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Abatract:

We  have implemented  acoustically

modulated fiber Bragg grating devices for

Bragg reflection modulation. retlection
wavelength  switching, and Q-svitched

erbium-doped fiber laser. On semiconductor
devices. we have observed self-modulation
of mode-locking mechanism in an external-
cavity  semiconductor laser. Regarding
nonlinear-optics devices. we have proposed
the use of a grating structure for phase-
compensation in a PPLN crysial of
incomplete period. Also. with collaborators
we have implemented optical paremetric
oscillators with KTP crystals. pumped with
Ti:sapphire lasers.

I. Fiber Devices:

1) We report a novel device of modilating
the Bragg reflectivity of a fiber graiing by
exciting the transverse vibration of the
fiber through an acoustic wave. The
excitation of the transverse vitration.
leading to fiber micro bending. 1aduces
the coupling of the fiber core mode into
cladding modes. This leads to the

reduction of core-mode power and hence
that of Bragg reflection. This mechanism
provides us a means to control the
reflectivity after a fiber Bragg grating 1s
fabricated. The numerical results based
on a simple micro-bending model agree
well in trend with the experimental data.

2) Coupling between co-propagating core
modes and cladding modes was
implemented by acousticallv generating
lateral vibration of an etched fiber. When
these coupling processes were combined
with counter-propagating coupling of a
core mode and a cladding mode and the
Bragg reflection of a fiber grating,
switching  of reflection  wavelength
between the Bragg wavelength and
cladding-mode coupling wavelengths was
achieved. We report the implementation
of such acoustically induced switching
behaviors and explain their operation
principles. The implemented results can
be used for WDM add/drop filtering.

3) An actively Q-switched all-fiber laser
based on an acoustically modulated fiber
attenuator ~ was  implemented  for
producing 1530.3 nm pulses of 3 pJ in
pulse energy. 150 nsec in pulse width,
and 3 kHz in pulse repetition frequency.

The tiber attenuator was combined with a
fiber Bragg grating. which was used as
the end mirror and the wavelength
selector of the laser system. The fiber
attenuator was implemented with the

" excitation of transverse vibration by a
modulated acoustic wave. The transverse
vibration or micro bending led to the
coupling of the core mode and cladding
modes. Through this mechanism, the



feedback level from the fiber grating or
the Q factor of the laser can be well
controlled. The Q-switched fiber laser
based on this scheme can be quite s mple.

I1. Semiconductor Devices

1) We report the observed results of self
modulation of  passive  mode-locking
mechanism in an external-cavity
semiconductor laser, in which a slant ridge-
loading waveguide was formed for the gain
medium. A region beside the ridge at a
cleaved end of the waveguide served as a
saturable absorber for mode-locking and
its modulation. Under different conditions
of injection current and cavity alignment,
we observed three laser operation reimes.
‘including pure cw oscillation. constant
mode-locked and cw components coexistent,
and modulated mode-locked and cw
components coexistent. The mode-locking
modulation phenomenon is different from
the previously reported concurrence of
mode-locking and self-pulsation. A model
was proposed to explain well the observed
results.

I11. Nonlinear-optics Devices
1) An incomplete period of the last quasi-
phase-matching (QPM) segment in a
periodically  poled nonlinear crystal
represents a  key  problem In
implementing a nonlinear wavelength
conversion device with round-trip or
oscillating waves of interaction. Such a
segment at the crystal end implizs the
broken QPM periodicity for the reslected
waves of Interaction. Here, we
demonstrate numerically that with a
grating structure at the crystal end for
reflecting  signal. the wavelzngth-
dependent phase shift at Bragg reflection
can compensate the phase mismatch of
the retlected signal. idler and pumy of an
optical parametric process. Therefcre, by
slightly shifting the signal wavelength
the phase-matching condition can be
maintained with anyv length of the last
QPM segment. It was shown that with
the grating structure. the conversion

round-trip  optical
could always be

efficiency of the
parametric  process
optimized.

