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An injection-seeded optical parametric oscillator (OPO) based on periodically poled KTiOPO4 is pumped at 532
nm by relatively long (;27-ns) pulses from a specially constructed Nd:YAG laser. This pulsed OPO system
generates continuously tunable, single-longitudinal-mode output at signal wavelengths near 842 nm, which is
suitable for high-resolution spectroscopy. Optical-heterodyne measurements show that chirp in the instanta-
neous frequency of the pulsed OPO signal output radiation increases linearly as the seed frequency is detuned
from the free-running (unseeded) OPO frequency. The frequency chirp can be maintained below 10 MHz,
which is substantially less than the Fourier-transform-limited optical bandwidth (17.5 MHz full width at half-
maximum for a 25-ns OPO signal pulse) and is insensitive to variation of the fluence of the pump radiation.
The effects of detuning the OPO cavity length from resonance with the seed frequency and the onset of par-
tially seeded OPO operation are also investigated. © 2004 Optical Society of America

OCIS codes: 040.2840, 120.5050, 190.2620, 190.4970, 300.6320.
1. INTRODUCTION
There is ongoing demand for high-performance sources of
pulsed, continuously tunable coherent light, such as dye
lasers and optical parametric oscillator (OPO) or optical
parametric amplifier (OPA) devices, with high peak
power, narrow optical bandwidth, and pulse durations in
the range of 5–50 ns. For instance, various applications
in high-resolution laser spectroscopy require such
nanosecond- (ns-) pulsed sources either because their
continuous-wave (cw) counterparts have insufficient
power or because mode-locked and free-electron lasers
(pulse duration, ,1 ns) have too high an optical band-
width.

Particular spectroscopic applications include those that
entail efficient nonlinear-optical (NLO) wavelength con-
version of coherent radiation from a tunable laser, OPO,
or OPA system. Specific examples within our own areas
of research interest comprise spectroscopy in the vacuum
ultraviolet (VUV; approximately 105–180 nm) and the
extreme-ultraviolet (XUV; ,105 nm) regions. For in-
stance, measurements have been made1–3 of the 2 1S
← 1 1S two-photon absorption transition of helium (He)

with narrowband VUV radiation near 120.28 nm. Like-
wise, XUV plus ultraviolet two-photon ionization spec-
troscopy has been performed on molecular nitrogen (N2),4

with narrowband pulsed XUV radiation at 90–100 nm
used to prepare N2 in its two lowest-energy 1Pu electronic
manifolds. In these investigations the narrowband
0740-3224/2004/091586-09$15.00 ©
pulsed VUV or XUV radiation was generated by pulsed
dye amplification of narrowband continuously tunable in-
frared or visible light from a cw Ti:sapphire laser1–3 or a
cw dye laser,4 followed by NLO harmonic upconversion.
However, it has proved difficult to control instrumental
line-broadening processes reliably in the case of the pre-
viously employed dye-laser pulse amplification media,1–3,5

so solid-state OPO or OPA and laser media are expected
to be advantageous. Continuously tunable, narrowband
coherent light with ns pulse duration is also required for
various spectroscopic applications that entail a time-
resolved molecular excitation sequence, such as our
infrared–ultraviolet double-resonance studies of
J-resolved, collision-induced rovibrational energy trans-
fer in acetylene (C2H2).6–10

In a recent publication11 we reported a major advance
in the techniques that are required for control of the op-
tical bandwidth and frequency chirp characteristics of
output from a single-longitudinal-mode (SLM), continu-
ously tunable OPO system based on the quasi-phase-
matched NLO medium, periodically poled KTiOPO4
(PPKTP). This PPKTP OPO was injection seeded by a
cw tunable diode laser (TDL) at a signal wavelength ls of
;842 nm and pumped at 532 nm by a SLM Nd:YAG laser
with a pulse duration of ;8 ns. The optical phase prop-
erties of output from this form of high-performance ns-
pulsed tunable OPO have been measured11 by optical het-
erodyne (OH) techniques, in which the pulsed radiation
beats against cw TDL seed radiation that has been
2004 Optical Society of America
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frequency shifted by an acousto-optic modulator (AOM).
Such OH techniques were further explained and evalu-
ated in a preceding paper.12

