Quantum Electronics 36 (1) 20—26 (2006)

©2006 Kvantovaya Elektronika and Turpion Ltd
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On the possibility of high-frequency modulation of laser
radiation by using a deformable mirror

V.V. Kiyko, A.G. Safronov

Abstract. The results of experimental studies of a cooled
deformable mirror with a controllable curvature of the
reflecting surface in the frequency range from 0 to 40 kHz
are presented. The original method is used for measuring the
amplitude- and phase-frequency characteristics of the mirror.
The dependences of the reflecting surface deformation on the
control voltage are obtained at different fixed frequencies
near resonances. It is found that the nonlinearity of these
dependences is caused by the shift of the resonance
frequencies of the mirror with increasing the control voltage
amplitude. The parameters of the mirror such as the
linewidth, Q and damping factors, and peak sensitivity are
studied at the 4.69-kHz fundamental and 37.2-KHz high-
frequency resonances. It is found that upon the shift of
resonance frequencies, the mirror Q factor and its peak
sensitivity are independent of the control voltage amplitude.
The high-frequency modulation depth of laser radiation that
can be obtained with such intracavity mirrors is estimated
from the results obtained.

Keywords: laser radiation modulation, curvature-controlled defor-
mable mirrors, resonance frequencies.

1. Introduction: Repetitively pulsed intracavity
laser radiation modulation

The repetitively pulsed regime of continuously pumped
lasers considerably extends their technological and scientific
applications. For example, a processing complex based on a
standard moderate-power (several kilowatt) cw CO, laser
operating in the repetitively pulsed regime with a pulse
repetition rate variable from 10 to 10° Hz acquires new
technological possibilities. These are the extension of the
assortment of processed materials [1, 2], the realisation of
new technological operations [3], the improvement of the
processing quality and efficiency [2], etc. The high-
frequency (tens of kHz) repetitively pulsed regime of
high-power (50—100 kW) laser systems permits the realisa-
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tion of qualitatively new effects, for example, to decrease
plasma screening during the interaction of radiation with
materials, to reduce the thermal defocusing of radiation on
long routes, to increase the energy extraction efficiency in
wide-aperture lasers, etc. [4, 5].

The repetitively pulsed regime can be obtained in a cw
laser by using a deformable intracavity mirror for the laser
Q-switching. For example, by means of a single-channel
deformable mirror with a controllable curvature of the
reflecting surface, the low-frequency (up to 400 Hz) repeti-
tively pulsed modulation of moderate-power (1-2 kW)
lasers was obtained [6]. A deformable membrane mirror
was employed to obtain repetitively pulsed radiation from a
low-power (200 W) technological Nd: YAG laser with a
pulse repetition rate of 250 Hz [7]. The realisation of the
low-frequency repetitively pulsed regime in a laser is
definitely determined by the ability of a deformable mirror
to quench cw lasing, which means that the laser radiation
can be modulated in the frequency range from zero to a few
kilohertz. In this case, the upper boundary of the frequency
range is determined by the frequency of the first resonance
of a deformable mirror used in the laser.

As for the high-frequency modulation of radiation by
means of the deformable intracavity optics, such experi-
ments have not been performed so far. At the same time, in
the moderate-power and especially high-power (above
10 kW) lasers a deformable mirror is almost the only device
capable of playing the role of an optical switch because all
other modulators contain transmitting elements. Thus,
deformable mirrors are of interest from this point of
view, at least for the use in high-power lasers.

It is obvious that to obtain and use such high-frequency
repetitively pulsed radiation regimes, it is necessary to have
at least the reliable information on the high-frequency
properties of deformable mirrors. Not only the amplitude-
and phase-frequency characteristics (AFC and PFC) are
needed in the frequency range under study, but also the
dependences of deformations of the reflecting surface on the
control voltage at individual fixed frequencies at which laser
radiation can be modulated are required. Obviously, this
modulation will be more efficient at the resonance frequency
of the mirror because in this case the vibration amplitude of
its reflecting surface increases. Therefore, the position,
amplitude, Q factor, and other parameters of high-fre-
quency (tens of kilohertz) resonances of a deformable
mirror are of prime interest.

In this paper, we studied cooled bimorph mirrors with a
controllable curvature of the reflecting surface in the
frequency range 0—40 kHz, which were considered earlier
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in detail in papers [8, 9]. The aim of our study is to deter-
mine the applicability of these mirrors for the repetitively
pulsed modulation of laser radiation. The upper boundary
of the frequency range was chosen based on the real
requirements to the modulation frequency of 10—50-kW
self-injection gas-dynamic CO; lasers [5].

