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We have constructed a numerical model of seeded optical parametric oscillators that is appropriate for
nanosecond or longer pulsed operation. We have also experimentally characterized the performance of a
KTP ring optical parametric oscillator. We present a description of the model and show that its predictions
agree well with the observed oscillator performance. We compare spatial beam quality, spectra, efficiency,
and full-beam and spatially resolved temporal profiles. Backconversion of signal and idler light to pump is
found to affect all the aspects of performance.  1995 Optical Society of America
1. INTRODUCTION
Nanosecond pulsed optical parametric oscillators (OPO’s)
hold great promise as sources of coherent yet widely
tunable light. They were first demonstrated 30 years
ago,1 but for many years their development was stymied
by the lack of suitable nonlinear crystals, cavity optics,
and pump lasers. The recent resurgence of activity in
the field2 – 20 has been stimulated by the development of
new crystals such as potassium titanyl phosphate (KTP),
lithium triborate (LBO), and b-barium borate, by the de-
velopment of single-longitudinal-mode pump lasers, and
by progress in high-damage-threshold optics. Despite re-
cent progress, these devices have yet to reach their poten-
tial as sources with narrow linewidth, broad tunability,
and good beam quality. One of the reasons is that their
behavior is more complex than is often appreciated. In
contrast to lasers, OPO’s are sensitive to the phase of the
pump light because it can be impressed on the signal and
the idler waves. Additionally, they have no gain storage
time, so the single-pass gain must be high if the pump-
pulse duration is limited to a few nanoseconds. Such
high gain often results in strong conversion of signal and
idler waves back into the pump waves. This backconver-
sion can strongly influence the efficiency, the beam qual-
ity, and the spectra of OPO-generated light. Another
distinction between lasers and OPO’s is the use of crit-
ically phase-matched crystals in OPO’s. These crystals
introduce angular sensitivity of the gain, with the conse-
quence that there is an acceptance angle or a maximum
allowed angular spread of the three interacting waves
imposed by the crystal in addition to that imposed by
other cavity optics. Furthermore, parametric oscillator
performance is sensitive to cavity feedback of signal, idler,
and pump waves and can be strongly influenced by small
amounts of unwanted feedback.
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Because of the daunting array of variables that must
be considered in designing on OPO, we have developed
a numerical model of OPO performance as a design tool
that allows us to alter any of the variables quickly and to
study the resulting changes in beam quality, efficiency,
time profiles, and spectra. To benchmark the model
we have made a careful laboratory study of the perfor-
mance of a particular OPO and have compared it with
the model’s predictions. The model includes all the rele-
vant physics for a seeded, nanosecond OPO pumped
by a single-frequency pump laser. We account for the
nonlinear interaction in the crystal, including pump de-
pletion, birefringence, diffraction, realistic spatial and
temporal beam profiles, signal- or idler-wave seeding of
the oscillator cavity, arbitrary cavity-mirror reflectivi-
ties, and absorptive losses in the crystal. The laboratory
measurements encompassed efficiencies, energy fluence
transverse profiles, spatially resolved and spatially in-
tegrated power profiles, and output spectra for careful
characterization of operating conditions. We report here
on the comparison between the model predictions and
the laboratory measurements and show that our model is
successful in describing actual OPO performance.

2. NUMERICAL MODEL
Despite the long history of OPO’s and the recent flurry
of research activity, there have been few published re-
ports of modeling that is applicable to nanosecond OPO’s.
Because these devices operate in the transient regime,
models developed for cw OPO’s cannot accurately pre-
dict their behavior. In one model that is appropriate
to pulsed OPO’s, Brosnan and Byer21 used analytic ex-
pressions for parametric gain to describe nondiffracting
waves in the limit of low pump depletion. This model
1995 Optical Society of America
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was used to predict threshold pump fluences. Later vari-
ations on this model by Guha et al.22 and by Terry et al.23

add optical cavity modes and crystal birefringence to the
analysis but retain the assumption of low pump deple-
tion. Because of this approximation, these models pre-
dict only threshold energies or fluences. Once the pump
exceeds threshold by a small amount, the assumption
of low pump depletion is violated, so these models can-
not predict other properties of OPO’s, such as conver-
sion efficiencies, power profiles, or beam quality. In a
recent paper, Breteau et al.24 numerically modeled a KTP,
linear-cavity OPO pumped by 12-ns pulses from a Q-
switched Nd:YAG laser. Their model is based on nu-
merical integration of the frequency-mixing equations for
plane waves. It neglects spatial beam profiles, walk-off,
and diffraction. Nevertheless, by adjusting the value of
the nonlinear coefficient deff , they achieve good agreement
with the measured power profiles and efficiencies for a
multilongitudinal-mode OPO described in the same re-
port. Our model takes the next step and includes trans-
verse profiles, diffraction, and walk-off.

