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ABSTRACT

We study active BAW energy removal by a piezoelectric
receiver from high-power-consuming acousto-optic devices
for infrared photonics. The piezoelectric receiver converts
the ultrasonic wave into an electrical signal, which is
dissipated in an external electrical load. It is analytically
shown that in the plane wave approximation BAW
reflection from the receiver tends to zero at a certain choice
of complex load or at the 50 Ohm active load transformed
by the matching circuit to the optimal complex value.
Theoretical calculations are confirmed by experiments. We
designed and fabricated a SiO,-based custom acoustic
device with two LN transducers, an emitter and a receiver,
corresponding to a typical geometry of acousto-optic
interaction in the laser Q-switches. Experimental
measurements demonstrated that over 60 % of the incoming
into device RF power in the operating bandwidth of 21-28
MHz could be removed by the receiver from the SiO,
crystal into the external electrical load.

Keywords: acousto-optics, laser Q-switch, piezoelectric
transducer, thermal stabilization, matching circuit.

1. INTRODUCTION

Among the acousto-optic (AO) devices for controlling
laser radiation [1, 2], a special place is occupied by AO
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Q-switches for solid-state lasers operating in the giant
pulse generation mode. As a rule, fused and crystalline
quartz SiO, is used in the Q-switches. Quartz has a high
laser-induced damage threshold but is characterized by a
low AO figure of merit M,, which determines the control
RF power of the Q-switch [1-3]. A typical AO laser Q-
switch based on quartz at a wavelength of 1.064 um
consumes RF power of the order of 30 Watts. Usually,
either water cooling or thermoelectric elements are used.
A feature of all AO devices is the quadratic dependence
of the diffraction efficiency on the laser wavelength [1—
3]. For example, when operating in a pulsed holmium
laser based on Ho*":YAG, 2.1 pm [4, 5], to achieve the
same level of efficiency as at the wavelength of 1.064
um, all other things being equal, a control RF power of
the order of 120 W is theoretically required, which will
lead to the destruction of the device. This fundamental
feature of AO interaction is a serious limiting factor in
the use of new high-power mid-IR lasers of 2—5 pum
wavelength region. Currently, mid-IR lasers are being
intensively developed. Most of them operate in a pulsed
mode, but electro-optical shutters, passive shutters based
on liquids or crystals, for example, on Fe’":ZnSe, and
even mechanical ones are used as Q-switches [6, 7].
Thus, development of AO Q-switches is a challenge for
improvement laser efficiency in the mid-IR range, for
example: Cr*":CdSe for 2.26-3.61 pm [8]; Fe**:ZnS for
349-4.65 um [9]; Fe:ZnSe for 4.0-4.5 pm [10];
femtosecond laser systems with amplifiers based on
Fe’":ZnSe for 4-5 pum [11], Cr:ZnS and Cr:ZnSe
polycrystals for1.9-3.4 um, and Fe:ZnS and Fe:ZnSe
polycrystals for 3.4-5 pm [12].
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2. THE CONCEPT OF REMOVING PHONON
ENERGY FROM AN AO CRYSTAL

In any AO device, there are two main principal heat
sources in an AO crystal: a piezoelectric transducer and
a dissipative absorber of bulk acoustic waves (BAW)
after diffraction, which provides the traveling BAW
mode in the AO device. Bulk acoustic absorption in the
AO laser Q-switch crystals can be neglected, since they
operate at relatively low frequencies of 25-50 MHz. The
heating of the entire crystal due to the dissipation of
acoustic energy is significant if there is no damper.

If the piezoelectric transducer has low losses for
converting electrical energy into acoustic energy, say
1.5-2.0 dB, its contribution to the heating of the AO
crystal is not decisive. A significant factor is the heating
from the acoustic damper, since it absorbs the bulk of the
BAW energy. Many types of acoustic dampers for AO
devices are known from the literature. However,
fundamentally they are all of the dissipative type.