We report the implementation of a KTP
optical parametric oscillator pumped by a
pulsed Ti:sapphire laser. Including signal
and idler. it could be continuously tuned
from 1.261 through 2.552 um by varying
the pump wavelength. Two major
improvements were achieved. including
the connection of the signal and idler
tuning ranges and the high output pulse
energy through the signal and idler
tuning ranges. The first improvement
was achieved by discovering two
particular sets of phase-matching angles.
The second improvement was realized by
using five sets of resonator mirrors for
oscillating either signal or idler.
Theoretical ~ calculations  were also
conducted for the effective nonlinear
coefticient, walk-off angle. phase-
matching acceptance angle. and output
spectral widths for the concerned phase-
matching angles. The second part of this
paper presents the experimental and
theoretical results of sum-frequency
mixing of a Ti:sapphire laser and a 1.064
um Nd:YAG laser. By using two KTP
crystals cut at © = 76 and 83" (0 = 90° in
both crystals), respectivelv. we have
experimentally achieved sum-frequency
mixing tuning range from 439.3 through
4729 nm. The energy conversion
efficiencies were reasonably high.
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Formation Mechanism Dependence on Laser Power of UV-laser Ablated Silicon Surface Gratings

Cherg-Yen Chen, Steffen Gurtler, C. C. Yang
Institute of Electro-Optical Engineering, National Taiwan University,
I, Rocsevelt Road, Sec. 4, Taipei, Taiwan, R.O.C.
(Tel) 886-2-23657624  (Fax) 886-2-23652637  (E-mail) ccy@cc.ee.ntu.edu.tw
Kung-Jeng Ma
Department of Mechanical Engineering, Chung Cheng Institute of Technology,
Ta-Shi, Taoyuan, Taiwan, R.O.C.

Silicon surface gratings are use ul for temperature control in IC process and optoelectronics applications.
They can be easily fabricated with laser ablation. In this paper, we report our results of UV-laser ablated silicon
surface gratings. It was found that cifferent laser-matter interactions were involved for forming the surface
gratings when different levels of laser power were used. Hence, different morphologies of gratings were
observed. In fabricating a grating, a silicon wafer was exposed to the interference fringes formed through a
prism or a holographic system with he fourth-harmonic (266 nm) of a Q-switched Nd:YAG laser. With the
prism method, the grating period car be varied from 180 througf: 600 nm. Figure ! shows the atomic force
microscopic (AFM) picture of a silicon surface grating with the period at 400 nm. The grating was formed with
14 mJ/em® laser fluence with 30 Hz pulse repetition rate for 15 sec (i.e., 450 pulse shots) in the atmosphere. 1t
was identified that the formation of tte corrugations was due to silicon oxidation process. The crests shown in
the figure are silicon oxide. From tie Fourier transform infrared spectroscopy study, the oxide is. oxygen
deficient, i.e., SiO, (x < 2). Also, it vas discovered that the oxidation process would be more efficient with
ambient water vapor, compared witt ambient oxygen molecules. The existence of oxide was proved with
energy dispersive X-ray spectroscopy and HF etching. Figure 2 shows the AFM picture of the grating of Fig. |
afler HF dipping. After silicon oxide was removed, the crests became valleys. Figure 3 shows the real-time
monitoring of the first-order diffracte 1 signal intensity variation with number of laser shots. The results were
obtained using the holographic system We can see that the diffraction becomes detectable after 700 shots in this
situation. The slightly irregular variation of the diffracted :ntensity was attributed to mechanical instability. To
see the dependence on laser power I:vel, we increased the laser fluence to 60 ml/cm’. Figure 4 shows the
diffracted intensity variation with the number of laser shots. The spiky features shown here are similar with
ambient water vapor and ambient nitrogen, indicating that the rapid formation and destruction have nothing to
do with silicon oxidation. It is believed that this process is due to quick melting and sputtering. Again, the
destruction of grating is caused by mechanical instability. To further understand this ablation process, we
exposed the sample with only one laser shot at 60 ml/cm®. Because of aberration in our laser interference
system, a fringe of a larger period was formed besides the designated interference fringe. Figures S and 6 show
the AFM pictures of the grating at a h gh and a low intensity beam portions, respectively. From Fig. 5, we can
see that at the highest intensity sharp peaks with valleys on both sides were formed. Then, at the medium
intensity double peaks with three valliys were produced. At the lowest intensity, nothing is visible. Note that
after HF dipping, the structures in Figs. 5 and 6 still existed, indicating that their formation was not due to
silicon oxidation. More detailed resuls, including the data of energy dispersive X-ray spectroscopy and the

origins of the different surface morpho:ogies, will be discussed.

