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We have observed a frequency shift in the output signal pulses relative to the seed frequency in an injection-
seeded, singly resonant, critically phase-matched, pulsed optical parametric oscillator in which phase mismatch
was intentionally introduced. The observed shifts can be large compared with the linewidth of the signal pulse,
are approximately linear in phase mismatch, and increase with increasing pump fluence. We observe frequency
shifts of as much as =400 MHz for our 532-nm-pumped, potassium titanyl phosphate ring optical parametric
oscillator. For zero phase mismatch, we observe nearly transform-limited linewidths of less than 130 MHz. We
compare the experimental data to a simple analytic model that overestimates the shifts because it ignores pump
depletion. We also compare our measurements with a numerical model that calculates the two-dimensional,
transient electric fields and the resultant spectral distributions while explicitly including walk-off, diffraction,
and pump depletion. We find good agreement between the experimental data and the results of this model.

Singly resonant optical parametric oscillators (OPQO’s)
with their broad tunability are promising sources
for spectroscopic applications because they can be
easily tuned to atomic and molecular absorptions.
Unfortunately, the linewidths of pulsed OPQ’s are
generally much broader than most Doppler- and
pressure-broadened transitions. Narrower OPO
linewidths can be obtained by dispersive elements
in the cavity' or by injection seeding.?~® If a seed
source is available, injection seeding with a low-
power, narrow-bandwidth source permits simple cav-
ity designs and provides single-longitudinal-mode
output in pulsed OPO’s. Injection seeding also re-
duces the OPO threshold and improves the OPO
efficiency, in part by reducing the OPO buildup time.

For applications in which precise frequency control
is required, it is necessary to understand the mecha-
nisms that affect the output frequency of injection-
seeded OPO’s. As with injection-seeded lasers,
detuning between the seed frequency and the closest
power oscillator cavity resonance can lead to fre-
quency shifts in the OPO output. When the cavity
is resonant with the injected signal seed wave, ad-
ditional mechanisms can lead to a frequency shift
between the injected signal and the signal output of
a pulsed singly resonant OPO*: phase mismatch,
nonresonant idler feedback, and nonlinear index of
refraction. Each of these mechanisms impresses
phase shifts upon the waves interacting with the
crystal. Because the resonated wave experiences
this phase shift, A¢, on each round trip, its fre-
quency is shifted by approximately A¢/7, where 7 is
the cavity round-trip time.

In this Letter we focus on the effect of phase mis-
match on the frequency profiles and shifts of the out-
put signal pulse for an injection-seeded pulsed OPO
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under conditions in which cavity detuning, idler feed-
back, and nonlinear index of refraction contribute
negligibly to the observed shifts. We compare ex-
perimental measurements with two models: (1) a
simple analytic model that ignores pump depletion
but allows simple estimates of the shifts and (2) a
detailed numerical model including pump depletion,
diffraction, and walk-off that calculates the time-
dependent signal, idler, and pump fields and their
spectral distributions.

Phase-velocity mismatch in the parametric process
is defined as AkL = [k, — (k, + k;,)]L, where k,, k&,
and k; are the pump, signal, and idler wave vectors,
respectively. When phase mismatch is present in op-
tical parametric amplification, the amplified wave ex-
periences a phase shift because the wave vector of
the polarization producing that amplification is not
equal to that of the incident wave. The phase shift
of the amplified wave (relative to the incident wave)
increases with phase mismatch and amplification. It
can be shown that in the undepleted-pump, high-
gain limit" this shift approaches ARL/2 with a cor-
responding frequency shift of —AERL/(27).