2. Experimental

The vibration amplitude and phase of the reflecting surface
of deformable piezoelectric mirrors as functions of the
control voltage frequency (i.e., AFC and PFC) can be
measured by different methods:

(1) by using devices for measuring vibrations, for
example, a displacement sensor [9] or a vibrometer [10];

(i1) by using one of the control piezoelectric drives of a
deformable mirror as a sensor of displacements of its
reflecting surfaces [11];

(iii) by means of a stroboscopic interferometer [10, 12].

The first measurement method assumes contact between
the mirror surface and a sensor and hence is undesirable in
the case of highly reflecting optics. The second method is
also unacceptable in this case because the deformable mirror
has a single control element. As for stroboscopic interfer-
ometry, we did not use it because the processing of many
interferograms obtained in measurements is a rather long
and laborious process.

We used in our experiments the well-known dependence
of a signal of a photodetector located in the interferometer
on the displacement of a mirror in one of the arms of the
interferometer [13]. Figure 1 shows the scheme of the setup
for studying the frequency properties of a deformable mirror
with a controllable curvature of the reflecting surface. It
consists of a Michelson interferometer with plane reference
mirror (6) in one of the arms and deformable mirror (7) in
another arm. A laser beam of diameter 15 mm is formed by
optical elements (2)—(4). The beam incident on beams-
plitter (5) is split into two — the reference beam [reflected
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Figure 1. Scheme of the experimental setup: (/) LGN-223 laser
(A =632.8 nm, the beam diameter is 1 mm); (2) attenuating filter;
(3, 4) lenses; (5) beamsplitter; (6) reference mirror; (7) deformable
mirror; (8) 2.7-mm aperture; (9) FD-256 photodiode; (/0) power
source; (/1) amplifier; (/2) power unit; (/3 ) standard signal generator;
(14) Tektronix THS710A double-beam oscilloscope; (15) F5041 fre-
quency meter-chronometer; ( /6) U2-11 selective amplifier.

from mirror (6)] and the object beam [reflected from
controllable mirror (7)] which interfere in the measuring
arm of the optical system. The light intensity at the centre of
the interference pattern is [14]

1211+12+2\/1112COS(/), (1)

where I} and I, are the intensities of interfering beams and
¢ is the phase difference of the reference and object waves.
When a plane object mirror is displaced along the optical
axis by &, the phase difference is

@ = 2kAl = 2k(Aly + &), )

where k = 2n/2; 4 = 632.8 nm; A/ is the length difference of
the reference and object arms of the interferometer; and A/
is the initial difference of the lengths of the arms.

In our case, object mirror (7) is not displaced along the
optical axis as a whole but is deformed (as shown in Fig. 1)
by the control voltage U produced by generator (/3) and
amplifier (/7). Due to the mirror deformation, the centre of
its reflecting surface is displaced along the optical axis.
Therefore, expression (2) remains valid if the light beams
only near the optical axis are considered. This was achieved
by means of 2.7-mm aperture (8) placed in the measure-
ment arm of the interferometer. Thus, we measured the
vibration amplitude and phase of the reflecting surface of a
deformable mirror by the displacement of its centre within
the visually controlled adjustment error of the optical
system.

Let us assume that the interferometer is initially adjusted
so that

Aly=nij2+ /4, n=0,1,2,..., 3)

and initially plane (for U = 0) mirror ( 7) is deformed under
the action of the control voltage U so that the centre of its
reflecting surface is displaced by the distance H,. Assuming
that £ = H,(U) in (2) and taking (1) and (3) into account,
we write the light intensity I on photodetector (9) in the
form

I = 11 +12 -2 1112 COS (2kHC) (4)

For interfering beams of the equal intensities (I; = 1), we
have

I =211 —cos(2kH,)]. ®)
In experiments, the harmonic control voltage
U = U, sin(2xft) (6)

with the amplitude U, and frequency f, which was
controlled with oscilloscope (7/4) and frequency meter
(15), was applied to deformable mirror (7). The output
signal of photodetector (9) operating in the diode regime
was fed to the second channel of oscilloscope ( /4). Taking
into account that the voltage across the photodiode is
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proportional to I and using (5) and (6), we represent the
variable component U, of the photodetector signal in the
form

™

U, = U,cos {nw},

J/4

where U, is the proportionality coefficient determined by
the rated output power of laser (/) and photosensitivity of
photodiode (9).

