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A new amplitude-modulation mode-locking technique is presented. Acoustic waves are
generated directly on the faces of 2 resonant photoelastic medium. The created standing waves
cause 2 kighly efficient diffraction modulation of light. The modulation depth of standing-wave
mode lockers is related to material and drive parameters and a figure of merit is introduced.
With a lithium niobate crystal modulation depths over 10 are achieved at 1.054 gm and | W of
radic frequency power. Using this device for the active mode locking of a continuous-wave
Nd:glass laser pulses as short as 3.8 ps are produced at a repetition rate of 66 MHz.
Limitations of amplitude-modulation mode locking by standing acoustic waves are discussed.

Active mode locking has been used for a long time to
produce ulirashort pulses in solid-state lasers. The highly
stable output of these picosecond light sources allows repro-
ducible pulse compression outside the laser resonator. Addi-
tionally, solid-state laser materials are optimum media for
optical pulse amplification. Owing to these features solid-
state laser systems based on continuous-wave (cw) actively
mode-locked oscillators offer an attractive alternative for
high-intensity femtosecond pulse generation.’? The same
master oscillators are employed in synchronously pumped
tunable dye laser systems.” The duration of the pulses deliv-
ered by the solid-state oscillator greatly determines the alti-
mate system performance in both cases. In this letter we
present a new amplitude-modulation (AM )} mode-locking
technique for efficient ultrashort pulse generation in actively
mode-locked lasers.

In general, the modulator transmission experienced by a
short pulse in an actively mode-locked laser may be cast in
the formexp[ — 8(2av,,1)7], where § and v,, are the modu-
lation index and frequency, respectively.’ Increasing either
of them gives rise to a reduction of the steady-state pulse
width in continuous-wave mode-locked lasers.* Recently,
short pulses around 10 ps were obtained at high modulation
frequencies.””” However, the high repetition rate reduces the
pulse energy in cw lasers and makes single pulse selection for
regencerative amplification difficult. Therefore, the master
oscillators in the laser systems mentioned above are operated
at moderate repetition rates,' and increasing & provides the
only means for pulse shortening. In AM mode locking 8 ~ P,
where P is the modulator drive power. By contrast, 8~ P
in frequency-modulation (FM ) mede locking, hence, much
higher modulation indices can be obtained by AM than FM.

AM mode locking is usually performed with standing-
wave acousto-optic modulators. In these devices the acous-
tic waves are generated in a piczoelectric transducer and
coupled into a resonant photoelastic medium. We improved
this concept in a rather straightforward way. Selecting a pie-
zoelectric material which also possesses large strain-optic
coefficients a refractive index grating can efficiently be creat-
ed in the bulk piezoelectric transducer itself when driven ata
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harmonic resonance. As a result, the piezoelectrically in-
duced strain-optic {PESG) effect may directly give rise to
diffraction modulation of light. The purpose of this letter is
1o report that piezoelectrically induced light diffraction in a
laser cavity provides an excellent means for efficient ultra-
short pulse generation by AM mode locking at repetition
rates variable from tens to hundreds of MHz.

Recently, a unified treatment of standing-wave acousto-
optic phase gratings was developed.® The theory based on
simple energy considerations applies to both PESO and con-
ventional standing-wave devices. As a result of these calcula-
tions, the magnitude of the phase grating (also referred to as
modulation depth) can be written as

1/2
®mﬁ=2i(MzﬁP£) , (1)
A \ay A

where A is the wavelength of light, 7 is the ratio of the acous-
tically dissipated power to the total absorbed power P. 7 is
generally less than one because of some electric power dissi-
pation and takes its maximum value 7, on the resonance
peak. L represents the interaction length, 4 is the cross sec-
tion of the modulator aperture, M, is the acousto-optic fig-
ure of merit,” and

Aoy = o + lg'V;zn {2}
is the effective attenuation coefficient for the acoustic inten-
sity in the resonator. The second term on the right-hand side
describes the intrinsic acoustic attenuation of the resonant
medium,'® whereas e, comprises the extrinsic rescnator
losses. A similar expression to (1) was recently derived also
by other authors.”

The modulation index & is proportional to &2, and the
steady-state pulse duration in the AM mode-locked laser is
given by*

7, = y(g/bwv) (@, v, ) T2, 3)

where ¥ =0.53 for Bragg deflection and y=0.45 for
Ramean-Nath modulation, g is the saturated round trip am-
plitude gain, and Av is the fiuorescence linewidth. The high-
er the product ©,, v,, 1s the shorter pulses can be generated.

