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We present a hybrid adaptive optics system for a kW-class solid-state slab master oscillator power amplifier laser
that consists of both a low-order aberration corrector and a 59-actuator deformable mirror. In this system large
defocus and astigmatism of the beam are first corrected by the low-order aberration corrector and then the
remaining components are compensated by the deformable mirror. With this sequential procedure it is practical
to correct the phase distortions of the beam (peak to valley up to 100 μm) and the beam quality β is successfully
improved to 1.9 at full power.
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Recent years have witnessed great progress in solid-state
lasers (SSLs)[1,2]. Higher output power and higher beam
qualities have always been the major demand. Since zigzag
slab lasers[3] have been invented they have become one of
the most promising architecture for power scaling of SSLs
thanks to their advantageous pumping, cooling, and
power extraction geometries[4,5]. Although heat gradients
could be averaged by propagating the beam in the zigzag
scheme there are still significant phase aberrations in the
non-zigzag direction, leading to different divergence an-
gles in both directions[6], or large defocus and astigmatism
described with phase aberrations. Furthermore, non-
uniform pumping and heat removal will also bring in
phase distortions that all contribute to deteriorated beam
qualities. Since these aberrations varywith pumping power
and continuously grow before a balanced state of temper-
ature distribution is reached they cannot be simply elimi-
nated with static devices such as lens systems or phase
plates. As adaptive optics (AO) systems can compensate
fast changing phase aberrations in real time[7,8], they have
been successfully applied in slab laser systems[9].
Most reported AO systems for slab lasers solely use de-

formable mirrors (DMs) to correct the phase aberrations.
However, the phase distortions of the output beam of slab
lasers could be very large (peak to valley up to 100 μm),
which is beyond the stroke of a conventional DM. A pos-
sible solution is to combine multiple conventional DMs or
one-dimensional DMs[10,11]. However, employing more DMs
can be very expensive and make the control system com-
plicated. Previously we have reported an AO system for a
slab laser system with a 39-actuator DM[12]. In this system

two cylindrical lenses are used to expand the beam in the
non-zigzag direction. As the divergence angles in the zig-
zag and non-zigzag direction are rather different, which
will lead to a large defocus and astigmatism, the two cylin-
drical lenses also work as an astigmatism corrector and a
large uncorrectable defocus still exists. Thus, in that sys-
tem defocus is ignored. In addition, as the focal lengths of
the cylindrical lenses are fixed, when the pump power
changes the distance between the lenses must be adjusted
and the size of the beam on the DM will also change.

In this Letter we present a hybrid AO system for a
kW-class solid-state slab master oscillator power amplifier
(MOPA) laser system. In this hybrid AO system, the
phase aberration of the slab amplifier is first corrected
by a low-order corrector that consists of cylindrical and
spherical lenses, and the remaining components are then
sent to the DM. With this hybrid system there is no need
to develop a large stroke DM for the slab laser amplifier.

Figure 1 depicts the zigzag convention cooled end-
pumped slab (CCEPS) laser amplifier[13] and the hybrid
AO system. A single-mode continuous-wave (CW) fiber
laser is used as the master oscillator of the MOPA system
whose output beam is collimated and transformed into a
rectangular aperture. Then the beam passes four Nd:YAG
slab amplifiers in the zigzag configuration and achieves
kW-class output. More details about the MOPA system
can be found in Ref. [13]. First, the beam of the slab
amplifier is corrected by the low-order corrector, which
consists of cylindrical and spherical lenses fixed on a
motorized rail. By adjusting the distances between
these lenses this device can correct both defocus and
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astigmatism and the size of the beam could also be adap-
tively changed to fit the aperture of the DM, which is
impossible with our previous system[9]. Then the beam
is further corrected by both a tip/tilt mirror (TTM)
and a continuous surface DM with discrete actuators,
as is shown in Fig. 2(a). Finally, the output beam is
sampled by a high-reflectivity (HR) mirror (M2) and mea-
sured by a multipurpose Shack–Hartman wavefront sen-
sor (HS) that can also get the near-field and far-field

intensity distributions of the beam, as is shown in
Fig. 2(b).

As is constrained by the size of the beam, the largest
number of achievable actuators is 59 in our lab. The dis-
tance between neighboring actuators of the DM is 8 mm,
and the stroke of each actuator is 5 μm. The effective area
of DM is 52 mm× 52 mm. Figure 3 shows the match of
the 59 actuator to the subapertures of the lens arrays.
The real-time wavefront processor receives images from
the multipurpose HS and calculates the voltages for both
the TM and the DM, and sends signals to the high-voltage
amplifier (HVA). Both the TTM and the DM are directly
driven by the HVA. The wavefront processor is based on a
real-time Linux and x86 CPU and operates at the sample

Fig. 1. Schematic of the hybrid AO system for the MOPA laser system.

