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Passively Q-switched 1.57-mm
intracavity optical parametric oscillator

Yuri Yashkir and Henry M. van Driel

We demonstrate an eye-safe KTP-based optical parametric oscillator ~OPO! driven intracavity by a
diode-pumped 1064-nm Nd:YAG laser, passively Q-switched by a Cr41:YAG crystal. The characteristics
of this system, which operates at 1570 nm with a repetition rate as high as 50 Hz, are studied as a function
of Cr41:YAG optical density. Under optimum conditions the OPO generates 1.5-mJ, 3.4 6 0.1-ns pulses
in a single transverse mode. For a Cr41:YAG Q-switch element with an optical density of 0.5 the
conversion efficiency of the intracavity energy is ;45% with the ratio of OPO to Nd:YAG peak-pulse
intensity exceeding unity. These and other OPO characteristics compare favorably with a simple rate
equation model of the OPO dynamics. © 1999 Optical Society of America

OCIS codes: 190.4970, 140.0140, 140.3540.
8

T
~

1. Introduction

The current interest in efficient, eye-safe coherent
light sources for range finders and other applications
has stimulated much interest in intracavity optical
parametric oscillators ~OPO’s! driven by diode-
pumped Nd31:YAG lasers.1 Although intracavity
OPO’s have been studied for nearly 30 years,2,3 only
recently, through the availability of high-damage-
threshold crystals with favorable linear and nonlin-
ear optical properties, such as KTiPO4 ~KTP!, and
stable, compact diode-pumped lasers have the merits
of intracavity OPO’s been really noted. Such all-
solid-state systems take advantage of high intracav-
ity laser intensity to allow an OPO to operate with a
low threshold and high efficiency. Several such sys-
tems producing nanosecond pulses have been inves-
tigated experimentally.1,4–7 Many of the OPO’s use

1064-nm Nd:YAG pump laser and typically an ac-
ive Q-switch optical element. However, the inher-

ent simplicity of passive Q switching has stimulated
the development of solid-state saturable-absorber
Q-switch elements. One such material, Cr41:YAG,

as been found to be particularly suitable for use in
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Nd:YAG lasers. A KTP OPO intracavity of a diode-
pumped Nd:YAG laser used such a Q switch to pro-
duce 1570-nm signal pulses with a pulse energy of ;1
mJ at a repetition rate of 1 Hz.7 However, many
details of this system are not known including the
dependence of output pulse properties on saturable-
absorber characteristics. In this paper we describe
results of a systematic study of the dynamics of a
KTP-OPO pumped intracavity by a Cr41:YAG,
Q-switched, diode-pumped, Nd31:YAG laser. De-
buisschert et al.9 carried out extensive numerical
simulations for an intracavity OPO considered to be
continuously pumped by laser diodes and repetitively
Q switched at a variable rate by an unspecified mech-
anism. We extend this model to the specific case in
which Q switching is induced by a passive, saturable-
absorber element. The overall model is able to re-
produce the salient features of the OPO operation.

2. Intracavity Optical Parametric Oscillator

A. Experiment

A schematic diagram of our OPO is shown in Fig. 1.
The active laser medium consists of an antireflection
coated Nd:YAG rod ~1.1% Nd31 doping, 40-mm
length, 2-mm diameter!, side-pumped by pulses of
energy up to 120 mJ from three two-bar stacked diode
arrays emitting at 810 nm at a repetition rate10 as
high as 50 Hz. The diode pulses are 200 ms long to
match closely the upper laser level lifetime of 230 ms.

he 30-cm-long laser cavity was formed by two high
0.998! reflectors at the OPO pump wavelength of lP

5 1064 nm ~M1 is a flat mirror and M3 is a spherical



B

K
t

fi

Y

b
c
t
R

s

t

N
q
i
n
a
p
u
1

s
t

f
1

mirror with a radius of curvature of 5 m!. For pas-
sive Q-switched operation the cavity contained a

rewster-oriented Cr41:YAG crystal plate; plates
with optical densities ~OD’s! of 0.2, 0.3, and 0.5 and
thicknesses of 2–5 mm were used. The 6-cm-long
OPO cavity contained a 5.5 mm 3 5.5 mm 3 25 mm

TP crystal cut at u 5 90° and f 5 0° and placed with
he x axis along the axes of the cavity to yield type II

~o f o 1 e! noncritical phase matching for a signal
wavelength of lS 5 1570 nm; the crystal was antire-
flection coated for this wavelength. The OPO cavity
was formed by a flat high reflector, M2 ~for lS 5 1570
nm!, and a flat output coupler, M1, with reflectivity
0.75 ,Rs ,0.95. The pump wave polarization, de-

ned by the Brewster-oriented Cr41:YAG crystal,
was oriented along the y axis of the KTP crystal.

