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Q-switched mode locking in diode pumped lasers
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The Q-switched mode locking (OML) regime provides the generation of relatively high peak power picosecond pulses train
with energies of a few uJ each in a simple resonator. The critical review of QML methods and results including our investiga-
tions is given in the first part of presentation. The application of several types of saturable crystalline absorbers (C1#*:YAG,
V3+:.YAG, LiF, GaAs) leads to chaotic, partial QML effect, with less than 100% modulation depth in principle. The fully
modulated efficient QML laser was demonstrated in the next part. The acousto-optic cell playing a double role of Q-switch
and mode locker was located near a flat output coupler. The two folding mirrors were mounted on the translation stages for
matching the resonance frequency of the cavity to the radio frequency of acousto-optic modulator. The QML pulses with en-
velope durations of 100—150 ns and 100% modulation depth were observed for wide range of pump powers and repetition
rates. In the preliminary experiments up to 3 W of output average power, 100 uJ of the envelope energy, having approxi-

mately 5—8 mode locked pulses were achieved.
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1. Introduction

The ps pulses of pJ energies with dozens kHz pulse repeti-

tion frequency (PRF) are demanded in several areas, e.g.,

micro machining, ophthalmology, dental surgery etc. Its

high intensities together with relatively low heat deposition

ensure precise removal of material during the short interac-

tion time. The three methods can give pulses satisfying the

above requirements:

* amplification of mode locked pulses in high power fiber
amplifiers,

e regenerative amplification of mode locked pulses in
bulk diode pumped systems,

e (Q-switching and mode locking in bulk diode pumped
systems.

The first one method requires the development of high
power fiber lasers with relatively high damage thresholds
[1-3], moreover nonlinear pulse distortions have to be
overcome. The level of 2 pJ with 0.2 MW peak power was
achieved in last year [3] applying specially designed photo-
nic fiber. The second method gives much wider opportuni-
ties. Applying pulse picker technique and thin disk concept
[4-6], high peak powers, even a few mlJ pulse energies
with kHz PRF were achieved in Nd:YAG laser. Applying
Yb doped gain media (Yb:YAG, Yb:KGW, Yb:KYW) and
the intracavity GVD compensation technique, a few hun-
dred femtosecond pulses with above 0.2 GW peak power
were demonstrated lately [6]. The much simpler designs
[7,8] based on well developed end pumped side cooled
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Nd:YVO, lasers offer a few hundreds pJ-pulse energies
with 10-ps pulse duration and 10-W average power. The
main disadvantage of these systems is complicated HV
electronics needed for electro-optic cells of pulse picker
and regenerative amplifier.

The last method, well known since the 70’ies of last cen-
tury [9], consists in generation of simultaneous mode lock-
ing and Q-switching in the same cavity. The simple transfer
of QML techniques (e.g., liquid dye cells, LiF, colour centre
foils etc.) developed for low rep. rate lamp pumped lasers is
not possible for the laser system operating at several dozens
kHz rep. rates. Thus, the numerous works had been devoted
to research on efficient bulk saturable absorbers satisfying
such requirements [10—15]. In Sec. 2 of this paper, the re-
sults of our investigations of Cr:YAG, GaAs, LiF, V:YAG
crystals as QML elements in diode pumped lasers are pre-
sented. Despite numerous works devoted to application of
bulk passive Q-switches for such a purpose, the efficient re-
liable QML regime (with 100% modulation depth) has never
been, to our knowledge, demonstrated. The main reason
consists in lack of sufficiently stable, reliable mechanism
causing fast (with recovery time less than 1 ns) loss modula-
tion and inherent chaotic, very noisy operation of such type
modulators. Combination of different mode locking tech-
niques (e.g. nonlinear mirrors [16—17], specially designed
semiconductor saturable absorber elements [18-20],
acousto-optic modulators [21]) with active Q-switches can
lead to 100% modulation depth and stabilization of temporal
and energetic parameters of QML regime. We have demon-
strated in this paper the efficient QML regime enforced by
acousto-optic cell. In Sec. 3, the system description and ex-
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periments on acousto-optic QML (AO-QML) laser are
given. In the last section, conclusions were drawn and pros-
pects for future work are given.