A conceptual description of our model is now given. All
radiation within the cavity is approximated by a series of
time slices separated by the round-trip time for the OPO
cavity. Evolution of these slices is calculated by solution
of the paraxial Maxwell equations in retarded time as the
slices propagate around the OPO cavity. For each time
slice, the transverse profile of the pump optical field is
constructed on a rectangular mesh and is propagated to
the OPO’s input mirror, where it is combined with the
pump light already in the cavity. The resulting pump
field is again propagated around the optical cavity back
to the input mirror, and this process is repeated for the
duration of the pump pulse. The same procedure is ap-
plied to the seeded signal wave. The third wave, the
idler, is generated entirely within the OPO cavity. All
propagation includes diffraction handled by fast-Fourier-
transform methods, allowing us to track the phases and
the amplitudes of all three waves over their transverse
profiles. The modeling of the nonlinear interaction of the
three waves in the mixing crystal accounts for diffraction,
linear absorption, phase velocity mismatch, and strong
energy exchange among the three waves. We assume
that the crystal is uniaxial. This assumption is also suf-
ficient for biaxial crystals if they are oriented for propaga-
tion in one of the principal planes, as is usually the case.
The result is a record of the phase and the amplitude of
each optical field at the OPO input and output mirrors on
a transverse spatial grid and a time grid (which is set by
the round-trip time). From this time log of the fields we
derive the powers as a function of time, the transverse in-
tensity profiles at any propagation distance, beam quality
(as measured by Siegman’s25,26 M2), and wave-front tilt
and curvature. We can also find the time development
of the intensities at any point in the transverse profile,
plus fluence profiles and spectra. We find the spectra by
Fourier transforming the fields separately for each spatial
location and summing them.

This time-slice approach assumes that all three waves
have the same group velocity and is thus usually not
appropriate for picosecond or shorter pulses. It also as-
sumes that there are no frequency-selective elements
such as étalons or gratings in the cavity. Strictly speak-
ing, this approach is appropriate only for nanosecond or
longer, seeded OPO’s. Even for this case, under some
conditions, the model predicts sharp, picosecond-scale
time variations. Clearly, caution must be exercised in
interpreting such results. Fortunately, these sharp fea-
tures are absent unless the OPO is driven far above
threshold, at levels that are not of practical interest. Al-
though the model has a bandwidth or pulse-width limit
imposed because it ignores group-velocity dispersion, it
may still be useful, if not exact, for OPO’s that weakly
violate our assumptions.

The key to implementing the model is integration of the
signal, the idler, and the pump waves through the mixing
crystal, allowing for birefringence, pump depletion, and
diffraction. This problem cannot be solved analytically,
so we use numerical methods similar to those described
in the literature.27 – 30 Our methods are documented in a
previous paper.31 Briefly, in a birefringent crystal, the
Poynting vector for waves with extraordinary polariza-
tion is tilted by the walk-off angle r relative to its k vec-
tor. In our laboratory coordinate system, the optic axis of
the uniaxial crystal lies in the x–z plane. The k vectors
nominally point in the z direction, so x-polarized, or extra-
ordinary, light walks off in the x direction, but y-polarized,
or ordinary, light does not walk off. In the paraxial ap-
proximation, if we ignore the slight asymmetry of diffrac-
tion in the x and the y directions, the mixing equations
take the form
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where j indexes the frequency (signal, idler, or pump).
The complex variable ´ is a Fourier component of the
optical electric field Ej , defined by
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where
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These equations are integrated through the crystal by
transformation to retarded-time coordinates, where z 
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ctyn. Thus z and t are not independent variables. In-
stead, t can be considered an index on the time slices.
Fourier transforming the electric fields and the polariza-
tion terms in the transverse dimension, using
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and substituting these definitions of ´j sx, y, z, td and
Pj sx, y, z, td into Eq. (1), we arrive at the following
equation for the propagation of the individual spatial-
frequency component waves:
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We now have three coupled first-order differential equa-
tions describing the change in each spatial-frequency
component of the fields as they propagate through the
crystal. The coupling is by means of the nonlinear inter-
action term P̃j ssx, sy , z, td.

We integrate Eq. (7), using the Cash–Karp Runge–
Kutta algorithm.32 At the beginning of each z step,
the ˜́ j ssx, sy , z, td terms are Fourier transformed to give
´j sx, y, z, td. These terms are used in Eqs. (3) to cal-
culate the polarization drive terms Pj sx, y, z, td, which
are Fourier transformed to yield the P̃j ssx, sy , z, td’s of
Eq. (7). The x–y spatial grid is typically 32 3 32 or
64 3 64, and the integration of a single time slice through
the crystal is performed in approximately 32 steps. The
number of time slices is typically 75. Run time on a
Pentium-based computer is of the order of 1000 s.