Comparison of (6) and (7) shows that the control voltage
U on the deformable mirror (and, hence, H,) changes for the
time 7/2 = 1/(2f) from a minimum to maximum. Simulta-
neously, the output signal U, of the photodetector changes
for the same time 7'/2 by a factor of 2N from a minimum to
maximum, where N = H./(4/4). Thus, by measuring N
experimentally, we can easily calculate the value H_ corre-
sponding to the amplitude U, of the control voltage and its
frequency f, thereby obtaining the AFC H.(f) for the
deformable mirror.

By comparing oscillograms U,(z) and U(r) (Fig. 2), we
can calculate the phase shift @ between the vibrations of the
reflecting surface and control voltage, thereby obtaining the
PFC O(f) of the deformable mirror. Note that if the initial
condition (3) is not fulfilled, the amplitudes of local extrema
in the signal U,(¢) are different (shown by the arrows in
Fig. 2b) and these amplitudes are equal when this condition
is fulfilled. In addition, signals U.(f) and U(r) have a slight
initial phase shift

0, = arctan4—}7 (8)
3n

caused by the electromechanical hysteresis # of the
deformable mirror [10]. For the mirror used in our
experiments, # = 10.2 %, and, therefore, the output signal
U,(¢) of a photodiode in the quasi-static regime is delayed
with respect to the control voltage U(z) by the value
O, =2.5°.

3. AFC and PFC of a cooled bimorph mirror
with a controllable curvature of the reflecting
surface

We studied the frequency characteristics of the mirror for
the control harmonic voltage amplitudes Uy =2 —28 V.

J(IAY

50 ps

Figure 2. Oscillograms of the control voltage U, of a deformable mirror
(a) and photodiode signal U, (b). The scale division is presented for the
control voltage oscillogram.

froa =4.69 £0.05 kHz and f, = 37.2 £ 0.5 kHz.

Figure 2 illustrates the determination of the values of N and
O required for the construction of the AFC and PFC of the
mirror. For example, for Uy =10V, f=4021 Hz, and
T =248.7 ps, we have ® = —0.747 rad and 2N = 12.8.

Figure 3 presents the experimental data obtained for
Uy = 12 V; similar characteristics were obtained for other
control voltages. One can see that the AFC of the mirror in
the frequency range under study has two distinct resonance
peaks at 4.7 and 38 kHz. After passing through each of these
peaks, the vibration phase of the reflecting surface shifts by
n radian

@(fres + Af) - @(fres - Af) ~ —T. (9)

In this case, we have directly at the resonance frequency

@(fres) ~ @(fres - Af) - TC/2, (10)

as should be the case according to the theory [14]. Here, Af
is a detuning from the resonance frequency f,., within the
half-width of the resonance peak. A simultaneous graphical
processing of the AFC and PFC gave the refined values of
the resonance frequencies of the deformable mirror
The
corresponding points are shown by rhombs in Fig. 3b.
Therefore, the resonance peak observed at a frequency of
37.2 kHz (high-frequency resonance) allows the use of this
mirror for high-frequency repetitively pulsed modulation of
laser radiation.

Both resonance frequencies f.; and f.., of the mirror
correspond to its radial eigenmodes, which depend only on
the radial but not angular coordinate (Fig. 4). This follows
from the axial symmetry of the mirror construction, which
has a single circular control electrode whose centre coincides
with the symmetry axis. A more detailed quantitative
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Figure 3. AFC (a) and PFC (b) of a cooled bimorph mirror; the dashed
straight line shows the average value of H_ in the quasi-static regime; the
rhombs on the PFC are the points of the resonance.




On the possibility of high-frequency modulation of laser radiation

23

W; (arb. units)

1.0 ——
0.8 e
RN

o4 N .

|
|
|
i

0.2 \WZ :S 8a
. S e

AN\ N A B

—0.4 \ |, °

—0:6 \\ -4-/'/?

0 5 10 15 20 r/mm

Figure 4. Radial eigenmodes W, of a cooled bimorph mirror with a
controllable curvature of the reflecting surface. The dashed straight line
shows the boundary of the light aperture.

comparison of the experimental and theoretical data makes
no sense because neither of the known mathematical models
can describe adequately a real mirror [15].