B. Rate Equation Model

To assist our understanding of the operation of the
passively Q-switched laseryOPO combination, we
have considered an extension of the simple rate equa-
tion model for repetitively Q-switched systems devel-
oped by Debuisschert et al.9 The dynamic optical
variables are taken to be the intracavity intensities of
pump IP~t! and signal IS~t! pulses, which are defined
here to be normalized by the pump intensity at the
threshold for the OPO. These variables are consid-
ered along with the population inversion in the Nd31:

AG crystal N~t! normalized by its value at the
threshold of the pump laser and the population of the
ground level of the Cr41:YAG saturable absorber
NC~t! normalized by its unperturbed value. For the
pump beam intensity one has

tp

dIP

dt
5 N~IP 1 ε! 2 IP~1 1 aNC 1 fIS!, (1)

where tp is the pump cavity photon lifetime. The
first term on the right-hand side corresponds to stim-
ulated emission and spontaneous emission ~through
parameter e! whereas the second term represents
losses due to cavity lifetime effects, attenuation at the
saturable absorber, and signal pulse conversion.
For the signal beam intensity we have

ts

dIS

dt
5 IP~IS 1 ε9! 2 IS, (2)

Fig. 1. Intracavity OPO configuration: M1, flat output coupler
or @0.75 , RS , 0.95 at lS 5 1570 nm, HR ~high reflectivity! at
064 nm#; M2, black mirror of OPO cavity ~HR at 1570 nm, high

transmissivity at 1064 nm!; M3, spherical back mirror of pump
laser cavity ~HR at 1064 nm!.
where ts is the OPO photon cavity lifetime. The first
term on the right-hand side represents stimulated
emission due to pump and noise photons ~represented
y e9!, and the second term is associated with OPO
avity losses. The relative finesse of the OPO and
he pump cavity is defined by the parameter f 5 ~1 2

S9!y~1 2 RP9!, where ~1 2 RS9! and ~1 2 RP9! rep-
resent ~reflection, scattering, absorption! losses for
ignal and pump cavities, respectively.
The corresponding equations for the two popula-

ion variables are

tN

dN
dt

5 s 2 N~1 1 xIP!, (3)

tNC

dNC

dt
5 1 2 NC~1 1 bIP!, (4)

where tN and tNC
are the lifetimes of the active media

and saturable-absorber excited states. The pumping
level of the active laser media ~Nd31:YAG! is defined
by parameter s. ~For the non-Q-switched laser case,
s 5 1 corresponds to the laser threshold.! The pa-
rameter x is the ratio of the OPO threshold to the
saturation limit of the laser medium. Absorption of
the pump light in the saturable absorber is described
by parameter a, which is defined so that tPy~1 1 a! is
the lifetime of the pump photons when the saturable
absorber is at its ground level ~Nc 5 1!. The param-
eter b is the ratio of the OPO threshold to the satura-
tion limit of the saturable absorber. Equations ~1!–
~3! are identical to those used by Debuisschert et al.
except that Eq. ~1! contains the specific loss mecha-
nism associated with the saturable absorber Q switch.
Equation ~4! is introduced here to account for the spe-
cific dynamics of the passive Q switch.

Below we consider the solution of these equations
by using initial conditions IP~0! 5 IS~0! 5 N~0! 5 1 2

C~0! 5 0. The emphasis is on obtaining a semi-
uantitative description of the laser and OPO dynam-
cs. No explicit attempt is made to obtain absolute
umbers for beam intensities and energies. These
mplitude variables are extremely sensitive to the
arameters in the model. For the simulations we
se the usual material parameters, tN 5 200 ms ~Ref.
1! and tNc

5 8.5 ms ~Ref. 12!, and the parameters tP
5 20 ns and tS 5 1.8 ns, as determined for our lasery
OPO by using the expressions given by Debuis-
schert.9 We also choose e 5 e9 5 1025 to initiate
laseryOPO operation; the results of the simulations
are not very sensitive to these values. The x, b, and

are defined below when we consider comparisons of
he numerical simulations with experimental results.