In a previous paper31 we showed formulas for comput-
ing the beam-quality factor M2, the spot size, and other
beam parameters as functions of time from this type of
modeling. Although useful in illuminating the dynam-
ics of the OPO, these quantities are difficult to measure
for nanosecond pulses. However, their time-integrated
counterparts are measurable and are usually the quanti-
ties of interest. Thus it would be useful to define similar
time-integrated quantities to characterize the fluences, or
the time-integrated intensities. Here we present formu-
las for calculating these quantities. The derivation is
similar to our previous one, except the transverse mo-
ments of the optical pulse in both the spatial and the
spatial-frequency domains are now based on the inten-
sity integrated over time (the energy fluence distribution).
We start by defining the quantity U as
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where sx is kxy2p or the x transverse component of the
spatial-frequency vector. The first moments in the spa-
tial and the spatial-frequency domains are now defined in
terms of fluence rather than intensity:
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One can show that the first spatial moment propagates
according to
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Similarly, the fluence-based variances are given by
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The x variance can be shown to propagate according to
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The formulas for the fluence-based minimum variance or
beam waist, s0x

2; for the beam-quality factor, M2; and for
the radius of curvature in the x dimension become
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respectively. Similar equations describe the beam prop-
erties in the transverse y dimension.

We can summarize the numerical calculations of the
OPO as follows. We numerically integrate the wave
equations, Eq. (7), for pancakes of light propagating
through the crystal and around the cavity. The wave
equations include all the relevant physics of the problem,
including crystal birefringence, diffraction, and pump de-
pletion. The result of this calculation is a record of the
electric-field amplitude and the phase for each of the
three waves emerging from the OPO cavity, from which
properties such as spectra, time profiles, spatial profiles,
and beam quality are calculated.
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Fig. 1. Schematic diagram of laboratory KTP ring OPO. HR,
high reflector.

3. LABORATORY MEASUREMENTS
In this section we describe our laboratory OPO and ex-
plain how the measurements were made. We chose as
an OPO cavity the simple three-mirror ring configuration
shown in Fig. 1, rather than a two-mirror linear configu-
ration, primarily to reduce unwanted feedback of the
pump and the idler waves and thereby ensure that the
cavity is truly singly resonant. This geometry also re-
duces unwanted optical feedback to the seed laser and
tends to average signal beam inhomogeneities in the
plane of the ring because the image reverses on every
round trip. The three cavity mirrors are flat and are ar-
ranged so that the total cavity length is 6.7 cm. The sig-
nal, the idler, and the pump wavelengths are 780, 1673,
and 532 nm, respectively. At 780 nm, two of the mirrors
are high reflectors, whereas the third has 51% reflectivity.
One of the high reflectors is mounted on a piezoelectric
transducer to permit fine adjustment of the cavity length
to resonate the 780-nm seed light. The round-trip loss
at the pump and the idler wavelengths is greater than
99.9%. The nonlinear medium is a 1-cm-long KTP crys-
tal cut at u  51±, f  0± for Type-II phase matching.
It is mounted on a rotation stage so that it can be ro-
tated about an axis perpendicular to the plane of the ring.
The crystal is antireflection coated for 780 and 532 nm.
The resonated signal wave at 780 nm is polarized in the
plane of the ring cavity and propagates through the crys-
tal as an extraordinary wave. The pump and the idler
waves are polarized perpendicular to the plane of the
ring and are ordinary waves. Thus the critical direction
for phase matching coincides with the plane of the ring.
The signal-wave walk-off is 0.51 mm in the plane of the
resonator.

Figure 2 is a schematic of the entire experiment. The
OPO is pumped by spatially filtered 532-nm pulses.
The 1064-nm light from the oscillator of a Q-switched,
injection-seeded Nd:YAG laser (Continuum NY61) is fre-
quency doubled in either a 2-cm-long LBO crystal or an
8-mm-long KTP crystal, and the second-harmonic light
is focused with a 1-m focal-length lens onto a 400-mm-
diameter diamond pinhole for spatial filtering. A tele-
scope collimates the light to a 0.6-mm (FWHM) beam
with a pulse energy of as much as 12 mJ. This value
corresponds to pump fluences of as much as 2.5 Jycm2

(300 MWycm2). The duration of the 532-nm pulse is
set to 6–8 ns FWHM and is controlled by variation of the
Q-switch delay of the Nd:YAG laser. The resulting pump
pulse has a slightly shorter rise time than fall time and
a fluence profile closely approximated by a Gaussian dis-
tribution. Figure 3 shows measured time and fluence
profiles fitted by Gaussians.

The OPO is injection seeded with a cw, single-mode
Ti:sapphire laser (Schwartz Electro-Optics model Titan
CWBB) pumped by an argon-ion laser (Spectra-Physics
Model 2020). The Ti:sapphire laser produces light with
a near-TEM00 mode that is magnified, collimated, and
passed through an iris to produce a seed beam with an
Airy central disk with a FWHM of 1 mm at the OPO
and a power of typically 10–40 mW. This value is much
larger than the approximately 10-nW minimum that we
find is required for seeding the OPO. The measured
linewidth of the seed laser is less than 30 MHz. The
OPO cavity is adjusted to resonate the seed light by a
standard cavity-length dithering technique with a lock-in
stabilizer (Lansing 80.215). When measuring the OPO
output spectra, we prevented frequency jitter caused by
cavity-length dither by firing the Nd:YAG laser when the
OPO cavity was exactly resonant with the seed light.