The experimental setup is shown in Fig. 1. The
pump beam is the spatially filtered 532-nm out-
put of a frequency-doubled, @-switched, injection-
seeded Nd:YAG laser operating at 10 Hz. It is
a collimated beam with a 0.6-mm FWHM and an
8-ns FWHM pulse width whose spatial and temporal
profiles are well approximated by Gaussian distribu-
tions. The peak pump fluence is limited to 2.5 J/cm?
(300 MW/cm?) to prevent damage to the optics and
potassium titanyl phosphate (KTP) crystal. At this
peak pump intensity we estimate that shifts that
are due to nonlinear index of refraction, n,, are less
than 15 MHz for ARL = 0 from the value measured
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Fig. 1. Experimental layout: the seed and pulsed
signal outputs from the OPO are analyzed with a
high-finesse étalon. Photodiode PD1 is sensitive pri-
marily to the seed beam, and photodiode PD2 detects the
pulsed signal beam from the OPO. PZT, piezoelectric
transducer.

by DeSalvo et al.'? for KTP. We ignore n, effects
in the models.

The OPO is a singly resonant, three-mirror
(flat—flat—flat) ring cavity similar to that used by
Hamilton and Bosenberg.® It consists of two 780-
nm high reflectors and a 780-nm 51% reflective
output coupler. This cavity resonates the signal
wave at 780 nm but provides less than 0.1% feed-
back of the 1.67-um idler and 532-nm pump waves
to minimize the effects of idler and pump feedback
on the signal frequency. We estimate that frequency
shifts that are due to idler feedback are only a few
megahertz for our conditions. The cavity length is
6.7 cm, yielding a cavity mode spacing of 4.0 GHz.
The KTP crystal is cut for critical phase matching
(6 =51°, ¢ = 0°) and is antireflection coated for 780
and 532 nm. The signal wave is an extraordinary
wave polarized in the plane of the cavity experienc-
ing a walk-off of 0.52 mm relative to the pump and
idler waves in the 1-cm-long crystal. The pump and
idler waves are ordinary waves polarized out of the
plane of the ring. The seed and pump beams are
aligned to within 0.5 mrad of the cavity optic axis for
collinear phase matching. The phase mismatch is
approximately linear with the external crystal angle
for the small range of angles investigated here, i.e.,
ARL = (—4 X 10%/rad)(8 — 6,), where 0 is the exter-
nal crystal angle and 6, is the external phase-match
angle. Precise determination of 6, is difficult when
one is simply optimizing the energy output of the
OPO; hence we have arbitrarily defined 6, to be that
crystal angle for which there is zero frequency shift
between the output signal and seed beams when the
seeded OPO is operating near threshold (0.66 J/cm?).
At higher pump fluence there is a small shift in the
signal frequency at this angle.

We use a single-frequency (<30 MHz FWHM)
cw titanium-doped sapphire laser to injection seed
the OPO through the output coupler. Typically the
seed beam contains 30—40 mW of power in a beam
slightly larger than the pump beam. One of the
high-reflectivity mirrors, mounted on a piezoelectric
transducer, permits fine adjustment of the cavity
length. The OPO cavity is locked to the seed fre-
quency by a standard modulation technique. To
prevent frequency jitter that results from the dither
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in the cavity length imposed by this technique, we
fire the Nd:YAG laser when the cavity is precisely
resonant with the seed.* The cavity is thus kept
resonant with the seed frequency to within +15 MHz.

The seed beam and the pulsed signal beam
from the OPO are expanded, collimated, and spec-
trally resolved with a high-finesse (>60) scanning
Fabry—Perot étalon of 974-MHz free spectral range.
An optical isolator located between the OPO and
the étalon prevents feedback into the OPO and the
seed laser. The transmitted seed power is detected
1 ms before the pump laser fires with an electrically
filtered photodiode (PD1), sensitive primarily to cw
signals. The much more intense output signal pulse
is detected with a fast photodiode (PD2). To ob-
tain the spectra, we slowly scan the étalon while the
transmitted seed power and the OPO signal energy
are simultaneously recorded with a computer.

Figure 2 shows the measured and calculated fre-
quency shift, 67 = vggnal — Veeed, Where vggna is the
peak of the output signal pulse spectral distribu-
tion and v,.q is the seed frequency, for peak pump
fluences of 1.6 and 2.5 J/cm? as a function of AkL.
The range in the horizontal axis in these graphs
corresponds to a total excursion of +1 mrad (0.06°)
in the external crystal angle. The observed shifts
are nearly linear in phase mismatch and have best-
fit slopes of —90 and —30 MHz/rad for 1.6- and
2.5-J/cm? peak pump fluences, respectively. We
have observed shifts of as much as +400 MHz from
the seed frequency.