0-7803-5661-6/99/$10.00 © 1999 IEEE
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Pump-Probe Study on Noulinear Switching in an All-Active-Semiconductor-Optical- Amplifier Loop

Device

Jiun-Haw Lee, Ding-An Wang, Hsin-Jiun Chiang, Ding-Wei Huang, Steffen Gurtler, Yean-Woei Kiang,
and C. C. Yang
Department of Electrizal Engineering and Institute of Electro-Optical Engineering,
National Taiwan Un: versity, 1, Roosevelt Road, Sec. 4, Taipei, Taiwan, R.O.C.
Tel: 886-2-23657624  Fax: 886-2-23652637  E-mail: ccy@cc.ce.ntu.edu.tw

We report the pump-probe study results of the nonlinear switching behaviors in an all-active-
semiconductor-optical-amplifier loog device as depicted in Fig. 1. The ridge-loading waveguide loop has a
radius 300 um with a ridge width 4 um. The loop is connected to a muiti-mode interference (MMI) waveguide
with a length 500 um and a ridge widh 8 um which serves as the nonlinear element. Then, the input and output
ports are also 4 ym waveguides with both lengths about 100 um. For injecting different currents in different
areas, we divided the electro-pad mto four disconnected regions, indicated by the injection currents I,
(inputoutput region), I, (MMI region), I, (one-quarter of loop) and I, (three-quarter of loop). Figure 2
demonstrates three sets of data showing power-dependent switching. We launched a cw Ti:sapphire laser at
849.6 nm, which corresponded to the ain peak of the TE polarization, with various power levels and monitored
the output power variation at the same wavelength. The horizontal axis in Fig. 2 shows the input power before
entering the input waveguide. In this rieasurement, 1, = 30 mA, 1, + 1, = 300 mA and the ], value is shown in the
figure. Because the guiding layer of the amplifier waveguide was so thin (only about 0.3 um), the input
coupling efficiency was estimated to be only on the order of 0.1 % or even smaller. All three curves show
depression of output power when the input power reaches certain values. The observed nonlinear switching
behavior comes from the effect of the nonlinear coupling in the MMI waveguide region. This mechanism is
different from that in a typical Sagna: interferometer which the nonlinear optical mechanism comes from the
leop. The loop has the function of providing gain to the optical signals and redistributing the lateral wave field.
Although the nonlinear optical mechanism comes from the MMI amplifier, the loop still plays a crucially
important function. Figure 3 illustrates the simulation results for the four cases: loop with gain (normal function
of the device), loop without gain (a small I, + I, for the device), mirror with gain (loop removed with an
assumed gain), and mirror without gain (loop removed). We can see that only in the case of “loop with gain”,
efficient nonlinear switching can be observed.

Figures 4 shows the experimertal setup for the cw pump-probe measurement. The two independent
tunable Ti:Sapphire lasers were used to study the cross effect of two input signals of different
wavelengths/polarization. The output iignals passed a monochromator which was used as a spectrai filter to
eliminate the unwanted amplified spontaneous emission. In Fig. 5 (6), we demonstrate several sets of data with
input power of the signal at 847.2 nm (849.6 nm) varied from 0 to 15 mW. The horizontal axis represents the
input power at 849.6 nm (847.2 nm) and the vertical axis stands for the output power at the same wavelength.
As shown in Fig. 5, the output power at 849.6 nm is affected by the input signal at 847.2 nm aithough the gain
at 849.6 nm is higher. When the input power at 847.2 nm reaches 10 mW, the nonlinear switching effect
becomes insignificant. On the other hand, from Fig. 6 the output power at 847.2 nm is not strongly affected by
the input power at 849.6 nm.

In summary, we have fabricated 1ll-semiconductor-optical-amplifier loop devices and characterized their
operation with cw signals. Gain saturat on in the MMI coupler led to nonlinear coupling and hence the power-
dependent switching of the devices. The active loop is important to provide gain and to redistribute the field.

0-7803-5661-6 / 99/ $10.00 © 1999 IEEE



Output Power at 849.6nm (nW)

Output Power (mW)

ThOS / CLEO®/Padific Rim 99/ 731

2.5
I I, ]
S 2.0
T
s 1.57
2 4
vesessrones &

R F
2 coupler S o5

Input [, Output 00 ,
__> 0

Input Power (mW)
Fig.1 Layout of the device. Fig.2 Output power as a function of input power

with different 1, values.