2. Investigation of passively Q-switched mode
locking

2.1. Investigations of QML effects at 1064-nm
wavelength

The 20-W fiber coupled diode laser (NA =0.22, d.,,,, = 0.4
mm) was used for pumping of 0.5% Nd doped YVO, crys-
tal of the size 3x3x12 mm3 with AR coated both facets.
The basic outline of the laser set up is shown in Fig. 1. The
laser crystal was wrapped with indium foil and mounted in
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Fig. 1. Scheme of laser cavity, SA denotes saturable absorber,
LD-20 W — fiber coupled diode, and OC-output coupler.
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a water-cooled copper block. We designed the cavity to
easily reach mode matching with the pump beam and pro-
vide the proper size in the saturable absorber placed next to
the output coupler OC. The resonator consisted of two
spherical highly reflective (at 1064-nm wavelength) mir-
rors, R; and R,, with the radii of curvature of 1000 and
500 mm respectively. In this configuration, over 4 W of the
output power in a fundamental mode in free running re-
gime was obtained. In the same cavity with Pockels cell
Q-switch (without any nonlinear elements) smooth pulses
of 260-ns duration were observed. Several Cr**:YAG,
GaAs, and LiF crystals with different initial transmissions
and various output couplers with different reflectivity were
used to optimize the output performance.

The pulse’s temporal behaviour was recorded by a
Tektronix TDS 3052 digital oscilloscope (500-MHz band-
width). Some of the oscilloscope traces of Q-switched and
mode-locked laser pulses are presented in Figs. 2(a), 2(b),
and Figs. 3(a) and 3(b).The envelope pulse length with
Cr**:YAG crystals changed from 300 to 900 ns over the
range of the absorbed pump power.

The highest energy of QML envelope up to 100 pJ but
with a modulation depth of about 50% was obtained for
Cr**:YAG crystal. For LiF modulators we observed much
longer envelopes with the modulations depths much better
than 50%. However, strong thermal effects and photo-
refractive bleaching characteristic for LiF crystals delim-
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Fig. 2. QML pulse train for Cr**:YAG, T,y = 85.7%, envelope duration 7, = 620 ns (a). QML pulse train for Cr**:YAG, T = 81.6%,
envelope duration ¢,,, = 600 ns (b).
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Fig. 3. QML pulse train for combination of Cr**:YAG (To=81.6%) and LiF (T\y = 89%), envelope duration #,,, = 342 ns (a). QML pulse
train for LiF, Ty = 72%, envelope duration ¢,,, = 570 ns (b).
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ited averaged pump power to relatively low values of a few
Watts. Examination of GaAs crystals gave much worse
output energies but much longer QML envelopes with du-
rations of a few ps. The true cw mode locking regime for
GaAs crystals [4] was not evidenced despite numerous ex-
perimental efforts. For each case, strong thermal lensing in-
side gain medium and Q-switch was observed, thus the re-
gime of a stable QML operation with relatively low ener-
getic and temporal jitter should be found for a given geom-
etry of a bare cavity by appropriate balancing of a rate and
duty factor of a pump.

2.2. Investigations of QML effects at 1340-nm
wavelength

The similar cavity scheme was applied for experiments
at 1340-nm wavelength. We have used here 0.3% Nd
doped YVO, crystal of the size 3x3x10 mm? and the
same pump unit. The output power of 3.5 W in short cav-
ity case, and about 2-W power for Z-type cavity were
achieved in a free running mode. The V3+:YAG crystals
of several initial transmissions were investigated as pas-
sive Q-switches. We have observed over 80% modula-
tion depth QML pulse of envelopes with durations in the
range of 1-2 ps. The problems of jitter and chaotic pulsa-
tions, similar to relaxation spiking, were much more
stringent comparing to experiments at 1064-nm wave-
length. To stabilize mode locking and mitigate jitter, the
frequency converter of II type, made of 10-mm length
LBO crystal was inserted in the vicinity of V3*:YAG
Q-switch. We achieved elongation of envelope duration
and enhancement of stability and depth of modulation
for the pulses at fundamental 1340-nm wavelength.
Moreover, fully modulated pulses at II harmonic at 670
nm were demonstrated in Figs. 4(a) and 4(b).
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3. Investigations of acousto-optic QML effects
in Nd:YVOy, laser

3.1. Operation principle of AO-QML laser

The principle of operation of AO-QML laser consists in en-
forcing in the laser resonator the mode locking on the fre-
quency equal to radio-frequency (RF) of acousto-optic cell.
We have applied the travelling wave acousto-optic modula-
tor NEOSN33041-10-15 (AOM) operating at 40.67 MHz
RF. It was evidenced, that this AOM introduces, in a
“switch on” state, 60% single pass losses with 15% modu-
lation depth at 40.7 MHz, Fig. 6(a).