The dashed curves in Fig. 2 are the signal
frequency shift (signal phase shift divided by
the cavity round-trip time) calculated with the
undepleted-pump, steady-state solutions to the three
coupled-wave equations!! averaged over the signal
intensity. We assume that a signal seed, Gaussian
in space, is amplified in a crystal pumped by a
Gaussian beam in time and space. Note that this
frequency shift is not simply the high-gain limit,
—AEL/(27). This simple model qualitatively pre-
dicts the pump dependence, magnitude, and sign of
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Fig. 2. Experimentally measured frequency shifts (filled
circles) as a function of phase mismatch for peak pump
fluences of (a) 1.6 J/cm® and (b) 2.5 J/cm?. The solid
curves represent the shifts calculated with the numeri-
cal model described in the text, and the dashed curves
represent the shifts calculated with the analytic model.



1522 OPTICS LETTERS / Vol. 19, No. 19 / October 1, 1994

0.5

100} (@)

0.75

0.501

Spectral Power (arb)

0.25 Time (ns)

-500 500

Spectral Power (arb)

Frequency (MHz)

Fig. 3. Spectral and temporal (insets) profiles for the
output signal pulse when ARL = 0 and the peak pump
fluence is (a) 1.6 J/cm? and (b) 2.5 J/cm?. The dots are
experimentally measured results, the solid curves are
results from the numerical model, and the dashed curves
are transforms of the temporal data assuming a constant
phase.

the shift but overestimates the shift as a function of
AEL because the undepleted-pump approximation is
violated in actual OPO operation.

The solid curves in Fig. 2 represent the calculated
shifts for the output signal pulse with a model!®
that integrates the three coupled-wave equations,!
including pump depletion, walk-off, and diffraction
in the paraxial approximation. The incident pump
field is taken to be Gaussian in space and time. The
time-dependent two-dimensional electric fields of the
signal, idler, and transmitted pump waves are com-
puted by propagation of time slices out of each wave
through the nonlinear crystal and around the ring.
A time slice for each wave is equal to the cavity round-
trip time (0.25 ns). The temporal Fourier transform
of the fields yields the power spectrum of each wave.

Figures 3 shows the calculated (solid curves) and
measured (dots) spectral and temporal profiles for the
signal beam when AL = 0 for peak pump fluences
of 1.6 J/cm? (2.4 times threshold) and 2.5 J/cm? (3.8
times threshold). At 1.6 J/cm? the measured spec-
tral profile has a 127-MHz FWHM that is nearly
equal to the 115-MHz FWHM of the transform of the
4.8-ns FWHM temporal profile assuming a constant
phase and in good agreement with the 120-MHz
FWHM predicted by the numerical model. This
measurement suggests that there is little time de-
pendence in the phase during the pulse.

At 2.5 J/cm? the measured spectral profile has a
FWHM of 125 MHz, is shifted by +60 MHz, and is
skewed toward zero frequency shift, indicating the
presence of time-dependent structure on the signal
phase. The numerical model accurately predicts a
spectral profile with a FWHM of 119 MHz and a
small shoulder on the low-frequency side. The model
does predict the observed asymmetry and the shoul-
der on the low-frequency side, but it predicts a shift
of only +22 MHz.

In summary, we have observed a shift in the fre-
quency of the output signal pulse of an injection-
seeded pulsed OPO relative to the seed beam when
phase mismatch is present. The shift is approxi-
mately linear in phase mismatch and increases with
increasing pump fluence. The observed line shapes
are nearly transform limited at low pump fluences
and show evidence of time-dependent phase varia-
tions at high pump fluences. We have developed a
numerical model including pump depletion, diffrac-
tion, and walk-off that accurately predicts the ob-
served frequency shifts as well as the temporal and
spectral profiles.
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