the wavefront correction in vacuum should be of great importance and
necessity for laser wakefield electron acceleration.

2. Experimental Setup

The Shanghai Superintense Ultrafast Laser Facility (SULF) is a large-scale scientific
project launched at 2016, including a repetition-rate 1 PW laser beamline (SULF-1PW) [23],
an ultrahigh-peak-power 10 PW laser system [24], and three physical experimental plat-
forms. Among them, the SULF-1PW laser beamline was finished at 2020 and has been in
daily operation since then.

The SULF-1PW laser beamline supports 30 J/30 fs pulses output at 0.1 Hz, with a
central wavelength of 800 nm and the beam diameter of ~215 mm. One of the important
tasks of the SULF-1PW laser beamline is to drive laser wakefield acceleration. In order
to produce 5~10 GeV electron beams by this laser beamline, an AOS utilizing a 230 mm-
diameter DM is introduced after the laser compressor to improve the focusing quality. The
DM is developed by the Institute of Optics and Electronics, CAS, based on piezoelectric
technology. It owns 121 actuators that completely cover the laser beam and is coated with
a broadband dielectric coating within the range from 750 nm to 850 nm. The coating is
featured with high reflectivity and damage threshold, while its initial wavefront aberration
is less than 0.01 µm in RMS. Furthermore, for measuring the wavefront aberration of
this laser beamline and controlling the DM, a Hartmann wavefront sensor (WFS) with a
22 × 22 microlens array is installed. The experimental setup of wavefront correction is
illustrated in Figure 1. The compressed laser beam is firstly reflected and delivered by a
DM and then focused by an f/56 OAP mirror. The focused laser beam is extracted before
the focus by inserting a partial reflection mirror (AM 1) and collimated by an achromatic
OL (f = 200 mm). The collimated laser beam is up-collimated to 5.4 mm from 3.6 mm in
diameter by a pair of achromatic doublets (f 1 = 100 mm, f 2 = 150 mm), and lastly sent into
the WFS. The wavefront information measured by the WFS will be fed back to a closed-loop
system connected with the DM, to compensate for the wavefront aberration at focus. The
voltages of DM are optimized by iteratively closed-loop operation and finally fixed to the
optimized value. As a result, a precise wavefront measurement and a proper wavefront
correction can be performed with the WFS and the DM. In addition to the wavefront, the
focal spot of this laser beamline can also be directly measured in this diagnostic setup.
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Figure 1. Experimental setup of SULF-1PW laser beamline. AM 1–2, partial reflection mirrors; LTP,
Linear translation platform; W, Window; OL, objective lens; WFS, Hartmann wavefront sensor.

In this setup, several points should be noted. Firstly, the AM 1–2 and the splitter
have been detected by a Zygo interfero meter, the surface flatness of which is better than
0.02 µm (RMS), and the effective apertures of which are much larger than the beam size on
them. In this case, the influence of surface flatness on wavefront aberration is negligible.
Secondly, the OL and the relaying system in setup are both achromatic, within the spectral
range of 750~850 nm. The achromatic lenses can minimize the wavefront aberration of this
measurement setup. Thirdly, the DM is relay-imaged on the WFS. Because image relay is
crucially important for the efficiency and stability of wavefront correction [25,26]. Fourthly,
the window of the target chamber is carefully chosen. In the first place the transmitted
wavefront aberration of the window itself should be small, to avoid introducing extra
aberration. On this basis, for the same window, the wavefront aberrations of SULF-1PW
laser beamline are measured in air and vacuum, respectively, without closed-loop correction.
Only when the two results are consistent (i.e., the vacuum pressure-induced aberration in
the window is slight), the corresponding window is adopted. The finally adopted window
is made up of Corning 7980-0C glass, with the transmitted wavefront aberration of ~5 nm
in RMS. Fifthly, an ideal point source (Fiber-coupled laser) running at 808 nm is set up
rightly at the focus of OL, to accurately calibrate the extra aberrations introduced by this
measurement setup. The map of measured aberration is taken as the new reference of
the WFS. Lastly, the AM 1 is installed on a high-precision motorized LTP. In this way, the
wavefront measurement and correction can be implemented at any time, even in the course
of laser wakefield acceleration experiments.

In this work, the laser performance test is carried out under two modes (in air and
in vacuum), and the laser condition is about 3 J/30 fs/1 Hz (i.e., ~100 TW/1 Hz) without
pumping the final amplifier in SULF-1PW laser beamline. Though the extra thermal loading
in the final amplifier and the laser compressor will also induce wavefront aberration, such
an effect should be slight in our SULF-1PW laser beamline with the operation at 0.1 Hz.
Furthermore, an additional energy attenuation module with high-quality partial reflection
mirrors [23] is introduced after the final amplifier, which can significantly weaken the laser
energy and hence avoid the intense laser-induced nonlinear effects in measurement.
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3. Experimental Results
3.1. Without Wavefront Correction

In the previously mentioned laser wakefield electron acceleration experiments, there
was no AOS in this laser beamline, the compressed pulse beams were directly focused
by the f/56 OAP mirror. The peak-to-valley (PV) and RMS of wavefront aberration in
this laser beamline are 1.27 µm and 0.20 µm, respectively, as shown in Figure 2a. Such a
wavefront aberration is not devastating for this f/56 focusing system. Its focal spots are
measured by a 12-bit CCD, as shown in Figure 2b. The focal spot size is 76 µm × 71 µm
at FWHM, the encircled energy factor within this size is ~29.4%, and the focal depth is
about 11 mm. Though the focal spot profile is acceptable, this size is much larger than
the diffraction-limited, and some distinct speckles are around it. Under this focusing
quality, quasi-mono-energetic electron beams around 2.7 GeV have been realized with
800 TW/0.1 Hz laser conditions. To obtain 5~10 GeV electron beams, an AOS will be
installed after the laser compressor to improve the focusing quality.
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3.2. Wavefront Correction in Air