3. Results and Discussion

We consider first the operation of the Q-switched la-
seryOPO as a function of diode-pumped laser pulse
energy ED. The individual output pulse character-
istics did not change significantly for repetition rates
as high as 50 Hz. For all the results reported here
the repetition rate used is 15 Hz. Well above the
laser threshold of approximately ED 5 43 mJ ~for an
20 April 1999 y Vol. 38, No. 12 y APPLIED OPTICS 2555
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OD 5 0.2 Q switch! a sequence of nanosecond signal
pulses is generated within each laser-diode pulse.
Such repetitive Q switching has also been reported
or cw-pumped laser systems employing a Cr41:YAG

saturable absorber.13 In Fig. 2 the time of genera-
tion for the ith pulse Di ~measured with respect to the
front edge of the diode-pumped pulse! is shown as a
function of ED in the case of an OD 5 0.2 Cr41:YAG
absorber. An additional pulse appears when ED in-
creases by approximately 20 mJ. This energy is
lower than that required for the threshold to be
reached for the first pulse since there is still consid-
erable population in the upper laser level after emis-
sion of a Q-switched pulse.9 One can estimate the
stored energy utilization factor as ,0.5, implying
that the ratio of inversion before Q switching to
threshold inversion is14 s ,1.5. The time delay Dt
between pulses is approximately constant. ~For a
total diode-laser-pulse energy of 112 mJ it is Dt 5
45 6 2 ms.!

In Fig. 3 the oscilloscope traces of diode pulses and
anosecond signal pulses corresponding to Fig. 2 are
hown in conditions in which the total diode-pumped

Fig. 2. Dependence of time shift Di of nanosecond pulses ~i 5
1,2, . . .! generated in a passively Q-switched laser cavity on diode
pulse energy ED: Q-switch element optical density, OD 5 0.2.

Fig. 3. Oscilloscope traces of diode pulse power and nanosecond
pulses at a diode pulse pump of energy of 112 mJ and a Q switch
of OD 5 0.2.
556 APPLIED OPTICS y Vol. 38, No. 12 y 20 April 1999
nergy is 112 mJ. Obviously for a Cr41:YAG satu-
rable absorber with a higher OD, at a given diode-
pumped energy the time shift D1 ~and delays Di11 2
Di! increases since the threshold for Q-switched ac-
tion is raised, and more time is needed to store the
necessary amount of energy in Nd:YAG. For a suf-
ficiently high value of OD only one laser pulse is
generated for ED 5 120 mJ. For this energy and an
OD 5 0.3 Q-switch element we were able to obtain
three pulses, whereas the OD 5 0.5 element gave us
only one pulse approximately 150 ms after the begin-

ing of the diode laser pulse.
In Fig. 4 the dependence of energy ES of the

1570-nm signal pulses is shown as a function of ED
for an OD 5 0.2 saturable absorber. The threshold
of Q-switched laser operation is reached at ED ;43

J, as also indicated in Fig. 2, at the end of the diode
ulse. This laser-diode-pulse energy yields a signal
ulse with an energy of ;0.5 mJ. Increasing ED

does not increase the energy of the 1064-nm laser
pulse or of the OPO pulses, since the saturable ab-
sorber is bleached at a certain constant energy inside
the cavity and this energy is not reached again during
the diode laser pulse. However, for a sufficiently
high ED the threshold of bleaching is reached again
within a laser diode pulse and the appearance of
additional pulses results in a steplike increase in the
total energy as seen in Fig. 4. An analogous depen-
dence of laser output energy was observed by Lavi et
al.5 This type of self-clocking, Q switching is in the
nature of passive Q switches.

For OD values higher than 0.2 the bleaching of the
assive Q-switching element occurs later in the diode
ulse, thus enabling the laser medium to store more
nergy before release. As a result the energy EP of

the laser pulse and corresponding OPO signal pulse
energy ES increases as the OD increases. The signal
pulse energy per emitted pulse was measured for the
three available saturable absorbers ~OD 5 0.2, 0.3,
nd 0.5! as shown in Fig. 5. Although there are only
hree data points it appears that across the range of
D’s considered the dependence of ES on saturable-

absorber transmissivity ~T 5 102OD! is not far from

Fig. 4. Signal-pulse energy versus diode-pulse energy for a
Q-switch optical density of OD 5 0.2.
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linear. The effect of the increasing OD is therefore
to reduce the number of pulses, to increase the energy
per pulse, but not to improve the energy utilization
factor significantly.