It follows from Fig. 3 that, despite a similar behaviour of
the PFC at the two resonance frequencies, the vibration
amplitudes of the reflecting surface at these frequencies are
substantially different: H_(fres1)/Ho(fre2) = 8.7. This is
explained by the fact that the conditions of spatial ‘phase
matching’ (i.e., the correspondence of the external action
distribution to the form of the vibrational eigenmodes of the
system [16]) are perfectly fulfilled only for the first radial
mode of the mirror, and therefore the maximum resonance
effect is achieved at the first resonance frequency corre-
sponding to this mode.

Apart from the resonance peaks considered above, the
AFC has a local maximum at a frequency of 4.1 kHz, which
is related to the deformable mirror design. In addition, other
local extrema also exist, in particular, a minimum at 6.7 kHz
(the corresponding phase shift is A@ = /4 rad) and a
maximum at 7.3 kHz (A® =~ n/8 rad). We assume that
these extrema are observed in experiments for the following
reasons. A real mirror inevitably has some deviations from
the symmetrical construction, which appear during manu-
facturing of its elements and their assembling. This results in
the appearance of the eigenfrequencies of the mirror
corresponding to the angular eigenmodes whose vibration
amplitude exactly at the centre of the reflecting surface is
zero. Therefore, when the AFC is measured by the centre
displacement at the eigenfrequencies corresponding to the
angular modes, no extrema should be observed. At the same
time, they should appear in the AFC even upon a small
deviation of the measurement point from the mirror centre,
for example, due to an inaccurate adjustment of the optical
system. It seems that this occurred in our experiments
because the coincidence of the centre of mirror (7) and
aperture (8) (see Fig. 1) with the laser beam axis was
controlled only visually.

Note in conclusion that the AFC also has other
inhomogeneities in the range 8—30 kHz; in this case, the
PFC continuously changes in the frequency range from
—7n/8 to —3m/2. This variation in @(f) can be explained by
the presence of the mirror eigenfrequencies in this frequency
range. The amplitude of ‘resonances’ related to these
frequencies is so small that they are observed on the
AFC as weak inhomogeneities, whose value lies within
the experimental error (see Fig. 3a).

4. Resonance properties of a deformable mirror

Analysis of the AFCs obtained near the resonance
frequencies allows one to determine a number of param-
eters characterising a deformable mirror as a vibrating
system. One of these parameters is the Q factor, which is in
the case of a multimode vibrating system with the
resonance frequencies f,.; has the form [16]

1 1

o= 2o (n
7frcsi

0;= AL (12)

where Af; is the width of the corresponding resonance peak
at the /2 level. The graphical processing of the exper-
imental results showed that Af; =0.4+0.1 kHz for the
fundamental resonance of the deformable mirror and,
hence, Q; =12+ 3; for the high-frequency resonance,
Af5 =2+ 1 kHz and Q, =20+ 10. The large error in the
latter case (50 %) is explained by a small number of points
on the resonance curve (no more than five) and a large
error in the frequency measurement in this range. One can
see that the obtained values are of the order of magnitude
of Q factors of radio engineering oscillatory circuits, for
which Q ~ 10 — 10% [16].

By using (11) and neglecting other local extrema of the
AFC, we obtain the resulting Q factor of the deformable
mirror Q =8+ 3. It is known [16] that the amplitude of
forced oscillations of an oscillator excited at the resonance
frequency is Q times greater than that in the quasi-static case
for fii < frs- The AFC obtained for the fundamental
resonance gives the ratio Ho(fres1)/Hc(fqs) = 8 1, where
H(fqs) 1s the values averaged over five measurements in the
frequency range 100—500 Hz (see Fig. 3a). For the high-
frequency resonance, the ratio Hy(fres2)/Hc(fqs) = 7.5
proved to be understated because H.(fqy) is the exper-
imental value obtained for f'= 31 kHz. We see that the Q
factors of the deformable mirror obtained by different
methods for different resonances are in good agreement
despite a high measurement error in some cases.

By using the results obtained, we determine the damping
factors «; of the individual modes W (r) of a deformable
mirror for weakly decaying vibrations of its reflecting
surface

w(r, t) = Zexp(foc,-t)W,-(r) cos(wy;t). (13)

Here, w is the form of the reflecting surface of the mirror;

wy; = 21fo; = (U)rzesi + 011'2)1/2 = (Q(%z - “iz)l/z

(14

are the cyclic eigenfrequencies of the mirror as a dissipative
vibrating system [14]; Q,; = 2nFy; are the cyclic frequencies
of its free vibrations in the absence of friction; and
Wresi = 2Tf1esi- From the definition of o [16] and expression
(12), we obtain

_ nfresi _
oL _—

=79, = nAf;, (15)
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which gives for the fundamental mode of the mirror
a; =(1.3+03)x 10° s ' and o, = (6 £ 3) x 10° s7! for the
high-frequency mode. It can be easily verified that for such
damping factors, the frequencies f;,; and Fy virtually
coincide with the corresponding resonance frequencies
fresi Of the deformable mirror taking into account the
errors indicated for the latter. Therefore, we can use
resonance frequencies w,.; instead of the eigenfrequencies
wg; in (13) to a good approximation.