In the present paper we introduce a specially con-
structed SLM Nd:YAG pump laser with a long cavity to
yield a full width at half-maximum (FWHM) pulse dura-
tion of ;27 ns (3.5 times that employed in the research
reported in Ref. 11). This longer-pulse extension yields
better performance than that of the 8-ns pulsed OPO that
was reported previously.11 The Fourier-transform (FT)
limit associated with the increased OPO output pulse du-
ration (;25 ns FWHM) results in a substantially reduced
FT-limited optical bandwidth of ;17.5 MHz FWHM.
Here we use OH techniques, as described in Ref. 12, to
characterize the frequency chirp of the pulsed OPO out-
put radiation, establishing chirp-minimization techniques
to maintain chirp well below the FT-limited optical band-
width. The longer-pulse OPO system is intended to serve
as the first SLM tuning stage of a high-performance nar-
rowband VUV–XUV spectroscopic system, with improved
resolution and accuracy relative to earlier systems.1–3,5

The structure of this paper is as follows: In Section 2
we survey operational factors that are likely to give rise to
frequency-chirp effects in the output from the OPO sys-
tem. Details of our apparatus design (additional to those
reported in Ref. 12) are presented in Section 3. In Sec-
tion 4 we present, analyze, and discuss our experimental
results. Finally, in Section 5 we present some conclu-
sions and projections for future investigations.

2. ORIGINS OF OPTICAL PARAMETRIC
OSCILLATOR FREQUENCY CHIRP
Here we are specifically interested in instantaneous fre-
quency perturbations that occur on a ns time scale in
NLO media, particularly in OPOs and OPAs. Such ef-
fects are usually referred to as chirp when the changes in
instantaneous frequency during a pulse are linear (or at
least monotonic). There is ample literature on the opti-
cal phase dynamics for NLO interactions of ultrafast
pulses in the picosecond and femtosecond regimes. How-
ever, there have been relatively few reports of such pro-
cesses in the context of ns (or longer) pulses, where FT-
limited optical bandwidths are smaller, permitting
superior spectroscopic resolution. For ns pulses it is rea-
sonable to simplify the treatment of NLO phase dynamics
by ignoring group-velocity dispersion.

A treatment13 of ns-pulsed second-harmonic generation
for incident light of angular frequency v indicates that
the dominant phase-perturbation contribution to second-
harmonic generation comes from the NLO susceptibility
x (2)(22v; v, v) and its effect on the corresponding phase
mismatch, Dk. This result is consistent with a finding14

that, in the picosecond regime, the phase modulation de-
pends on Dk. Likewise, in the context of ns-pulsed OPOs
and OPAs it is understood15,16 that phase mismatch Dk
causes the amplified waves to experience a phase shift be-
cause the wave vector of the NLO polarization that pro-
duces that amplification (e.g., induced by the OPO pump
wave) is not equal to that of the incident wave (e.g., the
OPO signal or idler wave). It is also recognized15–17 that
nonresonant idler (or signal) feedback can cause fre-
quency shifts in the signal (or idler) wave of a pulsed, sin-
gly resonant OPO. Our earlier study11 of an 8-ns
pumped OPO indicated that other chirp effects may arise
through cavity pulling if the OPO cavity’s resonance fre-
quency is displaced from the injection-seeding frequency.

There have been several authoritative investigations,
based on OH techniques, of the optical phase properties of
pulsed, tunable coherent light from dye-laser
amplifiers.3,13,18,19 In such dye-laser media, time-
dependent changes in the gain can alter level populations,
thereby producing corresponding variations in the refrac-
tive index and giving rise to phase modulation. In this
paper we are concerned more with NLO media in general
and with OPO or OPA media in particular, so gain-
induced population changes are irrelevant and other
mechanisms merit consideration.

We are particularly interested in optical phase pertur-
bations in a NLO medium such as a single-pass optical
parametric generator (OPG). In a treatment that paral-
lels that of Gangopadhyay et al.13 we formulate possible
sources of optical phase perturbations in such a medium.
We consider a plane wave, E(z, t), which describes the
electric field of linearly polarized monochromatic light
propagating along the z axis:

E~z, t ! 5 E0~t !exp@i^v&t 1 if~z, t !# 1 c.c.

5 E0~t !exp@i~f0 1 ^v&t 2 k~z, t !z !# 1 c.c.,

(1)

where c.c. denotes a complex conjugate. E0(t) is the
electric-field amplitude vector in the x –y plane and
f(z, t) is the optical phase, relative to a value of f0 at a
point (z, t) 5 (0, 0) that we choose to be at the entrance
face of the NLO crystal of the OPG. The angular fre-
quency ^v& of incident light is a central value that is effec-
tively time independent; as explained in Ref. 12, the ab-
solute value of ^v& is not important because we are
concerned only with the beat frequency between the
pulsed optical field and the cw AOM-shifted TDL-seed ra-
diation. In the case of ns-pulsed radiation, E0(t) has an
explicit, slowly varying time dependence; E0(t) can be as-
sumed to be real, without loss of generality. Any phase
perturbations during the pulse evolution are assigned
separately to f(z, t).