The light generated by the OPO is diagnosed by use of
a variety of instruments. CCD cameras connected to a
beam-profiling system (Big Sky Analyzer Plus) record flu-
ence profiles of the signal and the depleted pump beams
30 cm away form the output coupler. Fast photodetec-
tors (Hamamatsu R1193 and 1328U, New Focus 1611)
record both spatially integrated and spatially resolved
power profiles for the incident pump, the depleted pump,
Fig. 2. Schematic diagram of OPO experiment. SLM, single longitudinal mode.
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Fig. 3. Power (a) and fluence (b) profiles of the incident pump
beam. The dots represent the experimental data, and the
curves are least-squares fits of Gaussians to the experiment.

the signal beam, and the idler beam. The OPO signal en-
ergy is measured with a pyroelectric detector (Laser Preci-
sion Rj-7200), and the incident pump energy is measured
with a calorimeter (Scientec 300100). Spectra of the sig-
nal and the pump (incident and depleted) waves are ob-
tained by use of high-finesse (.50) scanning Fabry–Perot
étalons with free spectral ranges of approximately 1 GHz.

Beam-quality measurements are performed with the
beam-profiling system mentioned above to record profiles
at various positions through a mild focus formed by a
long-focal-length lens. Each profile is analyzed to ob-
tain waist sizes, wx and wy , in the two transverse di-
mensions, x and y. The variation of the waist size with
propagation distances, z, is then fitted to the following
expression,26 which describes propagation of a beam with
a beam-quality factor of M2:

w2szd ; 4s2szd  w0
2 1

"
M2lsz 2 z0d

pw0

# 2

, (19)

where z0 is the position of the minimum waist size, w0,
and l is the wavelength. Note that a beam with a Gauss-
ian spatial distribution and a uniform phase front has
M2  1, whereas real beams have M2 $ 1.
4. RESULTS AND DISCUSSION

A. Optical Parametric Oscillator Operating Parameters
Apart from the efficiency, the threshold, and the beam-
quality measurements, we compare model and labora-
tory results at two values of the pump fluence; the lower
is 1.6 Jycm2 or 2.3 times threshold, and the higher is
2.5 Jycm2 or 3.5 times threshold. The other parameters
of importance are described in Appendix A, along with
estimates of their experimental uncertainties. These pa-
rameters comprise all those used in the model. We used
only measured input parameters, making no adjustments
to match the actual performance of the OPO. In addi-
tion, all the comparisons are on absolute scales unless
otherwise indicated.

B. Threshold and Efficiency
The measured and the predicted signal energy and effi-
ciency are plotted in Fig. 4, for both seeded and unseeded
operation of the OPO. Each data point represents a
single laser pulse. The predicted results for the un-
seeded OPO are obtained with an incident seed power
of 10 nW, the minimum power observed to seed the cav-
ity when the cavity is resonant with the seed frequency.
One benefit of seeding that is apparent in these plots is
a reduction of the threshold pump energy. This result is
expected because the high seed power (30 mW) produces
a signal intensity in the OPO cavity that is approximately
6 orders of magnitude above the quantum-noise value of
1 photon/mode. The oscillator thus requires less gain to
achieve threshold when it is seeded. Figure 4 also illus-
trates a reduced shot-to-shot variation of the OPO output
energy with seeding.

The seeded (unseeded) signal efficiency, defined as the
signal energy out divided by the pump energy in, peaks
at approximately 29% (21%), corresponding to a quantum
efficiency (signal photons out/pump photons in) of ap-
proximately 43% (31%). The model reproduces the
seeded operation of the OPO but is less successful in
predicting the unseeded performance. This result is
Fig. 4. Measured and predicted output (a) signal energy and (b) efficiency are shown for both seeded and unseeded operation. Note
that when the OPO is seeded both the threshold is reduced and the efficiency is increased.
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presumably due to the multiple-longitudinal-mode op-
eration of the unseeded OPO and the quantum-noise
character of the seed, both of which are not accounted for
in the numeric model. The model assumes a classical,
monochromatic seed wave, whereas the unseeded device
is seeded by quantum noise at both the signal and the
idler wavelengths. In addition, at the observed unseeded
linewidth of approximately 3 cm–1, our approximation of
zero group-velocity dispersion begins to fail. In the re-
mainder of this paper we consider only seeded operation
of the OPO.

C. Fluence Profiles
Contour plots comparing measured and calculated en-
ergy fluence profiles for the signal and the depleted
pump beams are presented in Figs. 5 and 6 for the low
(1.6 Jycm2) and the high (2.5 Jycm2) pump fluences, re-
spectively. When one recalls that the incident pump
beam is nearly Gaussian, it is clear from the depleted
pump contours [Figs. 5(a) and 6(a)] that the paramet-
ric process has distorted the pump beam asymmetrically
with respect to the critical and the noncritical planes.
In addition, the distortion is greater at the higher pump
level. The signal beam is relatively unstructured at the
lower pump fluence but develops side lobes in the non-
critical direction at the higher fluence in both the model
and the experimental profiles [Figs. 6(c) and 6(d)].