The wavefront correction is first implemented in air, and the result measured with
WFS after closed-loop correction is shown in Figure 3a. After correction, the PV and RMS
of wavefront aberration are 0.77 µm and 0.09 µm, respectively. As shown in Figure 3b,
the corrected focal spot size is 58 × 60 µm2 at FWHM, and the enclosed energy factor
within this size is ~34.1%. Compared with the result in Section 3.1, this focal spot size is
much smaller, and the enclosed energy factor is larger. That is to say, the focusing quality
of SULF-1PW laser beamline is effectively improved after the wavefront correction in
air. In the case of full peak power output (1 PW), the focused intensity will correspond
to ~1.25 × 1019 W/cm2.
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3.3. Wavefront Correction in Vacuum

Then, the wavefront correction of the SULF-1PW laser beamline is carried out in
vacuum. From air to vacuum, the laser beamline is recalibrated based on some laser
pointing (near- and far-field) monitoring and electric adjusting systems. As Figure 4a
shows, an almost flat wavefront is obtained after the closed-loop correction in vacuum. The
PV and RMS of the corrected wavefront aberration are 0.59 µm and 0.06 µm, respectively.
This small amount of residual wavefront aberration is probably induced by the spatio-
temporal coupling in the laser compressor [27,28]. It is worth noting that the final correction
results in vacuum is better than that in air, which is possibly because the air turbulence
in the compressor and chambers is eliminated in vacuum, and hence, the wavefront is
more stable and a better correction result can be achieved in the case of a more stable
wavefront. The measured wavefront fluctuations in air and vacuum will be presented in
the following Section 3.4.
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Figure 4. (a) The wavefront map measured at WFS after AOS closed-loop operation in vacuum; (b)
the Zernike coefficients of the wavefront maps before and after correction; (c) the focal spot image
measured by CCD after AOS closed-loop operation in vacuum.

The first 35 orders of Zernike coefficients of the measured wavefronts before and after
correction are shown in Figure 4b. We find that the aberrations in this laser beamline (black
triangles) are mainly low-order components, especially the 0◦-astigmatism (Z4). After
the correction in air (blue rhombus), the large-scale aberrations are effectively compen-
sated. After the correction in vacuum (red circles), the low-order aberrations are further
compensated, and the small-scale high-order aberrations are corrected to nearly zero.

After the wavefront correction in vacuum, the focal spots are also measured, shown in
Figure 4c. The focal spot size at FWHM is 52 × 54 µm2, which is close to the diffraction-
limited. Figure 5 shows the cross-sectional profile and the encircle energy cure of the
measured focal spot. The enclosed energy factor is ~36.6% within FWHM, corresponding
to a focused intensity of ~1.66 × 1019 W/cm2 in the case of 1 PW peak power output.
Compared with the focal spots in Sections 3.1 and 3.2, the focused intensity after wavefront
correction in vacuum can be improved by ~2.4 and ~1.33 times, respectively, under the
same laser peak power. Furthermore, the measured focal depth after wavefront correction
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in vacuum is around 20 mm, which is about 1.8 times that without AOS. Such a long
focal depth is favorable for laser wakefield electron acceleration. At present, remarkable
progress has been made in electron energy in the laser wakefield acceleration experiment,
based on our SULF-1PW laser beamline after the wavefront correction in vacuum. Detailed
information will be reported by our physical research group in the future.
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3.4. Wavefront Stability

The wavefront fluctuation can affect the focal spot stability and the final correction
result, which are both crucial in laser wakefield electron acceleration experiments. Hence,
the wavefront stability of the SULF-1PW laser beamline is examined and statistically
analyzed. The fluctuation of RMS wavefront aberration (ΦRMS) of 1900 successive laser
shots operating at 1 Hz after the closed-loop correction is shown in Figure 6. In air, the
average and the std values of ΦRMS are 0.09 µm and 0.01 µm, respectively. In vacuum,
the average and the std values are down to 0.06 µm and 0.005 µm, respectively. This
measurement results show that the wavefront stability in air is worse than that in vacuum,
which is mainly due to the air turbulence in the laser compressor and target chambers. In
turn, it is exactly because of the more stable wavefront, the final correction result in vacuum
can be better than that in air to some extent. Hence, we can know that the wavefront
correction in vacuum is very meaningful for high-peak power lasers.
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4. Conclusions

In conclusion, we improve the focusing quality of the SULF-1PW laser beamline, by
correcting its wavefront with a 230 mm-diameter DM located after the laser compressor.
After the closed-loop correction in vacuum, the RMS wavefront aberration is only 0.06 µm,
and near diffraction-limited focal spots are achieved. The focal spot size at FWHM is
52 × 54 µm2, and the enclosed energy inside this size is about 36.6%, corresponding to
a focused intensity of ~1.66 × 1019 W/cm2 at 1 PW peak power. With respect to the
focusing without AOS, the focused intensity is improved by ~2.4 times and the focal depth
is lengthened by ~1.8 times. Moreover, we also confirm that the wavefront fluctuation
induced by the air turbulence in the laser compressor and chambers can degrade the final
correction results. As a result, the wavefront correction in vacuum should be of great
importance and necessity. In the following work, an f/2 OAP mirror will also be applied
to focus the 1PW laser beam for proton acceleration investigation, and the corresponding
laser intensity is promising to exceed 1022 W/cm2.
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