&H— Ti-Sapphire
P Laser (1)

1
ll P AR
Measuremen % Ti-Sapphire
System f; P A2 Laser (2)
\4

Input Power Monitor

Input Power (uW)
Fig.3 Simulation resuits with diffezent Fig.4 Experiment setup of cw pump-probe
device stuctures, system.

€ -
T 4
E o
o
~
-
= -
=
S 24
3
©
L o
H P = 15mW
< pump
7" § 77
° 10 20 30 © 0 10 20 30 ©
Input Power at 849.6am (m'W) Input Power at 847.20m (mW)
Fig.5 Qutput power as a function of inout probe  Fig.6 Output power as a function of input probe
power (at 849.6 nm) with different input power (at 847.2 nm) with different input

pump power (at 847.2 nm) - pump power (at 849.6 nm)



WG5 /CLEO®/PadficRim 99/ 183

Monolithic PPLN-based Optical Parametric Oscillators Using Grating Structures for Phase
Compensation in Achieving Efficient Round-trip Wavelength Conversion

Chih-Wei Hsu, Cheng-Yen Chen and C. C. Yang
Institute of Electro-Jptical Enginecring, Nationa! Taiwan University,
1, Roosevelt Road, Sec. 4, Taipei, Taiwan, R.O.C.
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With the development of domair inversion techniques for quasi-phase matched LiNbO; and other
nonlinear optical materials, wavelength conversion efficiencies for frequency doubling and optical parametric
processes have been tremendously increased [1). However, so far all oscillators based on quasi-phase-matching
(QPM) materials for wavelength conversion were made with the configuration of external cavity. It is a natural
trend to develop compact monelithic wavelength converter. Such a device can be implemented by preparing
high-reflection coating on the end-facets >f a QPM material to reduce the oscillation threshold. However, such
an arrangement faces a basic problem, ie,, the length of the last QPM segment at the material end facet is
uncontrollable because the period of QPW ranges from a few pm to a few tens um. Unless the length of the last
QPM period is exactly equal to one-qua-ter of the QPM period (the optimum situation), the reflected signal
from the end-facet will experience broken QPM periodicity and suffer from reduced wavelength conversion
efficiency or even reverse energy flow of wavelength conversion [2). This problem can possibly be solved by
preparing anti-reflection coating for one >f the pump, signal and idler waves. However, since high-reflection
coating needs to be prepared for the other ane or two waves at the same time to reduce the oscitlation threshold,
the coating process becomes quite difficul.,

In this paper, we propose the idea o " using a grating structure for solving the problem of the incomplete
QPM period and demonstrate the simulatian results of the phase compensation in achieving efficient round-trip
optical parametric oscillation in PPLN. Figure [ shows the fayout of the a monolithic optical parametric
oscillator {OPO) with (wo surface gratings at both ends. The two gratings are chirped to guarantee that their
phase variations over the Bragg reflection windows are larger than 2%. One of them has a length of 1 mm and
the other has a length of 0.8 mm. The purtip input is applied from the long grating side and the signal output is
obtained from the short grating side. The vhole PPLN length is § mm. For our numerical study, we congider the
pump wavelength at 1064 nm and signal wvavelength at 1550 nm. The idler wavelength is hence at 3.393 um.
The corresponding QPM period of PPLN is 29.6 um. The central grating period is 361.83 nm, which
corresponds to the Bragg wavelength 1550 nm. To obtain numerica) resuits, we solved the coupled equations for
the forward and backward pump complex amplitudes, the forward and backward signal complex amplitudes,
and the forward and backward idler complsx amplitudes.