Assuming total resonator length of 3690 mm and not
higher than 4-mrad divergence angle in the output arm of Z
cavity (Fig. 5), the dynamically stable layout was found an-
alytically. Approximately 0.4-mm fundamental mode di-
ameter at gain medium was estimated for wide range of
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Fig. 5. Schematic of AO-QML laser: LDBS — 20 W laser diode bar
with beam shaper, AOM — acousto-optic modulator, M, M5 —
folding mirrors of 1-m radii of curvature, GM — 0.3% Nd:YVOy,
crystal of 3x3x10 mm?3, M3,M, — flat folding mirrors at translation
stages, Mg — flat output coupler (OC), M; — rear mirror highly
reflective at 1064 nm and antireflective at 810 nm.
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Fig. 4. Oscilloscope traces of QML trains at 1340-nm wavelength (upper trace), and intracavity II harmonic at 670-nm (lower trace);
V3. YAG, To(1340) = 86.2%, envelope duration f,,, = 1200 ns (a). Oscilloscope traces of ML pulses at 1340-nm wavelength (upper trace),
and intracavity IT harmonic at 670-nm (lower trace); V3+:YAG, To(1340) = 86.2% (b).
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Fig. 6. Oscilloscope trace of optical signal after passing through AOM, detected in far field of “zero order” diffraction mode for non
interrupted cw RF driving signal — “switch on”” mode of AOM (a). Oscilloscope traces of RF electric signal at AOM (upper Ch2 trace),
optical QML output signal (lower Chl trace), Fast Fourier transform of RF signal (middle trace) (b).

1-20 D of optical power of thermal lens induced in gain
medium. The AOM was located close to the output mirror
of a double Z cavity (Fig. 5) with total length L., =
3690 mm. The resonator frequency (c/2L,,,) was matched
to the RF of AOM by means of precise movement of fold-
ing mirrors (M3, M) mounted on translation stages. Thus,
after “switch off ” gate signal [Ch2 trace in Fig. 6(b)] the
QML pulse [Chl trace in Fig. 6(b)] builds up from weak
prelasing of mode locked 40.7 MHz radiation.

3.2. Investigations of Nd:YVOQ, laser operating in free
running mode

The maximum pump power corresponding to near stability
edge of cavity was approximately 15 W. The measure-
ments of energetic characteristics for a wide set of OC
transmissions were carried out (Fig. 7). The optimal OC
transmission for free running mode was found to be 30%,
giving for 15-W pump power of 3.3 W and roundtrip small
signal gain of 3.5.
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Fig. 7. Output power vs. pump power for double Z cavity laser
operating in cw mode.
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3.3. Investigations of QML regime

The investigation of QML effects were carried out in
AO-QML laser (Fig. 5). The fully modulated QML trains
were observed for the numerous set of OC transmission.
However, for transmission lower than 60%, not neglected
laser action occurred between QML pulses for high excita-
tion level. It was accompanied by a chaotic background be-
tween mode locked pulses inside QML envelope. Thus, to
obtain clean fully modulated QML pulses with high con-
trast, OC transmission has to be higher than 60%. The typi-
cal energetic characteristic was shown in Fig. 8, with QML
train oscilloscope trace demonstrated in Fig. 9. Even for
uncoated plane parallel plate applied as a OC mirror, quite
reasonable averaged output power of 1.3 W with 50 pJ en-
ergies of QML pulses was obtained. With decrease in PRF,
the leakage between QML pulses increased. The compro-
mise between QML energy and average power was found

4
e P, =02357(P-2.16) T, =66%; bestcase
B Py = 0.1848(P - 2.16)
Z-cavity, 40.6 MHz, R = 1000, R = 1000 °
3

Output power (W)
N

10
Pump power (W)

15

Fig. 8. Output power vs pump power; diamonds blue — cw, squares
QML regime.
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for 20-30 kHz of PRF. The additional problem was con-
nected with low (6 mrad) diffraction angles of AOM. The
location of AOM at, opposite to the gain medium, end of a
cavity, necessary for effective mode locking of single
round trip pulse, is not a good solution from the point of la-
ser optics. The Mg and M; mirrors are near to geometrical
optic conjugate planes despite high thermal optical power
induced in gain medium. In effect, the higher orders beam
diffracted by AOM could return to gain medium and it will
be again amplified. The higher order mode structure in out-
put beam can be observed for high gain and high thermal
lensing (pump power > 15 W). Thus, to improve the ener-
getic parameters of QML laser, the additional requirements
of low divergence at output arm and possibility of spatial
filtering have to be satisfied in the cavity design. In the best
case we obtained up to 3 W of average power for a pump
power of 15 W and 66%-transmission of OC coupler. The
maximal QML energy of 100-120 pJ was with envelope
duration of 100-120 ps. For a roundtrip time of 25 ns, the
estimated energy of the highest pulse inside envelope was
about 30 pJ. The measurements of mode locked pulse dura-
tion gave ambiguity results. Applying electronic technique
(1 GHz DSA-601 scope and New Focus 1601 photo re-
ceiver of 0.2-ns rise time) we have observed that the pulse
is shorter than 1 ns. For comparison we have arranged col-
linear autocorrelator of Michelson scheme with the II type
KTP crystal as a II harmonic conversion element. The
pulse duration, averaged over the several QML envelopes,
was determined to be not shorter than 0.5 ns. The reason of
such wide mode locked pulse (or multi pulsing behaviour)
seems to be the inherent low stability of AOM signal. Be-
tween signal triggering gates, only about 1000 periods of
acoustic wave occur, thus the relative width of AOM spec-
trum is about 0.001 or wider. We suppose that it is a main
source of imperfect mode locking observed in the auto-
correlation experiments.