As expected, the obtained value of o; is substantially
lower than o,, and, hence, the decaying vibrations at the
fundamental resonance frequency are more ‘long-lived’. In
addition, in the case of free vibrations of the reflecting
surface, the amplitude of the fundamental mode of the
mirror is larger than the amplitude of any other mode.
Therefore, from the point of view of the decay time, all the
eigenmodes of the deformable mirror in expression (13) can
be neglected compared to the fundamental mode, and we
can assume that free vibrations of its reflecting surface decay
at the frequency f,.; = 4.69 kHz. Taking into account the
energy dissipation in higher-order modes, we obtain the
effective damping factor

o= T;/;es] ,
0

which gives o = (1.8 £0.7) x 10* s™'. Thus, the character-
istic decay time t of free vibrations of the reflecting surface
of the mirror at the 1/e level is 0.5+ 0.2 ms.

(16)

5. Consideration of nonlinearity
with increasing the control voltage amplitude

The results considered above were obtained in the regime of
small vibrations of the reflecting surface of mirrors (for a
small control voltage amplitude), i.e., when a vibrating
system remains linear [14]. As the control voltage amplitude
is increased, a deformable mirror becomes a nonlinear
system, so that the parameters presented above change in
general. First of all this concerns the resonance frequencies
Jrest and fro of the mirror.

By comparing AFCs obtained for different voltages, we
found the shift of resonance frequencies of the mirror with
increasing U,. The corresponding dependence for the first
resonance is presented in Fig. 5. One can see that as the
control voltage amplitude increases, the resonance fre-
quency decreases and, therefore, the deformable mirror
has a soft quasi-elastic characteristic [14].
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Figure 5. Dependence of the first resonance frequency f,.; of a defor-
mable bimorph mirror on the harmonic control voltage amplitude Uj,.

The shift of resonance frequencies of the mirror was
distinctly observed in our experiments for the voltage
Uy =20 V; their shift for Uy <20V, if it is exists, is
negligible. Therefore, the resonance properties of the
deformable mirror begin to change at the control voltage
that is rather low compared to its limiting values (—200 and
+300 V).

The shift of resonance frequencies with increasing U,
leads in turn to the nonlinear dependence H.(U,) for
f=const at least near the mirror resonances. Recall that
the dependence H,(U) for these mirrors in the static regime
is linear at low voltages [8] at least for U < 80 V. In other
words, the static sensitivity K, = H./U of the mirror in this
range is constant. For convenience of the analysis, we will
introduce, similarly to the static sensitivity, the dynamic
sensitivity of the deformable mirror at the fixed controlled
voltage frequency

H,

Kyp=—
cf UO

(17)

| f=const

It is convenient to study the dependences H.(U,) for
f= const by the example of the fundamental resonance of
the mirror, whose amplitude is substantially higher than
that of the high-frequency resonance, so that nonlinear
effects are more distinct in this case against the background
of the experimental error (see Fig. 3a). The corresponding
dependences are shown in Fig. 6. One can see that they all
are nonlinear in the voltage range under study.

The plots in Fig. 6 can be distinctly divided into two
groups according to their type. When f > f..; (Fig. 6b), the
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Figure 6. Dependences of the displacement H, of the centre of the
reflecting surface of a deformable mirror on the harmonic control
voltage amplitude U, for /< f,1 (a) and f= fs; (b) for f=4.69 (1),
4.65(2), 4.60 (3), 4.55 (4), 4.50 (5), 4.76 (6), 4.86 (7) and 5.00 kHz
(8). The dashed straight line shows the value Uy =22V for
f=4.65kHz.
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dependence H.(U,) increases. Its derivative dH,./dU, and
the dynamic sensitivity K of the mirror decrease in the
range under study. The decrease in K and, hence, the
nonlinearity of dependences H.(U,) are caused by the shift
of the resonance frequency f,.; of the mirror with increasing
Up. A detailed analysis of dependences H.(Uj), their
derivatives, and K. (U,) shows that for f > f,., the dynamic
sensitivity of the mirror decreases down to a stationary
value, which is lower, on average, by 40 % than the initial
sensitivity.