The symbolic data points in Fig, 2 (3) show the output signai intensity as a function of the signal
wavelength within the Bragg reflection window for various L; values of the grating of 1 (0.8) mm, Here, L. is
the length of the last QPM segment in terms of the QPM period . Before the grating, there is a plain PPLN of 4
(4.2) mm in length. At the crystal end, the signal experiences uncoated end-facet reflection besides the Bragg
reflection from the grating. Meanwhile, the idler and the residual pump are reflected from the uncoated and
high-reflection (100 %) end-facets, respect vely. For comparison, the data curves without symbols in Figs. 2 and
3 show the similar cases without the gratirg sections. In these cases, the end-facet is high-reflection coated for
the signal. The pump intensity is fixed at 50 MW/cm?. The initial signal and idler intensities at the left end are
set at 0 and 1.25 kWiem', respectively. We can see that with the grating the output signa! intensity oscillates
with wavelength, The maximum of the oscillation reaches the level of the optimum situation of the coating
device and the minimum has a levef about :he same as the worst situation of the coating device. The oscillating
output signal intensity is attributed to the signal phase variation with wavelength upon reflecting from the
grating, At the peaks, the phase of the reflected signal has a value such that the phasc-matching condition
among the reflected pump, signal and idler is reached for the optimurm nonlinear conversion, The resuits in Fig.
2 imply that with the grating swucture, the system will provide the output with the optimum nonlinear
conversion by slightly shifting the signal wavelength within the Bragg reflection window of the grating. The
wavelength shift is quite small, as smali as a few tenths of nm, Such a shift is always within the QPM window

0-7803-5661-6 /99 / $10.00 © 1999 IEEE
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for efficient nonlinear conversion. Becaise of the difference in grating length between Figs. 2 and 3, the
wavelengths for optimum wavelength conversion are different.
Then, we conducted numerical simulations on the whole PPLN with the two gratings. It was observed that
the waveiength for optimum OPO signal output resulted from the compromise between the optimum conditions
" of the two gratings. It also depended on various conditions, such as the input pump power and the length of the
central portion of the PPLN resonator. The details of the compromise for the optimum condition and the
dependencies on various conditions will be discussed in this paper. Regarding the technique of forming the
surface gratings, although chemical wet exching is not a good technique for fabricating corrugation gratings on
periodically poled nonlinear crystals becuuse the etching rates of the opposite domains are different, surface
gratings on LiNbO,; have been successfully fabricated with laser ablation. Figure 4 shows an atomic force
microscopy picture of 2 surface grating on LINbO,. The details of this technique will also be discussed.

References:

1. G. D. Miller, R. G. Batchko, W. M. Tulloch, D. R. Weise, M. M. Fejer and R. L. Byer, Opt. Lett. 22, 1834
(1997).

2. G. Imeshev, M. Proctor and M. M. Fejer, Opt. Lett. 23, 165 (1998).

s 7R
~ \—e— 0
E- E 0T G [ ¥ I P
@ - -=—@e- 0.U28T
8 ~- ---—- 0251
a ~-cdeees 03751
grating e
—» £
purfip output 3 8.0 vty
1.549 1680 1.551
PPLN wavelength (micron)
Fig.1 Layout of the PPLN QPO with surface gratings. Fig. 2 Output signal intensity versus L, of the
long grating.

2

¥

2

g .

.

5

B‘ 1

g 0.0 ~r—rrr—r Ty

1.548 1.5 1.551
wavelength {micron)
Fig. 3 Output signal intensity versus L, of tte Fig. 4 AFM picture of a LiNbO, surface grating.

short grating.



224 / WMS-1

Actively Q-Switched All-Fiber Laser with a Fiber Bragg Grating of Variable
Reflectivity
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Q-switching of erbium-doped :iber laser can provide simple and robust high-pulse-energy
light sources for various applications, including eye-safe ranging, remote sensing, medicine, and
others. Typically, external-cavity acousto-optical modulation was used for implementing Q-
switching. However, the required external-cavity configuration represents a drawback, which is
open for improvement. It is exp:cted that an all-fiber Q-switched laser can increase the
efficiency and its robustness. In this paper, we report a novel Q-switched fiber laser based on an
acoustically modulated fiber Bragg grating reflector. We used a fiber Bragg grating as the end
mirror of the laser cavity. This fiber grating was under acoustic perturbation for controlling its
Bragg reflectivity. Therefore, the Q-factor of the laser cavity was switched high and low by the
acoustic wave. Pulses of around 15( nsec in width and 7.6 wJ in pulse energy were obtained. The
laser slope efficiency was 13.1 %. This all-fiber Q-switched fiber laser can be quite compact and
robust.