9

For frequencies v,, €v,, where v, = Ja,/f , ®,, appears to
be nearly independent of the drive frequency and &,,v,,, in-
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creases linearly with v, . However, for v,, > v, 8,,v,, stops
increasing, and can be written as

3 f ILN\2
O, v, ~— MP““) ; (4)
7\

where M = (M,/8)7 is a figure of merit for standing-wave
acousto-optic mode lockers. In conventional standing-wave
modulators M,/f is a characteristic of the photoelastic me-
dium and 7 is that of the piezoelectric transducer, whereas in
PESQO devices all parameters comprised in M refer to the
interaction medium. The most important result of these in-
vestigations is that the pulse duration in acousto-optic mode
locking turns out to be independent of the modulator fre-
guency, once v, > v,. In general, PESC mode lockers are
expected to have lower v, than conventicnal acousto-optic
modulators owing to their lower extrinsic acoustic losses.

We chose a lithium niobate (LiNbO,) sample for cur
experiments because of its favorable piezoelectric and pho-
toelastic properties. Computer-aided theoretical investiga-
tions for optic-axis light propagation in lithium niobate
showed that maximum diffraction occurs when the acoustic
wave propagates along the p axis.® The acoustic resonator
faces normal to the y axis were polished optically flat and
parallel to within 5 seconds of arc 1o ensure a high quality
factor of the acoustic cavity. A single quarter-wave laver of
silica reduced the 16% reflection loss of the aperture faces to
about ! % resulting in a single-pass insertion loss of 2%. The
sample dimensions along the x, y, and z axes were w = 4 mm,
d =3 mm, and L = 24 mm, respectively. The crystal was
mounted between copper electrodes forming a high-frequen-
cy package.

Impedance matching to a 50 {) transmission: line was
achieved by inductive rf signal coupling to minimize electri-
cal reflection Iosses.® The modulator was driven at the 31st
harmonic of the extensional acoustic mode by applying the
electric field paralle! to the crystal’s y axis at v,, =33 MHz.
The light propagating along the z axis of the sample was
subjected to diffraction loss modulation at a frequency of
=~ 66 MHz. The above conditions involved light diffraction
close to the Raman-Nath regime at 1~1 uym.” For light
polarization parallel to the x axis 84, = 1.23x 10" in 81
units. a4 and 7, may be evaluated from electrical measure-
ments. For the assembly investigated we obtained the peak
acoustic cfficiency 7, =0.88 and the quality factor
0 = 1.1 X 10°. The acoustic quality factor can be expressed
as @ = 2mrv,, /o4, where v, is the sound velocity. With v,
=33 MHz and v, = 6870m/5, 2z = 0.27 m ™' resulting in
around trip resonator loss of 1.6%. As the intrinsic loss is an
order of magnitude lower at this frequency, a4 ~a, under
our condittons. Clamping the crystal along its pz faces
should significantly reduce «,. Using these numbers (1) pre-

Diffraction measureinents yielded for the modulation
depth @,, = 11.2{/P . The discrepancy may be attributed to
the fact that stable operation is not possible on the resonance
peak because of the nonzero temperature coefficient of the
resonance freguency, év, /3T = — 3.7 kHz/°C. However,
self-stabilization occurs on the positive side of the resonance
curve by the negative value of dv /97 allowing stable long-
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terin operation using a simple temperature conirol. Consid-
ering the very sharp resonance of Av, = 0.9 kHz (following
from the high Q) this indicates a highly effective self-stabili-
zation mechanism.

As a result of these investigations we may conclude that
100% amplitude modulation (®=2.4) is obtained with
driving powers of a few tens of miiliwaits at 4 = 1.054 pm.
Increasing the rf power sharp transmission peaks are created
as shown by the oscilloscope trace in Fig. 1. The Raman-—
Nath diffraction paitern of a He-Ne laser beam (1 = 633
nm} at a driving power of 1 W is shown in Fig. 2. Due to the
low intrinsic attenuation v, > 100 MHz for our assembly.
Consequently, @,, is nearly independent of the drive fre-
guency below 100 MHz.

Mode locking by piezoelectrically induced diffraction
modulation was performed in a cw Nd:glass laser, which was
described in a recent paper.'! A schematic diagram of the
laser cavity is shown in Fig. 3. A l-mm-thick plate of
Nd:phosphate giass (LG 760)with 8% doping was placed at
the focus of an astigmatically compensated cavity. The laser
was longitudinally pumped by a krypton laser 2t 0.8 um. The
mode locker was positioned close to the output coupler and
driven with 1 W of rf power at about 33 MHz by an ultrasta-
ble frequency synthesizer and a broadband rf power amplifi-
er. Stable modulation was easily obtained by tuning the fre-
quency synthesizer from higher frequencies to resonance,
When doing so, the self-stabilization mechanism was imme-
diately activated once the resonance was reached. Precise
matching of the cavity length and the driving frequency was
realized with piezocontrol of the resonator length.

