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Abstract: The bimorph deformable mirror with a diameter of 320 mm, including 127 control elec-
trodes, has been developed and tested. The flatness of the initial mirror surface of about 1 µm (P-V)
was achieved by mechanically adjusting the mirror substrate fixed in the metal mount. To correct for
the aberrations and improve the beam focusing in the petawatt Ti:Sa laser, the wide-aperture adaptive
optical system with the deformable mirror and Shack–Hartmann wavefront sensor was developed.
Correction of the wavefront aberrations in the 4.2 PW Ti:Sa laser using the adaptive system provided
increases the intensity in the focusing plane to a value of 1.1 × 1023 W/cm2

Keywords: adaptive optics; wavefront corrector; deformable mirror; wavefront sensor; reference
wavefront; titanium-sapphire laser; beam focusing

1. Introduction

At present, many modern laser facilities have already achieved a peak power of
several PW [1–3], which creates the unique conditions for fundamental research on laser–
matter interaction. The intensity of the focused radiation of this type of laser is mainly in
the range of 1019–1021 W/cm2, which is sufficient for carrying out the relativistic optical
experiments on the acceleration of the electrons and ions, generation of X-ray and gamma
radiation, etc. [4]. However, to study the extreme phenomena in quantum electrodynamics,
such as nonlinear Compton scattering, physical interaction of the light beams, and vacuum
birefringence, the required intensity must be higher than 1022 W/cm2 [5]. Increasing the
intensity to the specified levels in petawatt lasers is currently possible only with the use of
adaptive optics [6–8].

The multi-petawatt Ti:Sa laser consists of a femtosecond oscillator with an amplifier,
a grating pulse stretcher, an OPCPA preamplifier, power amplifier stages and a grating
pulse compressor. According to this scheme, a Ti:Sa laser with a power of 4.2 PW (energy
and pulse duration of 83 J and 20 fs, respectively), operating with a pulse repetition rate of
0.1 Hz, was built in CoReLS (Korea) [3]. Measurement of the wavefront (WF) distortion of
PW radiation by a wavefront sensor (WFS) located after the pulse compressor showed the
presence of the aberrations with an amplitude of about 3 µm (P-V) [9]. The main sources
of WF distortions are the thermal deformations of the active elements of the amplifying
stages due to the powerful optical pumping as well as aberrations of the wide-aperture
optical elements located after the amplifiers are used for the beam expansion and direction,
as well as pulse compression. In addition, the focusing parabolic mirror in the interaction
chamber will also introduce significant distortions. To compensate for WF aberrations, the
wide aperture adaptive optical system (AOS) was installed in the optical setup of the laser
facility. The unique part of this system was the bimorph-type 320 mm deformable mirror
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(DM) that was specially designed for this laser in order to maximally increase the beam
intensity on the target. This article describes the features and the benefits of the 320 mm
bimorph deformable mirror application to achieve the intensity of more than 1023 W/cm2

of Ti:Sa laser [10].

2. Materials and Methods (Design of a 320 mm Bimorph Deformable Mirror)

Experiments in high-power laser systems have shown that the real WF aberrations
are so-called large-scale [11,12], and, therefore, WF correctors, including the deformable
mirrors, should be effective in compensating for such aberrations. In some contemporary
wide-aperture lasers, adaptive optical systems include DMs based on piezoelectric actua-
tors and mechanical step motors [13–15]. Since such mirrors have local response functions,
surface deformation occurs locally, just in the area of each actuator, and thus a large number
of actuators is required to compensate for large-scale aberrations. This, naturally, affects
the complexity of the wavefront correctors, as well as the quality and reliability of the
entire adaptive system. Moreover, the pattern of the actuators might print through the
mirror substrate (so-called “print-through” effect) [13], which leads to the appearance of
undesirable small-scale aberrations (almost like grating), diffraction scattering and addi-
tional maxima of intensity in the focal plane. In the future, ultra-high-power lasers should
provide multipetawatt pulses with a repetition rate of 10 Hz (ELI HALPS project) [14] or
even 100 Hz (GEKKO-EXA project) [15] to initiate laser confinement fusion. It should be
noted that mechanical DMs are very slow (the time of one control cycle is more than 0.1 s),
which does not allow using them to dynamically correct for the aberrations of each pulse
with such a repetition rate.

Bimorph deformable mirrors differ from the other types of mirrors due to their possi-
bility of precise correction for the large-scale aberrations using the rather small number of
control electrodes [16]. Bimorph DMs of medium size (100–170 mm in diameter) installed
in titanium-sapphire lasers with a peak power of 100–200 TW have already made it possible
to achieve the intensities of 1019–1020 W/cm2 [17–19], which confirms the efficiency of this
type of mirrors. This paper presents a wide-aperture bimorph deformable mirror for WF
correction and improving the focusing quality of the petawatt power level laser beam. Since
the size of DM in petawatt lasers must be large, the amplitude of the surface aberrations
increases rapidly. Therefore, the DM design should include the possibility of preliminary
adjustment of the surface shape.