Insight gained from the data and the model leads to the
following general explanation of the structure in these
profiles. The asymmetry between the critical and the
noncritical planes is due to walk-off of the resonated
signal beam. This walk-off leads to a small acceptance
angle (0.88 mrad) in the critical plane that restricts the
range of off-axis k vectors that have gain. At the lower
pump fluence the signal beam is single peaked (like the
pump) and is elliptical in shape because of different di-
vergences in the critical and the noncritical planes. At
the higher fluence the signal and the idler generated in
the center of the pump beam can completely deplete the
pump beam and can backconvert to generate new pump.
Thus the signal beam is somewhat depleted on axis be-
cause of backconversion. The amount of backconversion
varies with position in the beam, and this spatial modu-
lation creates off-axis k vectors. The small acceptance
Fig. 5. Measured [(a), (c)] and calculated [(b), (d)] contour plots of the fluence spatial profiles of the depleted pump [(a), (b)] and the
signal [(c), (d)] beams measured 30 cm from the OPO output mirror when the OPO is pumped at 1.6 Jycm2 (2.3 times threshold), and
the phase mismatch is zero. The peak measured (calculated) depleted pump fluence is 1.17 (0.84) Jycm2, and each contour is separated
by 0.1 Jycm2. The peak measured (calculated) signal fluence is 0.67 (0.53) Jycm2, and each contour is separated by 0.05 Jycm2.
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Fig. 6. Measured [(a), (c)] and calculated [(b), (d)] contour plots of the fluence spatial profiles of the depleted pump [(a), (b)] and the
signal [(c), (d)] beams measured 30 cm from the OPO output mirror, when the OPO is pumped at 2.5 Jycm2 (3.5 times threshold), and
the phase mismatch is zero. The peak measured (calculated) depleted pump fluence is 2.27 (1.55) Jycm2 and the contours are separated
by 0.25 Jycm2. The peak measured (calculated) signal fluence is 0.95 (0.97) Jycm2, and each contour is separated by 0.1 Jycm2.
angle in the critical plane means that the off-axis k vec-
tors in that direction see much lower gain than do those
in the noncritical direction. Hence the lobes grow more
readily in the noncritical plane.

D. Beam Quality
The signal beam contours qualitatively indicate that the
beam quality degrades as the pump fluence increases and
that the beam quality is better in the critical plane than
in the noncritical plane. We quantified these effects by
measuring the beam-quality factor M2 in both the critical
and the noncritical planes. These results are shown in
Fig. 7 along with calculated values of M2 (curves). The
beam quality in the critical plane is much better than in
the noncritical plane at the higher fluence of 2.5 Jycm2.
This asymmetry in beam quality can be important for
applications requiring subsequent nonlinear conversion
of the OPO output.

E. Power
Figures 8 and 9 display measured and computed full-
beam power profiles at pumping levels of 1.6 and
2.5 Jycm2. As expected, the turn-on time at the higher
pump fluence is earlier than at the lower pump fluence.
The signal and the idler profiles are smooth single peaks

Fig. 7. Beam-quality factor M2 for various pump fluences.
The symbols represent the experimental data, and the curves
are model predictions. The better beam quality in the critical
direction is caused by the strong angular dependence of the gain
in the critically phase-matched KTP crystal.
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Fig. 8. Spatially integrated power profiles of (a) the incident
and the depleted pump, (b) the signal beam, and (c) the
idler beam when the OPO is pumped at 1.6 Jycm2 (2.3 times
threshold).

for both pump fluences. The depleted pump profiles,
however, show a secondary peak centered near 0 ns that
indicates backconversion. This peak is larger at the
higher pump level, as expected.

Agreement between experiment and model is good at
this level. A more stringent test of the model’s accuracy
and stronger evidence of backconversion are provided
by spatially resolved power profiles. These profiles
are shown in Figs. 10, 11, and 12 for pump fluence of
1.6 Jycm2 at various locations within the pump, the
signal, and the idler beams, respectively. We obtained
them by imaging the OPO output onto a small aperture
and recording the transmitted power, using fast detectors.
The depleted pump profiles (Fig. 10) show clear evidence
of backconversion. The time profile of the center of the
pump beam shows a strong backconversion peak centered
at 1 ns. Profiles in the wings of the pump beam show
much less backconversion because of the smaller pump
intensities and the resulting lower gain. Thus the
pump is converting to signal and idler more efficiently in
the wings than in the center of the pump beam. Data
obtained at a pump level of 2.5 Jycm2 (not shown) show
an even greater backconversion peak at the center of the
pump beam. The spatially resolved power profiles of the
signal and the idler are rather unstructured compared
with the depleted pump profiles but also agree reasonably
well with the model. It is worth noting, however, that
the idler profiles are different from the signal because

Fig. 9. Spatially integrated power profiles of (a) the incident
and the depleted pump, (b) the signal beam, and (c) the
idler beam when the OPO is pumped at 2.5 Jycm2 (3.6 times
threshold). Note: an experimental profile for the idler is not
available.
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Fig. 10. Measured fluence profile of the depleted pump and spatially resolved power profiles at locations in the beam indicated by
the arrows. Shown are wave forms for the incident pump (1’s) the depleted pump (dots), and the calculated depleted pump (dashed
curves). The incident pump fluence is 1.6 Jycm2 (2.3 times threshold).