Fig. 9. Oscilloscope trace of fully modulated QML pulse train.
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3.4. Investigation of cavity dumped AO-QML laser

We have tried to select a single pulse from the QML train
applying the cavity dumping technique. Investigations of
cavity dumping were carried out with the laboratory set up
shown in Fig. 10. The KDP* Pockels cell (EOM) of 3.2 kV
quarter wave voltage was inserted between Ms mirror and
AOM. The first weak pulses of QML envelope after pass-
ing through Mjs mirror detected and amplified to level of
3-5 V by the optical trigger OT and further was sent to
high voltage driver PDP to switch on quarter wave voltage
jump of 7 ns rise time. The delay of trigger signal was ac-
complished by the change of magnitude of optical signal
and the distance to OT. The quarter wave voltage jump at
EOM changes the polarization of travelling pulse. The ro-
tated polarization, after double pass through EOM pulse, is
rejected out of cavity by the thin film polarizer (TFP). As
was shown at Figs. 11 and 12 the cavity dumping technique

Miyam \ TFP
s ) e \
3

<>
oT
|:_l ‘\ Me
EOM | AOM
Mg
PDP

Leay=3690mm  c/2Lgy,=40.7 MHz = R.F.

Fig. 10. Scheme of cavity dumped AO-QML laser, GM — gain

medium Nd:YVOy, My, M5 — 1 m radius curved mirrors, EOM —

KDP* Pockels cell, AOM — acousto-optic modulator, TFP- thin

film polarizer, OT — optical trigger of 0.2 ns rise time, PDP — high

voltage driver for EOM, LDBS — 20 W laser diode with beam
shaper.

Fig. 11. Oscilloscope trace of HV signal — Ch1 and cavity dumped
train — Ch2.
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Fig. 12. Oscilloscope trace of cavity dumped pulses of vertical
polarization Ch1 and residual pulses at horizontal polarization Ch2.

enabled rather “to clip” the pulse train from the one side
only. The reason is probably too low contrast of TFP and
not perfect operation of EOM. The residual pulse of verti-
cal polarization after passing through the TFP was again
amplified in the gain medium (Nd:YVO, crystal has also
significant gain cross section for transverse s-polarization)
and travelled once again through the cavity. To eliminate
this effect, the higher contrast Glan polarizer should be
used and the better alignment of EOM is required.

4. Conclusions

The experiments on two types (passive and acousto-optic)
QML lasers were carried out. The application of several
types of saturable crystalline absorbers (Cr**:YAG,
V3*:YAG, LiF, GaAs) leads to chaotic, partial QML effect,
with less than 100% modulation depth in principle. The
main reason consists in lack of sufficiently stable, reliable
mechanism causing fast (with recovery time much less than
round trip time) loss modulation and inherent chaotic, very
noisy operation of such type modulators. The fully modu-
lated efficient QML regime was demonstrated in AO-QML
laser. The acousto-optic modulator playing here a double
role of Q-switch and mode locker, was located near flat
output coupler of double Z-type resonator. The resonance
frequency of the cavity was matched to the radio frequency
of acousto-optic modulator by the precise movement of
two folding mirrors located at translation stages. The QML
pulses with envelope durations of 100-150 ns and 100%
modulation depth were observed for wide range of pump
powers and repetition rates. We have shown that the con-
trast of QML pulses increases with increase in OC trans-
mission. The best energetic parameters were achieved for
66% of OC transmission. Up to 3 W of output average
power, 100 pJ of the envelope energy, having approxi-
mately 5-8 mode locked pulses were achieved. The maxi-
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mal pulse energy inside the QML train was about 30 pJ. To
improve the energetic parameters of QML laser, new cavity
design satisfying requirement of the low divergence angle
at output arm and possibility of spatial filtering has to be
worked out. The estimated pulse duration of 0.5-1 ns was
caused mainly by relative wide width of frequency spec-
trum of AOM driver. The application of cavity dumping
technique to select single pulse was not successful. We ob-
tained, in the best case, the single high energy pulse fol-
lowed by two or three pulses of much lower amplitude. The
highly effective selection of single pulse can be made out
of cavity with pulse picker technique.
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support for (about 10) US students and post-docs who will be
presenting authors will be available. Several Tutorials on QWIP
physics, technology, novel directions and Photon detection using
dye-sensitized nanostructures are also planned.
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