For f< f.q (Fig. 6a), the dependence H.(U,) also
increases. However, unlike the previous case, the dynamic
sensitivity K of the mirror at the frequency f first decreases
to a certain level and then increases. The value of K
increases until the control voltage U, achieves the value at
which the resonance frequency f,. exactly coincides with
the given frequency fi fie1(Uoes) =f For example,
Upes =22 V for f=4.65 kHz in Fig. 6a. As follows from
Fig. 5, for Uy = 22 V, the value of f,. is precisely 4.65 kHz.
As Uy is further increased, the dynamic sensitivity K again
decreases.

As the resonance frequency of the mirror shifts with
increasing the control voltage amplitude, the maximum
deformations of the reflecting surface at different U, are
achieved obviously at different frequencies. Taking into
account the nonlinear dependence H_ (U,) for f'= const, it is
interesting to see how the amplitude of the resonance peak
H.... = H.(f.s) changes with its shift with increasing Uj,.
Figure 7 presents the dependences H.,.(U,) for the funda-
mental and high-frequency resonances of the deformable
mirror. One can see that both these dependences are
absolutely linear, so that the resonance (peak) sensitivities
K.ros = Hepos/ Uy of the mirror remain constant in both
cases, at least in the range studied.

Hcres/p—m
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Figure 7. Dependences of the resonance peak amplitude H, ., on the
control voltage amplitude U, for a cooled bimorph mirror: (/) funda-
mental resonance; (2) high-frequency resonance. The dashed straight
line shows the dependence H,.(U,) in the quasi-static regime.

Because the static sensitivity of the mirror at low
voltages is constant, this result means that the ratio
He s/ H(fqs) s independent of U, (we assume that the
sensitivity of mirrors is the same in the static and quasi-
static regimes). This means that, despite the shift of the
resonance frequencies, the Q factor of the deformable
mirror as a multimode vibrating system remains invariable
with increasing U,. Taking expression (11) into account, we
can assume that this conclusion is also valid for both
fundamental and high-frequency resonances of the mirror

because all the dependences for them coincide qualitatively,
being different only quantitatively. Therefore, the Q factor
of resonances peaks is preserved with increasing the control
voltage amplitude: Q; = const.

It follows from this result and expression (12) that the
width Af; of each resonance peak of the deformable mirror
decreases with increasing U,. Taking expression (15) into
account, this means that the damping factors o; of individual
vibrational modes decrease. In this case, the dependences
Afi(Uy) and o;(Uy) for each resonance qualitatively coincide
with f,..i(Up). The resulting damping factor « also decreases
with increasing Uy, the dependences a(U,) and f,. being
different only quantitatively [as follows from expression

(16)].

6. Analysis of the efficiency of high-frequency
laser radiation modulation

Let us estimate the depth of repetitively pulsed radiation
modulation by using the intracavity mirror at the high-
frequency resonance. Note that we will not consider here
lasing processes typical for the Q-switching method. These
processes are well studied and were considered in many
papers (see, for example, [7, 17]).

It follows from Fig. 3a that the deformation amplitudes
of the mirror at the high-frequency resonance and in the
static regime (for f'— 0) are the same, at least within the
experimental error. The case in point is, of course, the centre
of the reflecting surface of the mirror, where the mirror
deformations are maximal for any radial mode (see Fig. 4).
Therefore, the peak sensitivity of the mirror at the high-
frequency resonance (i.e., taking the shift f,., into account)
coincides with the static sensitivity (Fig. 7). Thus, if the
deformable mirror provides the quenching of generation in a
laser in the static regime, then the radiation of this laser
operating at the high-frequency resonance, taking into
account its shift, will be modulated with the modulation
coefficient equal to 100% [18]. Such a result can be
expected, for example, for technological Garpun-2000
and Haber-1A stable-resonator CO; lasers, in which lasing
was quenched upon a static control of a similar deformable
mirror [6].

If deformations of a mirror in the static regime are
insufficient to quench lasing completely, the output power of
the laser will decrease not to zero but to a residual power P,,
which means that the modulation coefficient m at the high-
frequency resonance will be lower than 100 %. It can be
estimated as

7Pmin:Pratefpr (18)
Pmax+Pmin Pratc+Pr’

_Pmax

where P, and P.;, are the maximum and minimum
output powers of repetitively pulsed laser radiation and
P.ae 1s the rated cw power of the laser.

