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Abstract We demonstrate that an intracavity deformable
mirror (DM) is capable of compensating for the aberrations
of a continuous-wave (CW) Nd:YAG solid-state laser and
improving its far-field peak power fast and stably. The de-
formable mirror is controlled by a stochastic parallel gradi-
ent descend (SPGD) algorithm. Experimental results reveal
that high-order-like transverse modes can be transformed
into Gaussian-like modes quickly without any pinhole added
in the laser cavity. At the same time, the far-field peak pow-
ers are also increased to different extents.

1 Introduction

It is known that when a solid-state laser operates in a multi-
transverse mode oscillation, the output beam quality is usu-
ally too poor to satisfy many applications [1–5]. In con-
trast to the multimode operation status, the fundamental
transverse mode operation has smaller beam divergence and
higher beam quality. Thus, making a solid-state laser pro-
ducing a relatively high-power and high beam quality out-
put is one of the most promising research orientations for
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more and more solid-state laser researchers. Generally, for
obtaining a high beam quality, a simple way one may think
is to introduce a pinhole into the laser resonator to restrict
high-order transverse modes for selecting out the fundamen-
tal mode. However, choosing this way is not wise since it
will inevitably result in a significant debasing of the out-
put power. In most cases, the thermal effects in solid-state
laser resonators are the main distortions to deteriorate the
output laser beam quality. Therefore, they have to be cor-
rected for obtaining high beam quality. Many ways (such
as designing an appropriate cavity configuration or choos-
ing an excellent laser rod and so on) have been employed
to remove thermal effects [4]; unfortunately, though these
ways and means may overcome static thermal effects partly,
they are incapable of eliminating dynamic thermal distor-
tions completely. Since thermal distortions in the resonators
change with the pumping conditions [6], thereby the promis-
ing ways for compensating the thermally induced aberra-
tions are to employ adaptive methods. It is known that adap-
tive optics (AO) technique is a powerful technique that al-
lows for dynamic correction of phase aberrations [7]. Al-
though it is initially developed for compensating for the
turbulence of atmosphere, it has also been using for beam
cleanup in many laser fields [8–14]. Deformable mirrors
(DM) have been taken as the intracavity rear mirrors of
solid-state laser resonators to optimize the output transverse
modes [13, 14]. However, in one way, it often takes a long
time to obtain good results, in another way, the published
papers are often just concerning the conversion of the lower
transverse modes into fundamental mode without describ-
ing the enhancement of peak power in the far-field. To over-
come these disadvantages mentioned above, in this paper,
we present a fast and stable adaptive solid-state resonator for
correcting intracavity aberrations and enhancing the far-field
peak power. A SPGD algorithm is employed as the control
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Fig. 1 The DM fabricated in our lab. (a) Photograph of the DM,
(b) the actuator distributions of the 19-element DM of which each
numbered circle represents an actuator

method for controlling the DM to correct aberrations and
improve the far-field peak power. This paper is arranged as
the follows: we will firstly introduce the basic theory of 19-
element DM which is taken as the intracavity rear mirror in
Sect. 2, and then describe the principle of SPGD algorithm
and its actual application in Sect. 3; at last, the experimental
results at different initial states are given in Sect. 4.

2 The 19-element intracavity DM

A schematic of the mirror actuators distributions, together
with photograph of the mirror, is shown in Fig. 1. The 19-
element DM is fabricated in our lab and has a continu-
ous face plate with stacked PZT actuators [15], the para-
meters are as follows: effective area 32 × 32 mm2, maxi-
mum deflection ±2 µm, maximum voltage ±300 V, reso-
nance frequency > 10 kHz, thermal damage threshold value
>3 kW/cm2 . According to its principle, the DM deforms its
surface when applying voltages on the actuators:

ϕ(x, y) =
n∑

j=1

vjVj (x, y) (1)

where φ(x, y) relates to the mirror shape, vj is the voltage
applied onto the j th actuator, Vj (x, y) is the influence func-
tion of the j th actuator on the wavefront, n is the serial num-
ber of actuators.

The influence function of the DM can be expressed as

Vj (x, y) = exp
[
ln(w)

(√
(x − xj )2 + (y − yj )2/d

)]2
(2)

where w is the coupling coefficients of DM. It is more con-
venient for this DM to fit some surface shapes when the
value of w is large; however, the larger the w, the stronger
one actuator’s influence on its neighboring actuators, which

Fig. 2 The original surface DM shape measured by a WYKO interfer-
ometer

will affect the correction precision. Therefore, this value
should be chosen properly when designing DM, and more
often than not it is in the range of 5% to 15%. As a result,
w is set to 10% in this paper; (xj , yj ) is the space position of
the j th actuator, d is the distance between every two neigh-
boring actuators and set at 8 mm, x and y represent the value
in x-coordinate and y-coordinate of the orthogonal coordi-
nate plane.