Within the OPG NLO medium of length L it is neces-
sary to integrate wave vector amplitude k in Eq. (1) to ob-
tain a value at the NLO medium’s exit face, as follows:

k~L, t ! 5 ~^v&/cL !E
0

L

n~z, t !dz, (2)

where c is the speed of light. Refractive index n has an
explicit dependence on z and t in general; it is effectively
constant during the time that a wave front takes to
traverse the crystal.

For a wave as in Eq. (1), the instantaneous frequency,
f inst(L, t), of light emerging from the OPG medium is
defined13,20 by
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f inst~L, t ! 5 ~2p!21]f~L, t !/]t, (3)

such that f inst is zero if there are no phase perturbations.
It follows from Eqs. (1) and (2) that

f inst~L, t ! 5 2~2p!21L@]k~L, t !/]t#

5 2~2pc !21^v&L@]n~t !/]t#, (4)

where n(t) 5 L21*0
Ln(z, t)dz is averaged over the NLO

medium’s length L; f0 in Eq. (1) is constant and makes no
contribution to f inst(L, t). An optical medium with a
time-dependent refractive index n(t) will therefore in-
duce a change in instantaneous frequency f inst of an elec-
tromagnetic wave propagating through it, even if the in-
cident wave is monochromatic. Such an instantaneous
frequency change is a form of frequency chirp. For z
. L, light emerging from the single-pass NLO medium
propagates in air, for which k and n are time independent,
so f inst(z, t) then contains no additional chirp contribu-
tions relative to f inst(L, t) as in Eq. (4).

There are several ways in which a nonzero value of
@]n(t)/]t# can arise in the NLO medium of an OPG
within the duration of its pump and output pulses. Ob-
vious mechanisms entail phase modulation associated
with the optical Kerr effect: either self-phase modulation
or cross-phase modulation, by means of the NLO suscep-
tibilities x (3)(2v; v, v, 2v) and x (3)(2v; v, v8, 2v8),
where v8 Þ v. Cascaded x (2) interactions have also
been shown21 to yield phase shifts at lower optical inten-
sities than are required by their x (3) counterparts.

The foregoing treatment applies to a single-pass NLO
medium, such as that of an OPG. If the NLO medium is
placed inside an optical cavity (e.g., converting a single-
pass OPG into an OPO), the optical phase of the output
radiation is also affected by round-trip phase changes.
We do not treat this phenomenon explicitly here, but we
previously showed11 that displacing the OPO cavity’s
resonance frequency from the seed frequency can result in
additional cavity-pulling effects.

The above sources of frequency chirp are associated
with variations in the refractive index. However, there
may be other sources of frequency chirp that are indepen-
dent of the optical properties of the NLO medium. For
instance, perturbations in the instantaneous frequency
f inst of output from an OPO can also arise if the frequency
of the incident light is itself time dependent. This might
occur if there is frequency chirp in the pump-laser pulse,
for example, from the oscillator, amplifier, or second-
harmonic-generation stage of a ns-pulsed Nd:YAG laser.22

We also note suggestions23 that the phase-matching con-
ditions of an OPO can cause additional excursions in the
signal and idler output frequencies if the pump frequency
is shifted by self-phase modulation, depending on the con-
tribution from x (3)(2v; v, v, 2v).

Mechanisms such as these are capable of giving rise to
the OPO frequency chirp effects that are measured in this
paper. Here we aim to determine the extent and repro-
ducibility of such phase-perturbation effects as a means of
refining a high-performance pulsed laser-spectroscopic
system. We do not attempt to distinguish which of sev-
eral possible chirp contributions is dominant but rather to
establish how frequency chirp depends on controllable
OPO operational parameters. This investigation is in-
tended to provide phenomenological ways to minimize fre-
quency chirp or to make it sufficiently reproducible to en-
able chirp-correction techniques (e.g., by electro-optic
phase modulation5) to be implemented.

3. INSTRUMENTATION
Figure 1 depicts the periodically poled KTiOPO4 (PPKTP)
OPO and the system that is used to measure the
instantaneous-frequency characteristics of its signal out-
put at ;842 nm. The four-mirror ring OPO is similar to
that described in a previous paper.11 Cavity mirrors M1
and M2 have radii of curvature of 20 cm and are coated
for minimum reflection at 532 nm and for 80% reflection
at 800–900 nm. These two mirrors serve as output cou-
plers; the output from M1 is used for the OH measure-
ments, and the output from M2 is directed to a pulsed
wavemeter (Burleigh 4500-1) for wavelength and spectral
monitoring. The OPO cavity that contains the PPKTP
NLO medium is completed by mirrors M3 and M4 (each
flat and coated for high reflection at 800–900 nm); its
physical round-trip distance is approximately 12 cm.