With a 2.5% cutput coupler the threshold pump power
and the slope efficiency were 50 mW and 10%, respectively.
Precise adjustment of the cavity length was necessary to ob-
tain the shortest pulse, the autocorrelation trace of which is
shown in Fig. 4. For a Gaussian pulise shape, this indicates a
pulse duration of (3.8 + 0.4) ps, which is significantly
shorter than those obtained in recent experiments.’>'* To
our knowledge, these are the shortest pulses generated by
AM and FM mode locking to date.

The accuracy of the measurement is limited by the noise
of the second-harmonic signal, which is attributed to small
fluctuations of the resonator length. In fact, producing the
shortest pulses mode locking was sensitive to a cavity length
mismatch of less than 0.5 gm, which is a consequence of the
large bandwidth of the gain material.'? With g = 0.05 and
Av =6 THz (3) gives 7, = 4.6 ps under the experimental
conditions described above. The improved performance may
be explained by additional frequency modulation due to self-

FIG. 1. Intensity of the zeroth-order (undeflected) light beam at 1.054 um
transmitted by the PESC modulator which is driven with a rf power of
about C.1 W at 33 MHz.
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FIG. 2. Raman-Nath diffraction pattern of 2 He-Ne laser besm when the
modulator is driven with 1 W of ¢f power at 33 MHz.

phase modulation in the active medium.'?> The reasonable
agreement between experiment and the theory of pure AM
mode locking suggests that the pulses are nearly bandwidth
limited.

Eguation (3} predicts further pulse shortening when
either @, orv,, is raised. However, the increase of @,, or v,,
may encounter the limitation originating from the finite
length of interaction between light and acoustic waves. Once
the width of the double-pass intensity transmission of the
modulator (determined by &, v,, } compares to the time
taken by the laser pulse to pass twice through the modulator,
{3) becomes incorrect.'® To establish a region of validity for
(3) the above criterion is guantified as follows:

(®,,v,,) '2x(2nl /), (5)

with k=~ 37 for Raman-Nath and « =~ 2 for Bragg modula-
tion. A significant increase of @,,v,, bevond the limit given
by (5) considerably reduces both the peak transmission and
the sharpness of modulation. Optimum mode locking per-
formance with an actual modulator can be achieved when
&, v,, approximately satisfies the eqguality in (5). In our
casex{2nL /¢) = 3.5nsand (©,v,,) '=2.8ns,ie,8 v,
may not be further echanced with our present modulator. A
fengthening of L in (5} can be simulated by removing the
mode locker from the output coupler. In fact, an effective
increase of £ by 20% led to significant pulse broadening and
reduction of the output power confirming our consider-
ations. We conclude that the interaction length of our PESQ
modulator has to be shortened for further improvement of
mode locking.

In summary, we presented a unified characterization of
conventional standing-wave acousto-optic mode lockers and
PESO devices in which the acoustic waves are generated on
the faces of the resonant medium. A figure of merit for these
devices was introduced. We found that optimum mode-fock-
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FIG. 3. Schematie iltustration of the mode-locking experiment. The largest
cavity dimension shown is about 120 ¢m.
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FIG. 4. Autocorrelation trace of the
mode-locked pulse train. Assuming a
Gaussian pulse shape the measurement
yields a pulse width of 3.8 ps.
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ing performance is achieved when the drive frequency is
raised to v, where the extrinsic and intrinsic acoustic losses
are approximately equal. An increase of the modulation fre-
quency beyond this value does not result in further puise
shortening. We demonstrated that the generation of acoustic
waves on the faces of a resonant photoelastic medium may
result in high-efficiency diffraction modulation of light
which is well suited for ultrashort pulse generation in active-
ly mode-locked lasers. Diriving the bulk (piezoelectric) crys-
tal sample directly makes quasi-continuous adjustment of
the pulse repetition rate possible in 2 wide frequency region
over several hundred MHz. Optimum performance can be
obtained at comparatively low v, frequencies. The mono-
lithic construction greatly simplifies the fabrication and al-
lows the PESQ devices to be driven with higher rf powers
than conventional accusto-optic mode lockers. The develop-
ment of PESO mode lockers with high figure of merits and
short interaction lengths will allow further advances in ac-
tive mode locking of solid-state lasers.
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