The dissipative acoustic power absorber in the AO
device is structurally always located on the AO crystal
and heats it. If a method for actively transferring or
extracting the BAW energy from the crystal were found,
then the problem of reducing the temperature of the AO
Q-switch and increasing the stability of the laser in the
mid-IR range would be solved to a certain extent.

In this paper, for the first time, an original method is
theoretically proposed and experimentally confirmed:
replacing a conventional dissipative damper with an
active device that transforms the energy of acoustic
waves into electrical energy and removes it via an RF
cable to a matched electrical load. This method is based
on the conversion of acoustic energy through the use of a
second, receiving, piezoelectric transducer in the AO
device. If a significant part of the acoustic energy could
be removed from the AO crystal, then it became possible
to extend the use of AO laser Q-switch to the mid-IR
range, where they are practically not used now. Besides
that, a recently developed new type of AO laser Q-
switch based on low-symmetry KRe(WO,), crystal
family and first used in lasers in the 2.0-3.0 um range
[13, 14] could be extended further into the IR region.

3. THEORETICAL ANALYSIS OF BAW
ABSORPTION BY A PIEZOELECTRIC
RECEIVER

The proposed method for reducing the reflection
coefficient of an acoustic wave from the crystal
boundary involves the creation of a crystal-plate
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structure, where a piezoelectric plate with metallized
surfaces is attached to one of the crystal facets so that
acoustic contact is provided between the plate and the
crystal (Fig. la). The mechanical vibrations of a
piezoelectric plate, as well as the transmission of
acoustic waves through a set of layers that provide
contact between the piezoelectric plate and the crystal,
will be described by the transfer matrix method [15-17].
In our work, the transfer matrix method will allow us to
derive an analytical expression for the reflection
coefficient of an acoustic wave incident from the crystal
onto the “layered structure + piezoelectric plate” system,
and then obtain analytical expressions for the parameters
of an external matching electrical circuit connected to
the piezoelectric plate, at which the coefficient reflection
vanishes almost in a certain frequency band (Fig. 1b).
We assume that there is a bonding layered structure
between the transducer and the crystal, which provides
good acoustic contact (Fig. 1a).

Crystal | Zd

.

(a)

.
Bonding layers  Piezoelectric plate

(b)

Figure 1. a) Crystal, piezoelectric transducer and
bonding layers; b) Complex electrical load. Active
resistance Ry=50 Ohm is the matched electrical load.

A piezoelectric plate is described by a transfer matrix

= (m11 m12) )
My Myy)’
where
me. = M. — MaMa1 Moo = Maa — M%,
11 11 Sz + My, 12 13 wSZo+Mys’
M2 w
my, = M31 - ¢, M11 = COS (_d),
WSZg+Moy v

M, = ésin (%d),
M3, = —wZ sin (% d),

M5 = —sm( d)

My, = [cos( d)- 1]
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v is the speed of sound in the plate, Z = pv is the mechanical
impedance of the plate, p is the density, e is the
piezoelectric modulus, € is the permittivity, S is the area of
the plate, Z,, is the load electrical impedance. Each of the
layers of the binding structure is characterized by a transfer
matrix similar to (1), but having M, = M,; = 0, since the
layers are not piezoelectric.

It can be shown that the expression for the reflection
coefficient R has the form:

Nny1+iwnyeZe

R = ttiohazte )

lwNnyyZc—Nypq

where n,, and n,, are matrix elements

Ny n12)
Ny Npp/)’

fl = mm’ = ( 3)
' is the transfer matrix of the binding structure as a whole.
In particular,

N
_ ’ r p21
M1 = My My + MyaMyy = Npy — 20
N
_ ’ r_ p22
Nyp = MyyMyy + MMy = Nyy — 05Zeyt My C)

where

Ny = M31m’11,+ Mllm,21',

1= (M, my; + Myumy,) My,
Ny, = M3ymy, + Myymiy, %)
Nyo, = (Myymi, + Myymi )My,.