Fig. 2. (a) 59-actuator DM and (b) the multipurpose HS. Fig. 3. HS aperture and the actuator positions in the AO system.
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rate of 1000 Hz[14]. The software interface of the processor
is shown in Fig. 4. To correct a large defocus and astigma-
tism of the output laser to a low level, which is within the
stroke of the DM, the spacing between the cylindrical and
spherical lenses of the low-order corrector are first calcu-
lated according to the initial beam characteristics, then
the lenses move to the calculated position.
After that, the laser system operates at the prescribed

power and the distances between the lenses are further
adjusted using the wavefront sensor as feedback. The low-
order corrector can be reconfigured at different output
powers of the laser system. Figure 5(a) shows the typical
spots of the wavefront senor of the laser beam after the
low-order corrector. Figure 5(b) illustrates the phase aber-
rations that are reconstructed with the zonal method
using the Southwell model[15]. Then remaining components
are corrected by the DM in real time. The strategy for the
DM control system is a direct-gradient reconstruction
algorithm[16].
The relationship between the HS and DM can be

described as

G ¼ F · V ; (1)

where F is the reconstruction matrix of the direct-gradient
algorithm that is determined by the structure of the HS
and DM; V is the vector of voltage applied in the DM.
G is the vector of the wavefront slopes of the x and
y directions in all subapertures; G is measured by HS,
and then V could be calculated from Eq. (2), where Fþ

is the pseudoinverse of F :

V ¼ Fþ ·G: (2)

The surface of the DM could also be calculated accord-
ing to V and influence the functions of the actuators.

We have done several experiments with the above
hybrid AO system. Figure 6(a) shows the typical spots de-
tected by the multipurpose wavefront sensor. Figure 6(b)
shows that aberrations of the beam could be well corrected
after sequential working of the low-order wavefront cor-
rector and the DM.

Figure 7 shows the typical near-field spots of the laser
beam at full power. We use β based on the power in bucket
(PIB) to evaluate the beam quality, which is defined[17] as

β ¼
����������
Areal

ADL

s
: (3)

As the beam is almost square, we use a square PIB
bucket instead of a circle, which is widely used for circular
beams. Areal is the area of the actual beam containing
81.5% of the total power in the far field, while ADL

is the area containing 81.5% of the total power in the
diffraction-limited case. Figure 8 illustrates the far-field
intensity distribution of the beam after being corrected
by the entire hybrid system. As is shown, the beam quality
(β) has been successfully improved to 1.9. It should be
noted that the peak intensity of the far-field spot is
enhanced about 7 times after the DM is on. Figure 9 illus-
trates the PIB of the far field of the laser beam before and
after the DM is on. It is clear that the power concentration
of the beam is significantly improved after correction.

Fig. 4. Software interface of the wavefront processor.

Fig. 5. (a) Typical spots of the wavefront senor of the laser beam
and (b) the wavefront of laser beam.

Fig. 6. (a) Typical spots of the wavefront senor of the laser beam
when AO is on and (b) the wavefront of the laser beam.

Fig. 7. Near-field of the laser beam at full power.
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The curve of the β overall process of the laser’s opera-
tion is shown in Fig. 10. The average value after being cor-
rected by the low-order corrector is 7.4. When the DM is

on the average value improved to 2.1. During the whole
process, the AO system worked stably.

In conclusion, the aberrations of a kW-class solid-state
zigzag MOPA laser is successfully compensated by the
hybrid AO system we presented. In this system large
defocus and astigmatism of the beam are first corrected
by the low-order corrector comprised of cylindrical and
spherical lenses. Then the remaining components are
compensated by the 59-actuator DM. The beam quality
(β) is successfully improved to 1.9 under full power. Faced
with a large distortion in the high power laser, the hybrid
AO system offers an alternative choice.

This work was supported by the National Key Scientific
Equipment Development Project of China under Grant
No. ZDYZ2013-2.
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Fig. 8. (a) Far-field intensity distribution of the beam after the
low-order compensator, β ¼ 7.3. (b) The far-field intensity
distribution of the beam after being corrected by the DM;
β ¼ 1.9. (c) The 3D figure of the far field of (a) and (b).

Fig. 9. PIB of the beam before and after the DM is on.

Fig. 10. β overall process of the laser’s operation after the hybrid
AO system.
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