Figure 1 shows the experimertal setup of the Q-switched fiber laser. Right to the 72-cm
long erbium-doped fiber, it was spliced to a fiber Bragg grating with the Bragg wavelength at
1550.5 nm. Between the grating and erbium-doped fiber, the fiber was laterally glued onto the tip
of a metal homn (made of aluminum), whose base was attached to a piezoelectric transducer
(PZT), driven by a voltage source, for receiving mechanical vibration. This is the part of the
setup for producing acoustic perturbation of the fiber grating. Left to the erbium-doped fiber, a
WDM fiber coupler was connected for providing 980 nm pump power, which was provided by
an argon-laser pumped Ti:sapphire laser. To the very left end, the cleaved fiber facet was used as
the output coupler of the laser and provided about 4 % reflectivity. The whole cavity length was
136 cm.
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The fiber grating has a length of 1.5 cm and a Bragg reflection window of 0.5 nm, centered
at 1550.5 nm. The peak reflectivity was about 95 %. To concentrate the incoming acoustic power
tear the core of the fiber, the cladding of the fiber grating section was etched with HF solution to
reduce the cladding diameter down to 30 um. The length of this minimum cladding diameter was
2 cm with the 1.5-cm long grating lccated at the center. Including the two taper sections on both
sides, the whole etched fiber length 'was about 5 cm. The metal horn was 1 ¢cm in base diameter
and 1.5 cm in length. Its tip was glued to the fiber about 2.5 cm from the grating center. Its base
was glued to a thin PZT of 1.3 cm in diameter and 1.8 mm in thickness. The PZT was connected
to a voltage source for driving acoustic waves. The acoustic waves propagated with increasing
intensity along the hom to its tip and translated the power to the fiber. With the acoustic
excitation, the fiber vibrated transversely to create micro-bending. The micro-bending produced
the optical coupling between the core mode and cladding modes of the fiber. The cladding-mode
power decayed through radiation. The out-coupling of optical core-mode signal reduced the
power for Bragg reflection of the grating. Therefore, Bragg reflectivity of the fiber grating
decreased with the intensity of the acoustic wave or the applied voltage to the PZT. Figure 2
shows the variation of Bragg reflection spectrum with various applied voltage levels when the
acoustic frequency is 713 kHz. One :an see that as the peak-to peak (p-p) voltage increases to
68.8 V, the Bragg reflectivity near 1550.5 nm is reduced to almost zero. This is the acoustic
perturbation mechanism for Q-switching.

To see the response speed of the acoustic control of Bragg reflectivity, we applied a
periodical square-wave modulation with various frequencies to the sinusoidal voltage signal at
713 kHz. Figure 3 shows the modulation response when the modulation frequency is 5 kHz. Part
(b) of this figure shows the applied sinusoidal voltage under 5 kHz modulation with 50 % duty
cycle. Part (a) shows the variation of Bragg reflectivity at 1550.5 nm of the fiber grating. One
can see that switch-off of Bragg reflectivity is faster than switch-on as the acoustic wave is
turned on and then off. The switching time depends on several parameters, including sound
speed in fiber, the location of the horn tip along the fiber, the length of fiber grating, and the
masses of the metal hom and PZT. ‘The reflectivity starts to recover about 40 psec after the
voltage is turned off. Before turn-on >f acoustic wave of the next cycle, only 60 psec left for
reflectivity recovery. Because of the slow recovery and fast decay of Bragg reflectivity, the
reflectivity value fluctuates between (.06 and 0.27. Note that because the sampling rate of the
used oscilloscope was not well set, the fast oscillation of the applied voltage in Fig. 3 does not
represent the real acoustic frequency.

Figure 4 shows the laser output pulse profile and the applied voltage. Here, the Q-switching
frequency was S kHz, the applied voltage was 72 V (p-p), and the acoustic frequency was 713
kHz. The 980 nm pump power was 29) mW. This figure shows that the pulse width is about 150
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nsec. The laser threshold is near 2 taW and the slope efficiency is about 13.1 %. Take the case of
290 mW pump power as an example, it corresponds to the average output power of 38 mW or
pulse energy of 7.6 uJ/pulse. With the pulse width of 150 nsec, the peak power is 50.7 W. It is
believed that the pulse energy can bz scaled up for at least several times.
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Fig. 1 Experimental setup of the Q-switched laser.  Fig. 2 Bragg reflection spectrum variation
with various applied voltage levels.
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Fig. 3 (a) Bragg reflectivity response 10 a square- Fig. 4 Laser output pulse shape and the
wave modulation of acoustic wave wi-h modulation modulated applied voltage.
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