The optimum output efficiency of the 1064-nm la-
ser and the OPO ~OD 5 0.5 Q switch! can be deter-
mined separately by varying the reflectivity of the
appropriate mirrors. The variation of laser and sig-
nal energy with reflectivity of the output coupler is
indicated in Fig. 6. In the first case the system was
used in normal OPO operation with a different output
coupler M1 reflectivity at lS ~but highly reflecting at
lP!. In the second case the system was used with
mirror M2 slightly tilted to prevent OPO operation
and with a variable 1064-nm output coupler ~M1!.

ptimal output couplers were found to have RP 5 0.4
for the second case ~corresponding to a maximum
laser pulse energy of 3.6 mJ! and RS 5 0.85 for OPO
operation. ~The maximum signal pulse energy is
1.42 mJ.! Note that the ratio of the maximum OPO
signal pulse energy to the maximum 1064-nm pulse
energy ~albeit for different cavity configurations! is

Fig. 5. Average energy of a single signal pulse generated with
different passive Q-switching elements ~OD 5 0.2, 0.3, 0.5! versus
ransparency ~5102OD!.

Fig. 6. Dependence of the output energy of the Nd31:YAG laser
~open circles! and OPO signal ~solid circles! on the reflectivity of the
output coupling mirror.
;0.4 for our pumping conditions. Debuisschert et
l.9 estimated that this ratio could be as high as 0.8.
We consider now the temporal dynamics of the la-

ser and OPO signal pulses for OD 5 0.5 operation
with ED 5 112 mJ. Oscilloscope traces of typical
pulses are shown in Fig. 7. In the figure pulses 1
and 2 are obtained with a closed cavity at lP and
optimal output coupling ~RS 5 0.85! for the intracav-
ity OPO. Pulse 3 is recorded when the laser is con-
figured ~M2 is tilted! to produce the maximum
1064-nm output energy. Owing to the high effi-
ciency of the OPO, the intracavity laser pump power
is very low ~this power was obtained by detecting the
064-nm pulse leakage from mirror M3! when an
PO pulse is obtained and there is strong depletion of

he laser pulse during the signal-pulse generation.
nder optimal conditions the width of the signal
ulse was determined to be tS 5 ~3.4 6 0.1! ns, a

value related to the bare cavity photon lifetime of
;1.8 ns. Debuisschert et al. predicted a ratio of the
pulse width to the cavity photon lifetime of ;3, which
compares favorably with our value of 1.9. Longer
pulses are obtained under less ideal conditions ~e.g.,
lower ED, higher coupler reflectivity!.

The relatively short signal pulse indicates that the
OPO effectively cavity dumps the laser energy. The
intracavity energy conversion efficiency from 1064 to
1570 nm is ;0.45 ~defined as the intracavity signal-

ulse energy divided by total intracavity energy! and
s within 20% of the theoretical value calculated by
ebuisschert et al. This efficiency is approximately

he same as the ratio of the maximum 1570-nm to the
aximum 1064-nm pulse energies as noted above!

lthough the ratio of peak pulse powers is .1.5.
This peak-power enhancement is simply a result of
the nonlinear optical generation process in a short
OPO cavity. Note, however, that both the 1064- and
the 1570-nm pulses possess a tail since the laser is
never far from threshold toward the end of the

Fig. 7. Temporal shape of pulses generated in OD 5 0.5 case: 1,
output OPO signal pulse generated with optimal output coupling
for 1570 nm; 2, output laser pulse generated with optimal output
coupling for 1064 nm; 3, intracavity laser pulse during OPO opti-
mal operation. ~For intracavity power of pulses 1 and 3 use the
right-hand scale.!
20 April 1999 y Vol. 38, No. 12 y APPLIED OPTICS 2557
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Q-switched pulse. The ratio of rise and fall times in
our signal pulse is 0.77, which compares favorably
with a value of 0.72 determined by Debuisschert et al.
From Fig. 7 we also infer that the ratio of the peak
intracavity 1570- and 1064-nm powers is 4.4 com-
pared with a theoretical value of 4.5. Finally, Fig. 8
illustrates the transverse mode of the signal beam
and indicates that a high-quality smooth profile is
obtained. Owing to the saturable-absorber element
that works as a soft diaphragm, the output beam
mode structure is essentially Gaussian.