Figure 2 is the original DM surface shape measured by a
WYKO interferometer whose specifications are as follows:
peak-to-valley (PV): ±1/20 µm, root-mean-square (RMS)
±1/120 µm. The measured results show that the PV and
RMS of the original DM surface are about 405.3 nm and
79.8 nm respectively, which means that the quality of the
original DM surface is adequate.

3 SPGD algorithm and its application in this system

For the conventional AO systems used in astronomy, the
aberrated wavefront must be first determined before the ap-
plication of its conjugate; therefore, wavefront-sensors are
often indispensable in these systems.

Nevertheless, when an AO system is employed, with in-
tracavity to enhance the output beam performance of CW
solid-state lasers, it is difficult or even impossible to mea-
sure the wavefront aberration and apply a conjugation cor-
rection for achieving promising outcomes just through the
same way. The main reason lies in the fact that a CW AO
laser system is a regenerative system: any DM shape change
will modify intracavity laser modes. Therefore, the thermal
distribution within the gain medium is changed, and as such,
so does the search field. This will prevent the use of a typi-
cal astronomical AO system in CW laser systems. Besides,
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Fig. 3 The schematic
configuration of intracavity AO
system based on SPGD

there is still no precise mathematical model of the rela-
tion between the intracavity aberrations and the output beam
quality, therefore, the measured ex-cavity beam quality can-
not represent the intracavity aberrations with a linear rela-
tionship. Therefore, it is impossible to ascertain the actual
aberrations in the resonator just though ex-cavity wavefront
measurement. Compared with a conventional AO technique,
a new AO scheme based on an SPGD algorithm which does
not have to measure the phase aberrations can solve the
problem. It is adopted to control the intracavity DM to com-
pensate for phase aberrations of the solid–state laser and en-
hance its far-field peak power in this paper.

The theory of SPGD algorithm is described in detail
in [16]; as for the SPGD algorithm employed in our system,
the power-in-a-bucket (PIB) of far-field (the total intensity
within 7 × 7 pixels of the CCD camera is taken as the PIB)
is taken as the cost function J (k) = J (uk

1,, u
k
2,, . . . , u

k
19,),

where uk
1,, u

k
2,, . . . , u

k
19, are the voltages applied onto the 19

actuators of the DM during the kth iterative calculation. The
SPGD algorithm is a fast iterative algorithm whose iteration
cycle is as follows.

(1) Generate a group of statistically independent random
small amplitude perturbation voltages δuk

1,, δu
k
2,, . . . ,

δuk
19.

(2) Apply the “positive” perturbation array (uk
1 + δuk

1,, u
k
2 +

δuk
2, . . . , u

k
19 + δuk

19) onto the 19 actuators of the DM,
and then calculate the PIB J k+.

(3) Similarly, apply the “negative” random perturbation ar-
ray (uk

1 − δuk
1,, u

k
2 − δuk

2, . . . , u
k
19 − δuk

19) onto the 19

actuators, then calculate another PIB: J k−.
(4) Update the voltages according to: uk+1

i = uk
i + γ δuk

i ×
(J k+ − J k−) i = 1,2, . . .19, where γ is the gain coef-
ficient, and δ is the metric perturbation. The value of
γ and δ will determine the convergence rate and the
actual performance. Generally, the larger the γ and δ,
the larger the gap between the actual performance and
optimal performance, from this point of view, γ and δ

should be small. However, the convergence rate is pro-
portional with γ and δ; therefore, when γ and δ are

small, the convergence rate will become slow. Thus we
should make a compromise for choosing a moderate γ

and δ, and as a result, they are set to 0.003 and 0.04
respectively.

The schematic experiment configuration is shown in
Fig. 3. The laser rod used is a lamp-pumped Nd:YAG rod
which has a diameter of 6.5 mm and a length of 120 mm,
the max pumping power is about 1000 W and can max-
imally generate 40 W output when operated in a multi-
mode resonator. Generally, a conventional solid-state laser
is composed of a rear mirror, a laser head and an output
coupler (OC). However, in our system, there is an obvi-
ous difference from the conventional ones: the 19-element
DM is used as the intracavity rear mirror. The intracavity
beam aperture (about ∅4 ∼ 6 mm) changes with the pump-
ing power, a 6× telescope is used as the expander to make
the beam cover at least 70% of the DM aperture. The dis-
tances between the optical elements in the resonators are la-
beled in Fig. 3.

The output beam is then divided into two parts by a
beam splitter (BS). The transmitting part is used for power
detection while the reflecting part is focused onto a CCD
camera (DALSA CA-D1-0064A) which has 64 × 64 pix-
els and a grabbing rate of 2900 frames per second (fps).
The SPGD algorithm built in a RT-Linux dual-core indus-
trial computer is introduced to optimize the cost function
(PIB). The control voltages for the DM are firstly gener-
ated from the computer with one 20-channel, 8-bit digital-
to-analog (DA) converter, and then they are amplified by a
high-voltage-amplifier (HVA) into [−300 V, 300 V]. At last,
these voltages are applied onto the 19 actuators to drive the
DM. On the basis of the SPGD algorithm, intracavity aber-
rations can be compensated in an iterative manner at an iter-
ative rate of 2850 fps.