Fig. 11. Measured fluence profile of the signal and spatially resolved power profiles at locations in the beam indicated by the arrows.
Shown are wave forms for the measured (dots) and the calculated (dashed curves) signal-wave forms. The incident pump fluence
is 1.6 Jycm2 (2.3 times threshold). The signal peak fluence is 0.54 Jycm2.
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Fig. 12. Calculated energy fluence profile of the idler and spatially resolved power profiles at locations in the beam indicated
by the arrows. An experimental spatial profile was not available. Shown are the wave forms for the measured (dots) and the
calculated (curves) idler-wave forms. The incident pump fluence is 1.6 Jycm2 (2.3 times threshold). The idler peak fluence is
calculated to be 0.2 Jycm2.
the signal is resonated in the OPO cavity and thus gets
averaged over a few round-trip times.

F. Spectra
Spectra of the entire (spatially integrated) signal beam
are shown in Fig. 13 for pump levels of 1.6 and 2.5 Jycm2.
The signal spectrum at the lower pump level is quite
close to the Fourier transform of the spatially integrated
time profile of the signal, i.e., the signal is very nearly
transform limited. At the higher pump level, however,
the spectrum deviates significantly from the transform
limit. The laboratory spectrum is shifted and is broad-
ened. These changes result from time-dependent phase
shifts, created by backconversion, that vary across the
spatial profile of the signal beam. Because the whole-
beam spectrum is the sum of spectra for all the spatial
locations of the beam and because each of these locations
can have different amplitude and phase time profiles, de-
viations from the transform of the whole-beam time pro-
file are not surprising.

Figure 14 shows spectra for the entire pump beam cor-
responding to the signal spectra shown in Fig. 13. In
contrast to the signal spectra, both pump spectra show
significant deviation from the transform of the whole-
beam time profile. One would expect the pump spectra
to show stronger backconversion effects because the pump
beam’s time profiles vary significantly with transverse po-
sition in the beam, as we showed in Fig. 10. In addition,
because the backconversion peak is produced with a p

phase shift relative to the incident pump, one expects a
doubletlike spectrum in the heavily backconverted parts
of the beam. The shoulders on the sides of the spectra
shown in Fig. 14 are clear evidence of this doublet.

G. Nonzero Phase Mismatch
All the data presented above were taken with zero phase
mismatch. It is instructive to look at the OPO perfor-
mance when the phase mismatch is nonzero. Figure 15
shows spatial contours of the pump [Figs. 15(a) and 15(b)]

Fig. 13. Spectra of the signal for pump levels (in Jycm2) of
(a) 1.6 and (b) 2.5. The dots represent the measured spectra,
and the solid curves are the model predictions. The dashed
curves show the Fourier transform of the spatially integrated
time profiles.
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Fig. 14. Spectra of the depleted pump at pump levels (in Jycm2)
of (a) 1.6 and (b) 2.5. The dots represent the measured spectra,
and the solid curves are the model predictions. The dashed
curves show the Fourier transform of the spatially integrated
time profiles.
and the signal [Figs. 15(c) and 15(d)] at a pump level of
2.5 Jycm2, with DkL  20.64. Figure 16 is the same,
but with DkL  12.88. We find that the depleted pump
beam is defocusing (focusing) for negative (positive) phase
mismatch. This effect is quite noticeable in Fig. 16(a),
in which the measured depleted pump beam has a higher
peak fluence (3.2 Jycm2) than the incident pump beam
(2.5 Jycm2). Focusing and defocusing are the result of
curvature impressed on the wave front by intensity-
dependent phase shifts associated with nonzero Dk.31

The spectrum of an injection-seeded OPO with phase
mismatch is an interesting topic that was briefly dis-
cussed previously.11,33 The existence of phase mismatch
causes a phase shift of the resonated wave of order DkL
on each pass through the nonlinear crystal. Because
the phase shift occurs on each round trip, the amplified
resonated wave is frequency shifted relative to the seed
wave. Figure 17 shows the signal spectrum for nega-
tive, zero, and positive values of Dk at a pump level of
1.6 Jycm2. The measured sign of the frequency shift is
opposite that of Dk. These shifts are approximately lin-
ear in Dk and increase with increasing pump fluence.33