We now consider specific aspects of the passively
Q-switched laser performance compared with the re-
sults predicted by the rate equations outlined above.
The parameters used in the simulation are f 5 1, x 5

3 103, b 5 103, which are obtained by using the
expressions of Debuisschert et al. and the cavity
losses, beam waists, material saturation intensities
of the Nd:YAG and Cr41:YAG media. We use a laser

umping level of s 5 12, which is consistent with
experiments. Numerical results from the simula-
tions do not change substantially if the x or b param-
eters are changed by as much as a factor of 2. When
the diode pump is turned on, the active medium pop-
ulation grows at a rate of sytN and after several
microseconds reaches the threshold for stimulated
emission. At that time the pump intensity grows
exponentially at a rate of ~N 2 1 2 a!ytp. Simulta-

eously the saturable-absorber ground-state popula-
ion Nc decreases at a rate of bIPytNc

and on a time
scale of nanoseconds is bleached ~Nc 5 0!. Note
that, unlike the case discussed by Debuisschert et al.,
passive Q switching requires a nonzero buildup time.
When the pump pulse intensity IP reaches the
threshold for OPO operation ~IP 5 1!, the analogous
exponential growth of signal radiation starts from
noise level ε. The time rate of OPO generation is
high enough @˜~IP 2 1!ytS# to dump the pump energy
efficiently. As a result, nanosecond-duration pump
and signal pulses are generated as indicated in Fig. 9.
When one compares these simulations, based on a 5
7, with the experimental pulses shown in Fig. 7, good

Fig. 8. Spatial profile of output signal beam: x, transverse co-
ordinate; circles, experimental points; curve, best Gaussian fit.
558 APPLIED OPTICS y Vol. 38, No. 12 y 20 April 1999
semiquantitative agreement is obtained. The signal
pulse has an intracavity intensity that is much larger
than that of the laser pulse, and its duration of 3 ns
is considerably less than that of the laser pulse.

The simulations show that the generation of pump
and signal pulses occurs at a time that increases close
to linearly with the OD of the saturable absorber
~parameter a!, varying from 40 ms for a 5 1 to 180 ms
for a 5 7. As a ~which is proportional to 102OD!
increases the signal pulses become shorter but have
higher peak intensity and energy. Figure 10 illus-
trates how the signal-pulse profile varies with a.
Figure 11 offers a summary of how the signal-pulse
width, peak intensity, and energy vary with the un-
saturated absorption of the absorber. Note, in par-
ticular, that the pulse width is only weakly
dependent on a for a . 2–3, but that the peak inten-
ity and signal-pulse energy grow almost linearly
ith a. The pulse energy variation, in particular,
grees well with the experimental data in Fig. 5.
The main conclusion from the simulation is that, for
given laser-diode pumping level, one should use the
ighest OD of the saturable absorber possible so that

Fig. 9. Time-dependent pump intensity IP ~solid circles! and OPO
signal intensity IS ~open circles! obtained with a saturable ab-
sorber with a 5 7. Time is measured from the turn-on of the diode
laser pump.

Fig. 10. Time-dependent signal pulses for a given a. At t 5 0 the
pump intensity is IP 5 1 ~the threshold of OPO!.
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the OPO signal pulse occurs as close to the end of the
diode pulse, with maximum intensity and energy.

4. Conclusions

We have studied the dynamics and the pulse charac-
teristics of a noncritically phase-matched, KTP-based
OPO-driven intracavity by a laser-diode side-pumped
Nd:YAG laser passively Q switched by a Cr41:YAG
crystal. We obtained high-efficiency OPO operation
output owing to high intracavity-energy-transfer effi-
ciency. The OPO energy, pulse, and efficiency char-
acteristics are in good agreement with theoretical
modeling based on an extension of the model of De-
buisschert et al.,9 taking into account that we have
mployed a passive Q switch. The use of passive Q

switching permits a simple system to be constructed,
and the use of an appropriate saturable-absorber ele-
ment allows one signal pulse to be generated per diode
laser pulse. However, the trade-off is that such an
element must generate a high loss in the off-state.
This limits the energy-transfer efficiency from the la-
ser gain medium.

We gratefully acknowledge financial support from
the Natural Sciences and Engineering Research
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Fig. 11. Peak intensity Ip, pulse energy Es, and pulse width Ds of
ignal pulses versus saturable-absorber density parameter a.
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