4 Experimental results of intracavity aberrations
correction

We have accomplished a series of intracavity aberration cor-
rection experiments at different initial power levels. The ini-
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tial output distributions depend on power, and more often
than not, the higher the power, the more complex the ini-
tial output distributions. Figure 4 shows the relationship be-
tween the pumping power and the pumping current. Firstly,
the pumping current is turned to 10.8 A, the output beam
width is 4.3 mm, the output power is 3.6 W and the output
laser mode looks like a TEM20 mode. After the AO sys-
tem is switched on, the laser transverse intensity profile is
Gaussian and the resulting output power increased to 3.9 W.
Figure 5 shows the far-field beam distribution in the case of
open loop and closed loop. What can be seen from Fig. 5 is
that when the AO system is switched on, the laser spot be-
comes smaller, while the peak intensity on the CCD is im-
proved from 135 to 250, which means that the energy on the
CCD is centralized. This result may be explained as follows
[13, 14]: in the course of PIB optimization, the DM changed
its surface shape to counteract the intracavity aberrations
(including thermal effects, spherical aberration and so on)
continuously, and furthermore, since the DM is the rear mir-
ror of the resonator, thus any change of the curvature radius
of DM will result in a change in the resonator configuration,
which may be capable of establishing conditions for gener-
ating the lower mode more efficiently while restraining the
high-order transverse modes. During the course of the PIB
optimization, the voltages on the DM actuators firstly vary
quickly, and then converge to a group of values gradually.
This real-time system can achieve an iterative calculation
with a rate of 2850 fps while 500 to 700 frames are suffi-
cient for an effective beam control based on this algorithm.
From this point of view, the system has a control bandwidth
of about 4 Hz. However, to control the mode keeping it as
stable as possible, the distortions caused by ex-cavity envi-
ronment in the lab should also be compensated, which will
reduce the control bandwidth correspondingly. In the exper-
iment we find that a stable and obvious enhancement of the
far-field peak power at the pumping current of 10.8 A is ob-
tained in less than 10 seconds.

When the pumping current is enhanced to 11.6 A, the
output beam presents a TEM30-like distribution with 5.1 W
output, in this case, the output beam width is 5.2 mm, after
several seconds, the mode is transformed into a Gaussian-
like mode with 5.4 W output. The far-field intensity distrib-
utions at 11.6 A in both open loop and closed loop are shown
in Fig. 6. The peak intensity on the CCD is increased from
105 to 225.

Similarly, Figs. 7 and 8 show far-field form distributions
at the pumping current of 12 A, 12.3 A respectively. The
output beam widths in two cases are 4.7 mm and 4.9 mm
respectively, and after PIB optimization is finished, the
TEM40-like mode and a more complex mode are both trans-
formed successfully into Gaussian-like modes. The output
powers in the two cases are enhanced from 6.1 W, 7.2 W to
6.9 W and 7.6 W respectively, while the peak intensities of

Fig. 4 Relationship of the pumping power and the pumping current

Fig. 5 The far-field laser form and intensity distributions in the case
of open loop and closed loop at the pumping current of 10.8 A

Fig. 6 The far-field laser form distributions in the case of open loop
and closed loop at 11.6 A

two cases are increased from 95, 70 to 230 and 221 respec-
tively.

Thanks to the high iterative rate, in all cases, the time cost
for a stable aberrations correction can be restricted within
10 seconds, which guarantees the capability for correcting
the slow dynamic thermal aberrations in the resonators. In
all cases, when the AO system is off, the output beam inten-
sity distribution and power are varying in some way while,
when the AO system is switched on, they both become rela-
tive stable.
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Fig. 7 The far-field laser form distributions in the case of open loop
and closed loop at 12 A

Fig. 8 The far-field laser intensity distributions in the case of open
loop and closed loop at the pumping current of 12.3 A

Compared with the performance obtained in [13] and
[14] (it costs at least one to several minutes to obtain
an effective result), the most advantage of this system is
speediness. The SPGD algorithm, in combination with the
2900 fps CCD and the RT-Linux dual-core industrial com-
puter, can optimize the beam output nearly in real-time if
the vapidly changing ex-cavity distortions are not consid-
ered to be corrected by our AO system. Besides, the results
are more stable since the closed loop bandwidth is improved
and is fast enough to compensate for the intracavity phase
aberrations.

5 Conclusions

We have set up an adaptive intracavity aberrations correc-
tion system based on the SPGD control algorithm. The ex-
perimental results demonstrate that this system is capable
of correcting the intracavity aberrations of a CW solid-state
laser and enhancing its far-field peak power quickly and sta-
bly without added any pinhole in the resonator. Meanwhile,
when the AO system is switched on, both the far-field peak
power and intensity distributions become stable.
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