The reflection coefficient R vanishes at the frequency wq
provided that the impedance of the external electrical
circuit (Fig. 1b) is equal to

Z(o) 1 (Np21+iw0Np222C _ M24). ©)

el iwopS \ Nyi+iwgNyZ,

The impedances X; and X, of the inductor and capacitor,
respectively, at which the total impedance is Z%,; (6), are

_ | ReRe(zD) O , REXi
Xl F((O)) X Im(Z ) + = R2+Xlz' (7)
and then
Lo = X;/wo, Co = wo/Xe. ®
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Therefore, the frequency dependence of the impedance
included in the plate transfer matrix elements is
described by the expression

iROwLo

Zo(w) = — —

wCy Rp-iwLy’ ©
Let us consider the typical design parameters of an AO laser
Q-switch for unpolarized radiation based on SiO, crystal
[19]. Longitudinal piezoelectric plate is lithium niobate
(LN) Y+36° with an area of $=2.5x27 mm” with K,=0.49,
p,=4700 kg/m’, £,=4.04x10"° F/m. Resonance frequency
fz=50 MHz. A longitudinal wave propagates in a crystal
along X axis. The phase velocity is v.=(c/p)"?, where
¢1,=8.67x10"° N/m?, p=2648 kg/m3. The directions of the
phase and group velocities coincide.

The binding structure is determined by the manufacturing
technology and in our case contains 5 layers [3],

Cr (0.05 um) — Au (0.15 um) — In (0.4 um)
—Au (0.15 um) — Cr (0.05 pm) (10)

with material constants

Cr: ¢;; = 15.08-101° N/m?, p = 7190 kg/m3;
Au: ¢;; = 12.52-10%° N/m?,p = 19300 kg/m3; (11)
In: ¢;; = 4.85-10'° N/m? p = 7310 kg/m3;

Note that the material constants in thin metal layers may
differ from those known for bulk samples [20, 21].

4. CALCULATION RESULTS

Figure 2 shows 4 cases of the BAW reflection coefficient
|R| from the piezoelectric receiver depending on the
frequency of the BAW and the parameters of the matching
circuit. In all cases, the "zero" frequency is equal to f=fx.
Line 1 is calculated taking into account the presence of
bonding layers, i.e., R is found from (2) and Z(w) is given
by (9), where Ly and C, are calculated from (6) and (7),
namely

Ly =57.7nH, C, = 480.1 pF. 12)
Line 2 is obtained when bonding layers are not taken into
account. Then, A = 7, and from the correspondingly

simplified expression (6) we determine Z,;, and then we
find from relations (7) the inductance and capacitance,
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" = 58.6 nH, C, = 416.8 pF. (13)

and the impedance Z,(w) in the expression for R is
calculated according to (9), where L, and C, are replaced by
Ly and Cy' (13), respectively. Line 3 is calculated using (2),
but Z,(®) is found from (9), where we substitute Ly' and Cy'
(13), i.e., the inductance and capacitance values are used,
calculated without taking into account the coupling layers.
Line 4 is calculated following (2), and Z,(®) is found from
(9), where C, is substituted, and L, is replaced by L=1.1L,.
Note that in the case under consideration, L, and L, are
quite close, while Cy and Cy' differ significantly.

o7 0e 1A ] 1 1.1 12 12

Figure 2. The dependence of the modulus of the
reflection coefficient on the frequency, fo=fz:
1 — bonding layers are taken into account; 2 — bonding
layers are not taken into account, and the inductance
and capacitance are determined by (13); 3 — bonding
layers are taken into account, but the inductance and
capacitance are determined by (13); 4 — bonding
layers are taken into account, but the inductance and
capacitance are L=1.1Ly and C=C,,.

The calculation results in Fig. 2 reveal the following
significant features.

1) The frequency dependence of the modulus of the
reflection coefficient is determined by the setting of the LC-
elements of the matching circuit (Fig. 1b). Consequently,
the reflection coefficient can be tuned after the manufacture
of the receiving transducer and the matching circuit,
regardless of the technology used and the composition of
the layers [22, 23].