We also find that the shifted peaks are broadened rela-
Fig. 15. Measured [(a), (c)] and calculated [(b), (d)] contour plots of the energy fluence profiles of the depleted pump [(a), (b)]
and the signal [(c), (d)] beams when a phase mismatch is intentionally introduced by rotation of the KTP crystal. The OPO
is pumped at 2.5 Jycm2, and the phase mismatch, DkL, is 20.64. The peak measured (calculated) depleted pump fluence is 1
(1.0) Jycm2, and the contours are separated by 0.1 Jycm2. The peak measured (calculated) signal fluence is 0.25 (0.53) Jycm2, and
the contours are separated by 0.05 Jycm2.
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Fig. 16. Measured [(a), (c)] and calculated [(b), (d)] contour plots of the energy fluence profiles of the depleted pump [(a), (b)]
and the signal [(c), (d)] beams when a phase mismatch is intentionally introduced by rotation of the KTP crystal. The OPO is
pumped at 2.5 Jycm2, and the phase mismatch, DkL, is 12.88. The peak measured (calculated) depleted pump fluence is 3.1
(2.65) Jycm2, and the contours are separated by 0.25 Jycm2. The peak measured (calculated) signal fluence is 0.42 (0.76) Jycm2,
and the contours are separated by 0.1 Jycm2.
Fig. 17. Spectra of the signal beam for different values of phase
mismatch. The measured (dots) and the calculated (curves)
profiles are shown for DkL values of (a) 12.1, (b) 0.0, and (c)
21.65. The OPO is pumped at 1.6 Jycm2.
tive to the unshifted, Dk  0, peak. Note that even mod-
est values of DkL, which diminish the output energy by
only 10%, are sufficient to cause frequency shifts compa-
rable with the linewidth of the pulsed light. Such shifts
could be important in high-resolution spectroscopic appli-
cations. At higher pump fluences the peaks are not only
broadened but can develop significant structure, as illus-
trated in Fig. 18, which shows the signal spectrum at a
pump level 3.6 times threshold with small negative phase
mismatch.

The agreement between model calculations and experi-
ments with nonzero phase mismatch is generally worse
at the higher fluence, as can be seen by comparison of
Figs. 17 and 18. We also observed, in both the labora-
tory and the model, features in the power profiles of the
depleted pump at the center of the pump beam that oc-
cur on the time scale of a cavity round-trip time. Because
the model uses the round-trip time as the time increment,
we may not be resolving all the time features and thus
may not be accurately predicting spectra. The laboratory
spectra are recorded by use of flat mirror étalons and are
probably more accurate than the model.
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Fig. 18. Spectrum of the signal beam with DkL  20.64 and
the OPO pumped at 2.5 Jycm2.

5. CONCLUSIONS
We have developed a model of nanosecond, injection-
seeded OPO’s that includes all the relevant physics of
these devices, including walk-off, diffraction, and pump
depletion. We have also built a laboratory ring-cavity,
KTP OPO and have carefully characterized all the physi-
cal parameters relevant to its performance. We pre-
sented here a comparison of laboratory measurements
and model predictions of OPO efficiency, thresholds, spa-
tially resolved and full-beam power profiles, signal and
pump spectra, fluence profiles, and signal beam quality.
In our comparison, we used only measured values for the
input parameters to the model. We did not vary them to
improve agreement between model and experiment, yet
we find good qualitative agreement of model and experi-
ment in all the cases, and we usually have good quanti-
tative agreement as well.

Our major conclusion concerning the operation of
nanosecond OPO’s is that backconversion (conversion
of signal and idler back to pump) affects all aspects of
performance. It limits OPO efficiency and degrades the
spectrum and the beam quality. Furthermore, backcon-
version is almost always present in nanosecond OPO’s
because the single-pass gain must be very high to reach
threshold during a single pulse. Once threshold is
reached, however, the high gain usually completely de-
pletes the center of the pump beam and allows the signal
and the idler to backconvert. The effects of backconver-
sion are minimized at pump levels just above threshold.

We conclude that, based on our results, conversion ef-
ficiency can be rather high (quantum efficiency of ap-
proximately 50%) but levels off at high pump fluences
because of backconversion. Furthermore, the quality of
the output beam degrades at higher pump fluences and is
generally better in the critical plane than in the noncrit-
ical plane because of the crystal’s small acceptance angle
in the critical plane. In addition, the output spectra can
be broadened and shifted at high pump fluences, and
phase-mismatch-induced shifts can be greater than the
linewidth of the OPO output.

We are convinced by the agreement between model and
experiment that the model should prove a useful tool in
designing and developing improved OPO’s. We intend to
use it to explore methods of improving OPO beam quality,
such as new resonator designs, pump geometries, etc.
Finally, we note that the primary limitations of the
model are that it does not allow for frequency-selective
intracavity elements and that it does not handle unseeded
operation accurately. At present, it does not resolve time
structure shorter than the round-trip time of the cavity,
but one can rectify that difficulty by interleaving time
slices.

APPENDIX A: TYPICAL OPTICAL
PARAMETRIC OSCILLATOR PARAMETERS
IN MODEL AND MEASUREMENTS
Table 1 lists typical operating parameters used in mod-
eling the OPO. All these parameters were measured
or were estimated for the laboratory device. Here we
describe each parameter and discuss the measurement
methods and uncertainties.