Taking into account the shape of vibrations of the
reflecting surface of a mirror at the high-frequency reso-
nance gives a large value of the modulation coefficient of
radiation. Indeed, the mirror deformations in static and
quasi-static regimes and near the first resonance correspond-
ing to the fundamental eigenmode are parabolic [8] (see
Fig. 4). At the same time, near the high-frequency resonance
corresponding to a higher eigenmode, the mirror deforma-
tions have a more complicated spatial shape. When an
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intracavity mirror is used, these deformations introduce
phase distortions into the laser cavity, resulting in a decrease
in its output power. It is known [13, 19, 20] that more
complicated spatial phase distortions cause a greater
decrease in the output laser power than less complicated
phase distortions. This leads directly to the two conclusions:

(i) The radiation modulation coefficient at the high-
frequency resonance will be definitely greater than that in
the quasi-static regime, all other factors being the same, i.e.,
equality (18) passes to the strict inequality

Prate B Pr ) (19)
Prate + Pr

(i) The radiation modulation coefficient at the high-
frequency resonance equal to the quasi-static modulation
coefficient will be achieved at a lower control voltage of the
mirror.

As mentioned in section 3, the spatial ‘phase-matching’
conditions for the high-frequency resonance of the mirror
are not fulfilled; only the conditions of temporal, i.e.,
frequency phase-matching being fulfilled. In other words,
the spatial distribution of a driving force (the control
voltage) does not correspond to the shape of vibrations
of the reflecting surface at the high-frequency resonance, i.e.,
to a particular eigenmode of the mirror. If these conditions
are fulfilled, the vibration amplitude at the high-frequency
resonance will increase, resulting in the increase in the
coefficient of intracavity high-frequency modulation of laser
radiation. In the case of a bimorph deformable mirror, the
spatial matching between the control voltage and a radial
high-frequency mode can be achieved quite simply by using
an additional ring electrode for the second mode or several
such electrodes for higher modes. Therefore, a slight modifi-
cation of the mirror allows one not only to increase the
amplitude of the resonance at a frequency of 37.2 kHz
(neglecting its shift) but to pass, generally speaking, to the
next high-frequency resonances corresponding to the higher-
order radial modes. The latter means that laser radiation
can be modulated at higher frequencies, at least above
40 kHz.

7. Conclusions

The results obtained in the paper permit the use of the
deformable mirrors already now for the efficient high-
frequency modulation of laser radiation at frequencies of
the order of 37 kHz. First of all, this concerns moderate-
power technological CO, lasers with standard stable
resonators. A comparative analysis of the static and
resonance characteristics of deformable mirrors used in
the paper makes it possible to estimate the radiation
modulation depth at any frequencies for any optical
schemes of laser resonators. From the practical point of
view, the main technical difficulty concerns the control
electronics because a higher-power equipment is required
when high modulation frequencies are used, the required
equipment power being proportional to the modulation
frequency.

Acknowledgements. The authors thank Prof. V.P. Budak
(chair of illumination engineering, Moscow Power Institute)
for his useful advice during the preparation of this paper.

References

1. Grigor’yants A.G. Osnovy lazernoi obrabotki materialov
(Fundamentals of Laser Machining of Materials) (Moscow:
Mashinostroenie, 1989) pp 201 —249.

2. Vedenov A.A., Gladush G.G. Fizicheskie protsessy
pri lazernoi obrabotke metallov (Physical Processes in Laser
Machining of Materials) (Moscow: Energoatomizdat, 1985)
pp 184 -195.

3. Abil’siitov G.A., Golubev V.S., Gontar’ V.G., et al.
Tekhnologicheskie lazery: Spravochnik, T. 1: Raschet,
proektirovanie i ekspluatatsiya (Handbook on Technological
Lasers, Vol. I: Calculation, Design and Service
(Moscow: Mashinostroenie, 1991).

4.  Husmann A., Niessen M., Gruembel F., Kreutz E.-W.,
Poprawe R. Proc. SPIE Int. Soc. Opt. Eng., 3343, 759 (1998).

5. Apollonov V.V., Kiko V.V, Kislov V.I., Suzda)isev A.G.,
Egorov A.B. Kvan‘ovaya Eleictron., 33, 753 (2003) [ Quantum
Electron., 33, 753 (2003)].

6.  Vinevich B.S., Evdokimovich LN., Safronov A.G., Smirnov S.N.
Kvantovaya Elekiron., 34, 333 (2004 [ Quantum Eleciron., 34, 333
(2004)].