2) The reflection coefficient can be quite close to zero,
|R|<0.1, in the acoustic frequency band that is about 15% of

the central frequency (Fig. 2, curve 2). This means that the
operating speed of an AO laser Q-switch with active energy
extraction in a typical laser resonator remains virtually
unchanged compared to a conventional AO laser Q-switch.
Thus, for a Q-switch with a central operating frequency of
50 MHz, the modulating frequency band is about 5 MHz
(Fig. 2, curve 2), which corresponds to the rise time of the
laser pulse front when crossing a typical laser beam with a
diameter of 1.0-1.5 mm [14, 15].

Figure 3 shows the frequency dependence of the amplitude
Uiy of the incident wave and the amplitude U,.~|R|U,, of
the reflected wave. The incident wave is a rectangular pulse
with a duration of 0.3 is with a carrier frequency
fx=50 MHz. Frequency dependence of the reflection
coefficient [R| corresponds to curve 1 in Fig. 2.

The amplitude U, of the reflected wave is caused by the
diffraction of BAW, and its asymmetry is due to the
asymmetry of the frequency dependence of the reflection
coefficient with respect to f = f;, see Fig. 2.

Figure 3. Frequency dependence of the amplitude
Uje of the incident wave and the amplitude U, of the
reflected wave. The incident wave is a rectangular
pulse with a duration of 0.3 us with a carrier frequency
fx=50 MHz and f;=fx.

5. ACOUSTIC RESONATOR WITH FREQUENCY
DEPENDENT ACOUSTIC ENERGY
REMOVAL

In section 3, theoretical analysis was carried out in the plane
wave approximation, revealing that reflection from the
crystal-transducer interface is determined by the electrical
matching parameters of the piezoelectric transducer with a
R¢=50 Ohm load (Fig. 1a, b).
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Consider the following acoustic structure with two
piezoelectric transducers (Fig. 4). The right-hand-side of
this structure is the crystal interface corresponding to the
structure shown in Fig. 1. The left-hand-side of the structure
(Fig. 4): is a mirror image of the right-hand-side. The
piezoelectric emitter is supplied with RF power from the
generator (the matching circuit of the piezoelectric emitter
is not shown). The whole structure is essentially an acoustic
resonator, provided that the radiation pattern of the acoustic
emitter (left acoustic mirror) coincides with the radiation
pattern of the receiver (right mirror). In this case, a
necessary condition is a sufficiently high reflection
coefficient R from the mirrors. The output of acoustic
energy does not occur if the oscillator frequency f lies
outside the frequency matching band (Fig. 2, curve 2)
0.85>1/fp>1.02, or the matching system of the receiver is
turned off. In the matching band of 0.85<f//;<1.02, the
acoustic structure loses its resonant properties, the reflection
coefficient R from acoustic mirrors decreases, and the
structure transforms the energy of acoustic waves into an
electrical matched load with minimum losses.

c
Crystal (Si02) —
z
Ry I BAW L Ra
A L X L N

Piezoelectric plate  Bonding l3vers Piezoelectric plate
Figure 4. Schematic representation of an acoustic
architecture with a piezoelectric emitter (left) and a
piezoelectric receiver (right). Left: the output
impedance of an amplifier is R;=50 Ohm; right: active
resistance of a matched electrical load is Ry=50 Ohm.

In practice, it is convenient to measure the admittance of the
emitting transducer, and in the RLC circuit of the receiving
transducer, L and C are selected so as to minimize
(completely eliminate) the beatings of the measured
admittance in the vicinity of f=f;. When L and C are
properly chosen, the reflection from the receiving
transducer reaches a minimum near f=f;, and the admittance
beatings caused by the residual standing wave in the
resonator are reduced.