Lcrystal is the physical length of the KTP crystal. deff

is the effective nonlinear coefficient appropriate for the
propagation angle and polarizations used in our device.
This value was found by measurement of single-pass gain
in the actual crystal used in the OPO. We estimate the
uncertainty of the measurement at 5%. Dk is the wave-
vector mismatch in the crystal. It was calculated as a
function of angle with Sellmeier equations34 that accu-
rately describe the angular tuning of KTP OPO’s. We
located the zero point of Dk by finding the angle of mini-
mum threshold. n2 is the nonlinear coefficient of the re-
fractive index, for which a value of 2.4 3 10215 was given
by DeSalvo et al.35 We find that including this value has
no effect on OPO model results, so it is normally set to

Table 1. Typical OPO Parameters

Parameter Value Parameter Value

Lcrystal (mm) 10.0 deff (pmyV) 2.9
Dk scm21d 22.14 to 12.88 n2 scm2yW d 0.0
Upump (mJ) 7.4, 11.6 lpump (nm) 532
lsignal (nm) 780 lidler (nm) 1673.23
Ri

pump (mm) 0.51 Ro
pump (mm) 0.58

nsignal 1.81625 nidler 1.73462
npump 1.79030 usignal (mrad) 51.0
uidler (mrad) 0.0 upump (mrad) 0.0
di

pump (mm) 0.0 d
i
signal seed (mm) 0.0

d
o
signal seed (mm) 0.0 Rsignal (mm) 0.73

Psignal seed (W) 0.025 Nx 32
Ny 32 Xmaximum (mm) 1.4
Ymaximum (mm) 1.5 Lring (mm) 67
Lcrystal leg (mm) 25 OyE odd
R1signal 0.99 R1idler 0.01
R1pump 0.04 R2signal 0.51
R2idler 0.01 R2pump 0.18
R3signal 0.99 R3idler 0.01
R3pump 0.04 asignal smm21d 0.0
aidler smm21d 0.0 apump smm21d 0.00513
RCsignal 0.01 RCidler 0.01
RCpump 0.02 f1signal (rad) 0.0
f1idler (rad) 0.0 f1pump (rad) 0.0
f2signal (rad) 0.0 f2idler (rad) 0.0
f2pump (rad) 0.0 Tstart (round trips) 240
Tstop (round trips) 40 Tiltpump (mrad) 0.0
bpump (mmyGW) 0.0 tpump (ns) 7.0
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zero. The pump energy Upump is accurate to 5%. The
pump beam is slightly elliptical, so we specify two orthog-
onal beam radii. The radius, Ri

pump, is the 1ye2 intensity
radius in the plane of the ring, and Ro

pump is the radius out
of the plane. The uncertainty of the Gaussian fits to the
actual beam profile is approximately 10%. The refrac-
tive indices, n, and the walk-off angles, u, are all derived
from the Sellmeier equations cited above. The di values
are displacements from the ring-cavity axis in the plane of
the ring. d

o
signal seed is the displacement of the seed beam

from the pump beam perpendicular to the plane of the
ring. The uncertainty is approximately 0.1 mm. Rsignal

is the radius s1ye2d of the seed beam, accurate to 10%.
The seed power Psignal seed is accurate to 10%. The num-
ber of grid points Nx and Ny is typically 64. We vary
these from 32 to 128 to check convergence of the model
results. Xmaximum and Ymaximum are half the full spatial
extent of the model grid. Lring is the full physical length
of the cavity. Lcrystal leg is the length of the leg of the
ring containing the crystal. This parameter is used only
to calculate the curvature of the pump beam at the in-
put mirror necessary to produce the specified pump spot
size at the center of the crystal. For the beam sizes used
here, this parameter is not important. The parameter
OyE specifies whether the optical cavity has an odd or an
even number of mirrors. For an odd number, the beams
invert in the plane of the ring on each round trip, whereas
for an even number of mirrors they do not. Here we use
only an odd number of mirrors. The R ’s are the reflec-
tivities of the three cavity mirrors. The pump values for
R1 (the pump input mirror) and R2 (the signal output
mirror) were measured, as was the signal value for R2.
The remainder are estimates. The a’s are linear absorp-
tion coefficients in the crystal. The pump value is de-
duced from a measurement of the crystal transmission.
The others are known to be small. The crystal face re-
flectivities are denoted by RC. The crystal is antireflec-
tion coated for the signal and the pump, but not for the
idler. The signal reflectivity is 1% or less, but the pump
reflectivity is approximately 2%. The idler reflectivity is
unknown. The phase shifts, f, are in two parts: the
first, f1, is the shift over the path from the input mirror
to the crystal; the second is from the crystal output face
to the input mirror. Only the signal phase is important
here because it is the only wave resonated. This param-
eter is nonzero only when the cavity is not resonant with
the seed light. It is always zero for this study. The start
time and the stop time are specified by Tstart and Tstop, re-
spectively, measured in cavity round-trip time. The tilt
of the pump relative to the cavity axis, Tiltpump, is al-
ways zero. The two-photon absorption coefficient, b, is
0.1 cmyGW (Ref. 35), and we set it to zero. The duration
of the pump pulse (FWHM intensity), tpump, is approxi-
mately 7.0 ns. This value can vary from day to day. It
is routinely measured to 8%, and the actual value is used
in comparisons.
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