A traditional bimorph DM consists of a firmly glued-together passive reflecting sub-
strate and a thin piezoceramic plate with a grid of control electrodes [16,20,21]. The
one-piece piezoceramic plate can be used for small-to-medium sized correctors. However,
the mosaic of individual piezoplates should be arranged to cover the entire area of the
substrate when constructing a large bimorph mirror (over 240 mm), as it is not possible to
have a thin piezo ceramic disk with a diameter more than 240 mm. The disadvantage of
such a mosaic configuration might be the fact that the mirror areas within each plate acts
as an independent corrector. As a result, the mechanical stresses arise at the boundaries
between the piezoelectric elements, and thus the “print through” is visualized on the mirror
surface. However, the specific shape and the arrangement of the piezoceramic elements can
significantly reduce the influence of this effect [22]. For wide-aperture DMs (300 mm and
more), when the ratio of the substrate thickness to its diameter is about 1/50, the impact
of the mirror’s own aberrations increases. In addition, when the thin substrate is fixed in
the housing, the additional surface distortion appears in the area of the contact between
the substrate and the mount parts (mirror housing). The value of the surface curvature
also depends on the gravity and the changes in ambient temperature. The total surface
distortions arising from the manufacturing errors, internal stresses in the dielectric layers
of the coating, the effect of “printing” of the piezoelectric plates and fixing the substrate
in the mount can significantly exceed the WF aberrations, for which DM is intended to
compensate. In this case, most of the full voltage range should be spent to correct for initial
distortions that makes DM useless in the adaptive systems.
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To correct for the beam aberrations in the CoReLS multipetawatt Ti:Sa laser [3], we
developed the bimorph DM containing the glass substrate (BK7) with a diameter of 320
mm and thickness of 7 mm (Figure 1). A one-piece 240 mm piezoceramic disk was glued in
the center of the substrate. The insulating paths were etched by the photolithography, and
the grid of 91 electrodes was formed on the silver-covered disc surface. Nine piezoceramic
plates in the form of the sectors were arranged around the big disk and filled the entire
area of the substrate (Figure 2a). Each small plate contained four electrodes and, thus, the
total number of the control electrodes was 127 (Figure 2b). Such a configuration of the
arrangement of piezoceramic elements almost illuminated the “print through” effect of the
glued piezoelectric plates.
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Figure 2. Configuration of DM electrodes: (a) piezoceramic plates and their arrangement; (b) the
map of the control electrodes.

The surface of the DM glass substrate was polished to a roughness of 2 nm (RMS). The
flatness of the mirror after polishing was about 2 µm (P-V) including the overall concave
curvature with a stroke of 1.8 µm. It should be noted that, at this stage, the curvature of the
surface was not critical since it depends on the temperature. The significant change of the
curvature as well as mirror profile is expected after the coating deposition. The multilayer
dielectric coating provided a reflectivity of not less than 99.9% for a wavelength range from
740 to 860 nm, with a damage threshold of not less than 0.6 J/cm2 at a pulse duration of
20 fs.

The coated mirror was installed in a metal mount, where it was fixed along the border
through elastic spacers made of the porous silicone cord. Figure 3 shows the front and the
back views of the mounted DM. Sixteen aligning screws located along the circle outside the
mirror substrate were placed for adjusting the tension of the elastic spacers. Therefore, it
was possible to push or pull the local sections of the mirror substrate to reduce the initial
aberrations. Obviously, such a design allowed to compensate mechanically for astigmatism
and a bit of coma aberrations that, as a rule, prevail in the initial surface distortions and
require applying of the significant electrical voltage to correct for them. However, these
screws cannot reduce mirror curvature and spherical aberration.
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Figure 3. Photos of the front and back views of DM.

3. Results
3.1. Investigations of the Deformable Mirror

DM study was carried out at the diagnostic setup based on Shack–Hartmann WFS [23].
The initial surface error excluding the overall surface curvature was about 14 µm after
mirror assembly. To compensate for the curvature, the electric voltage of −34 V was applied
to all 127 electrodes. After mechanical alignment with 16 screws, a flatness (P-V) equal
to 1.03 µm (RMS = 0.17 µm) was achieved on a diameter of 300 mm. After correction
in the closed-loop system with WFS feedback, the surface aberrations were decreased to
P-V = 0.07 µm and RMS = 0.01 µm. Such a surface quality corresponds to a Strehl number
of 0.99 (for the wavelength λ = 837 nm). The Fizeau interferograms of the DM surface
before and after correction are shown in Figure 4a,b, where the flatness values (P-V and
RMS) and residual aberrations in terms of orthogonal Zernike polynomials are presented
on the right side of the pictures. The local deformation of the surface was about 1 µm
(corresponding to the change in the wavefront of 2 µm) when the electric voltage of +150 V
was applied to a single electrode. For the full range of the control voltages (from −300 to
+600 V), deformation introduced by one electrode was expected to be at least 6 µm.
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Figure 4. The DM surface shape in terms of interferogram and expansion in Zernike polynomials
(#—ordinal number of the Zernike polynomial): (a) the initial surface after manual correction without
taking into account the curvature, P-V = 1.03 µm, RMS = 0.17 µm; (b) surface after aberrations
correction in the closed-loop, P-V = 0.07 µm, RMS = 0.01 µm.