7. Vdovin G., Kiyko V. Opt. Lett., 26, 798 (2001).

8. Vyskubenko O.B., Kapustin P.7., Kolokolov 1§y, Masychev V.I.,
Safronov A.G. Kvantovaya Elefkctron., 33, 547 (2003) [ Quantum
Electron., 33, 547 (2003)].

9.  Freeman R.H., Garcia H.R. 4ppl. Opt., 21, 589 (1982).

10.  Apollonov V.V,, Temnov S.N., Chetkin S.A. Preprint IOFAN,
No. 231 (Moscow, 1987).

11.  Albertinetti N.P., Aldrich R.E., Everson J.H. Proc. SPIE Int.
Soc. Opt. Eng., 179, 28 (1979).

12.  Apollonov V.V., Ivanova E.A., Prokhorov A.M., Chetkin S.A.
Pis’ma Zh. Eksp. Teor. Fiz., 15, 78 (1989).

13.  Vorontsov M.A., Shmal’gauzen V.1. Printsypy adaptivnoi optiki
(Principles of Adaptive Optics) (Moscow: Nauka, 1985)
pp 20 —-108.

14.  Yavorskii B.M., Detlaf A.A. Spravochnik po fizike (Handbook of
Physics) (Moscow: Nauka, 1968) pp 112-135.

15.  Gontkevich V.S. Sobstvennye kolebaniya plastinok i obolochek.
Spravochnik (Handbook on the Eigenfrequencies of Plates and
Shells), Ed. by Filippov A.P. (Kiev: Naukova Dumka, 1964)
pp6-—47.

16.  Prokhorov A.M. (Ed.) Fizicheskaya Entsiklopediya (Physical
Encyclopaedia) (Moscow: Sov. Entsiklopediya, 1990) Vol.2, p.5;
Bol’shaya Rossiiskaya Entsiklopediya
(Big Russian Encyclopaedia) (Moscow: Entsiklopediya, 1992,
Vol. 3, p.362; 1994, Vol.4, p.309).

17.  Karlov N.V. Lektsii po kvantovoi elektronike (Lectures on
Quantum Electronics) (Moscow: Nauka, 1988) pp 117 -120.

18.  Baskakov S.I. Radiotekhnicheskie tsepi i signaly (Radio
Engineering Circuits and Signals) (Moscow: Vysshaya Shkola,
1988) pp 89-90.

19. Freeman R.H., Freiberg R.J., Garsia H.R. Opt. Lett., 2, 61
(1978).

20. Vinevich B.S., Zharikov V.M . Safronov A.G. Kvantovaya
Elektron., 25, 377 (1998) [ Quentum Electron., 28, 366 (1998)].


http://dx.doi.org/10.1070/QE2003v033n09ABEH002496
omis
�7(//(�(! 9�9�5 >&;( 9�9�5 >&�/(! 9�ˆ�5 ��:.+/)��	! ��%�5

omis
˜'(
(! ���� ����	
���� ˘��ˇ	�
��5 &&5 ��" ,�˝˝"3 B ˚
��	
�

omis
˘���	�
�˘ˆ &&5 ��" ,�˝˝"3C

http://dx.doi.org/10.1070/QE2004v034n04ABEH002677
omis
9&�	!&2� ����5 ˜!.(;&�(!&2� ��=�5 �+0
(�(! ��%�5 ��&
�(! ��=

omis
����	
���� ˘��ˇ	�
��5 &˙5 """ ,�˝˝
3 B ˚
��	
� ˘���	�
�˘ˆ &˙5 """

omis
,�˝˝
3C�

http://dx.doi.org/10.1070/QE2003v033n06ABEH002455
omis
9*�;��	�;( ˇ���5 >+7���&� ��ˆ�5 >(/(;(/(! ˆ���5 1+�*2�	! 9�ˆ�

omis
�+0
(�(! ��%� ����	
���� ˘��ˇ	�
��5 &&5 �
� ,�˝˝"3 B ˚
��	
�

omis
˘���	�
�˘ˆ &&5 �
� ,�˝˝"3C�

http://dx.doi.org/10.1070/QE1998v028n04ABEH001223
omis
9&�	!&2� ����5 G�+
&;(! 9�1�5 �+0
(�(! ��%� ����	
����

omis
˘��ˇ	�
��5 (65 "�� ,˙��63 B ˚
��	
� ˘���	�
�˘ˆ (75 "   ,˙��63C�



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 1200
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [1800 1800]
  /PageSize [595.276 841.890]
>> setpagedevice