6. EXPERIMENT

To verify the theoretical conclusions in this work, an
acousto-optic structure based on crystalline quartz SiO,
with two longitudinal piezoelectric transducers LN 36°YZ
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cut was fabricated according to Fig. 4. The orientation of
the quartz prism relative to the crystallographic axes
corresponded to the known orientation for diffraction of
unpolarized laser radiation: a longitudinal acoustic wave
propagates along X axis; laser radiation propagates along Z
axis (optic axis) of the crystal [19]. Figure 5 shows the
custom manufactured experimental acoustic device with
matching systems. In terms of its main parameters and
functionality, the experimental device fully corresponds to a
quartz AO laser Q-switch with a piezoelectric receiver for
removing the BAW energy of from the AO element.

Figure 5. An experimental device for verifying the
conclusions of theoretical analysis. Two matching LC
circuits are mounted on top of the quartz crystal.

The planes of the piezoelectric emitter and the piezoelectric
receiver were parallel. The piezoelectric transducers had
identical electrical matching systems, which were tuned in a
50 Ohm circuit using an electrical network analyzer. The
central operating frequency of the piezoelectric transducers
was 24 MHz. The bandwidth was 21-28 MHz with the
standing wave ratio (SWR) less than 1.5.

The fabrication of the piezoelectric transducers was carried
out at the Acousto-Optical Research Center, University
MISIS, using the original vacuum nanotechnology of solid
solutions. The design of the experimental device
corresponded to the main goal of the work, i.e., to study the
phenomenon of the acoustic energy removal from a crystal
under the condition that the acoustic wave is excited in the
crystal by an identical piezoelectric transducer.

The magnitude of electrical reflection coefficient from the
acoustic structure was measured with a vector electrical
network analyzer. This magnitude equals to the modulation
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depth of the BAW field owing to standing waves in the
crystal. In the experiment, relative modulation depth was
below 20% in the matching band of 21-28 MHz. Thus, the
AO diffraction efficiency in the Q-switch could be above
80% in the whole frequency bandwidth. For example, the
typical value of losses in a completely damped cavity of a
Ho’":YAG laser at 2.1 um is 50% [14], so the residual
standing waves in the AO crystal would not result in
parasitic lasing in the cavity.
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Figure 6. Demonstration of the effect of acoustic
energy output from an experimental acoustic
structure. In the matching frequency band of 21-28
MHz, the electrical power removed from the crystal is
more than 60% of the electrical power supplied to the
crystal.

Figure 6 shows the final experimental results of the present
study. The plots show the results of measuring the electrical
power at the input of the experimental device P, the
electrical power at the output of the device P,,, as well as
the ratio P;, / P,,, in the frequency range of 20-30 MHz.
Red triangles (A) correspond to local maxima of the output
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power due to standing waves in the acousto-optic crystal;
blue triangles (V) are the local minima. The data were
obtained as follows. At a fixed amplitude of the signal
supplied from the generator, a local maximum (minimum)
of the output power was searched as a function of
frequency. The values of the output power, the power
entering the acoustic structure, and the standing wave ratio
were recorded. The procedure was repeated for a set of
maxima and minima in the range of 20-30 MHz. Within
the transducers’ matching band of 21-28 MHz, the
electrical power output from the experimental device is
extremely high and ranges from 60 to 70% of the electrical
power entering the device at a level of 20 W. Because of
small difference in parameters of the transducers and in
mutual tuning of the matching circuits of the emitter and
receiver, residual standing waves are observed in the crystal
affecting the experimental data. In the experiments, it has
been also revealed that the acoustic structure is
symmetrical: if you swap input and output connectors,
almost the same experimental data were obtained.

7. CONCLUSION

The experimental studies of the SiO, prototype of the
acoustic transmitter-crystal-receiver structure with identical
piezoelectric transducers fully confirmed the theoretical
conclusions and the usefulness of the practical application
of the proposed method for removal the BAW energy from
the AO crystal after the interaction. The results of this work
allow us to foresee a radical solution to the problem of
creating high-power consuming AO devices for the mid-IR
range of 2-5 pm.
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