To measure the response functions, an electrical voltage of 100 V was applied sequen-
tially to each electrode of the DM, and the change in the surface shape relative to its state
in the absence of applied voltage was measured. In this case, the expansion coefficients
were calculated in terms of the orthogonal Zernike polynomials, which can be used to
construct a phase surface and represent it in the graphical form. The response functions of
the bimorph DM are modal; when a voltage is applied to one of the electrodes, the surface
deformation occurs not only in the area of the electrode location, but throughout the entire
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mirror aperture. Figure 5 shows examples of the response functions of some electrodes of a
320-mm bimorph DM presented in the form of the interferograms.
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Investigations of the control frequency range of the corrector were carried out using
a sound frequency generator and oscilloscope [24]. In this case, the induced piezoelectric
signal was measured at one of the electrodes when a sine voltage was applied to the
neighboring one. The phase shift between these signals was also studied. Figure 6 shows
the change of the induced signal amplitude, as well as the phase shift versus the excitation
frequency. The first resonance frequency when the response signal achieved the maximum
amplitude and the phase shift was equal to π/2 was registered at 774 Hz. The presented
graphs show the stability of the amplitude and phase for frequencies in the range from 0
to 400 Hz. Thus, this mirror provides the WF control at the frequencies up to 400 Hz and
could even be used to correct for slowly changing phase fluctuations of the atmosphere in
the pavilion where the whole laser is installed.
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3.2. Wavefront Correction in a 4.2-Petawatt Ti: Sa Laser

The main parts of the CoReLS laser [3] and elements in the optical path from the end
of power amplifiers to the target chamber are shown in Figure 7 [10]. The 127-channel
bimorph mirror DM2 with a diameter of 320 mm was installed after the pulse compressor to
compensate for additional WF aberrations arising in the wide-aperture optical elements and
focusing optics in the compressor, the beam transport system and the interaction chamber.
Wavefront correction was performed at a pulse energy of 89.7 J after booster amplifiers,
while it decreased after the compressor to 55.6 J. The peak power in the target chumber was
2.7 PW. When measuring the wavefront and focal spot of the full power laser beam, the
pulse energy was attenuated by the four high-quality (surface flatness below 20 nm RMS)
partial reflection mirrors AM1-AM4 with 1%, 1%, 1% and 5% reflection coating. It was also
assumed that the distortion of the wavefront from the thermal load in the pulse compressor
was minimal due to the use of the fused quartz gratings. Thus, it would be expected that
the divergence of the attenuated beam used for the measurement is not much different
from the one at full energy.
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WFS3—wavefront sensors, DM1, DM2—deformable mirrors, AM1–AM4—attenuating mirrors,
OAP—off-axis parabolic mirror, MO—micro objective, BS- beam splitter, CCD—video camera.

The phase conjugation algorithm [25] was used to control the DM2 based on the signals
obtained from the Shack–Hartmann wavefront sensor WFS3. The 1-inch CMOS camera
with a frame rate of up to 90 frames/s and the lenslet array with a size of 13.5 × 13.5 mm2

were used in WFS3. Thus, it contained more than 6500 microlenses with a focal length of
3.2 mm and size of 0.136 × 0.136 mm2. After focusing with an off-axis parabolic mirror
(OAP), the beam was collimated using micro-objective MO. The part of the beam reflected
from the beam splitter BS was directed to the sensor WFS3 (Figure 7). The video camera
CCD recorded the intensity distribution in the focal plane of the OAP.

The wavefront correction reduced the initial value of the aberrations to 0.07 µm (RMS).
After such a procedure in the focal plane of an f/1.1 parabolic mirror (focal length 300 mm),
a significant increase in intensity was achieved. Figure 8 shows the images of the focal
spots before and after correction. The corrected focal spot size was 1.1 µm (FWHM), and
the calculated diffraction limit was 0.92 × 0.89 µm2. The peak intensity calculated for the
focused 19.6 fs pulse (Figure 8b) at an energy of 55.6 J was equal to 1.1 × 1023 W/cm2,
which is a record among the values measured on high-power laser systems existing in the
world [10].
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an f/1.1 parabolic mirror.

4. Conclusions

We have developed a wide-aperture bimorph deformable mirror with a diameter of
320 mm and a number of control electrodes of 127. The proposed shape and the arrange-
ment of the piezoceramic plates reduced the “print-through” effect that usually appears
on the reflective surface of the wide aperture mirrors. The design of the mirror allowed
mechanically eliminating the initial aberrations of the mirror and obtaining a shape that
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differs from the flat one by 1 µm (P-V). The resonant frequency of the corrector was 774 Hz;
the bandwidth of the mirror control was 400 Hz. The implementation of a wide-aperture
adaptive optical system with a 320 mm bimorph deformable mirror in a 4.2 PW Ti:Sa laser
increased the peak intensity at the interaction target to extreme values, allowing the study
of new physical phenomena.
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