The OPO is pumped by a custom-built, frequency-
doubled Nd:YAG laser (Continuum Powerlite 8000),
which produces SLM pulses at a wavelength of 532 nm
with a duration of 27 ns FWHM and a repetition rate of
10 Hz. In its high-beam-quality mode of operation, this
laser was used to produce a maximum 532-nm output
pulse energy of ;400 mJ with a quasi-Gaussian beam
profile in the near field. Only a small fraction (;100 mJ)
of the total pump-pulse energy is needed to pump the
OPO, and the remaining energy is available for other pur-
poses, such as pumping OPA stages to increase the signal
and idler output pulse energies, as is currently under in-
vestigation.

The PPKTP crystal (1 mm 3 2 mm 3 20 mm) is
mounted in a temperature-controlled oven insulated with
poly-(tetrafluoroethylene) and is placed midway between
mirrors M1 and M2. In the present experiments, its
9.35-mm grating period provides a quasi-phase-matched
tuning range for the free-running OPO as depicted in Fig.

Fig. 1. Schematic of the long-pulse injection-seeded PPKTP
OPO and the OH detection system: A1, A2, attenuators; BS1,
BS2, beam splitters; WM, wavemeter; SF, spatial filter; OI, opti-
cal isolator; AOM, acousto-optic modulator (;730-MHz); PZT, pi-
ezoelectric translator; MMO, mode-matching optics; DO, digital
oscilloscope; M1–M4, cavity mirrors; TDL, tunable diode laser;
PD1, PD2, photodetectors; L1–L4, lenses.
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2, where the wavelength, l free, for signal output has a
range of 818–875 nm with PPKTP temperatures in the
range 200–25 °C.

The PPKTP OPO is injection seeded by an external-
cavity, SLM TDL (New Focus 6316) with a continuous
output wavelength range of 834–851 nm. This range de-
fines the currently accessible SLM tuning range of the
OPO signal output, as indicated in Fig. 2. The output of
the TDL is spatially filtered, permitting better mode
matching to the OPO cavity and also minimizing phase-
front distortion across the beam. The spatial filter
(which comprises a 50-mm-diameter pinhole and two
50-mm focal-length lenses) transmits ;50% of the TDL-
seed light, giving ;5 mW of cw power at its output. Fol-
lowing the spatial filter, the TDL-seed light is passed
through an AOM (Brimrose TEM-100-30) driven at ;730
MHz. The zero-order beam is used to seed the OPO
through mirror M1. Within each 10-Hz laser-pulse cycle
the OPO resonator length is locked to the TDL-seed fre-
quency by an intensity-dip locking system24,25 that com-
prises beam splitter BS1, a mechanical light chopper, pho-
todetector PD1, cavity-locking electronics, and a
piezoelectric translator (PZT) on cavity mirror M4 (Fig.
1).

The OPO signal output (from mirror M1) is attenuated
and combined collinearly at beam splitter BS2 with the
first-order frequency-shifted beam from the AOM. The
combined beams are then focused onto a 1-GHz photode-
tector (PD2; New Focus 1601) by a 50-mm focal-length
lens. The AOM conversion efficiency to the first-order
beam is ;15%, giving ;0.8 mW of cw power for the OH
measurement. Good overlap of the wave fronts of the
two beams is critical for the frequency-chirp measure-
ments, so correct alignment and spatial overlap of the
OPO pulsed light and the cw AOM-shifted TDL-seed light
at photodetector PD2 is critical. The OH beat waveform
generated by PD2 is digitized by a 2-GHz digital oscillo-
scope (Tektronix TDS794D) at 4 GSa s21, where Sa is one
digital sample. The recorded beat waveforms are ana-
lyzed by the FT technique described in Ref. 12. The FT
technique was chosen over the alternative direct-fit and
mixer methods because its accuracy had previously been

Fig. 2. Temperature dependence of the measured phase-
matched wavelength l free for signal output from the free-running
PPKTP OPO. The ordinate intercept is 883.4 nm, and the slope
is 20.326 nm K21. The wavelength tuning range of the TDL in-
jection seeder is 834–851 nm.
well established11,12 under low-chirp conditions as in the
present experiment and because a high-bandwidth (.1-
GHz) detection and digitizing system is available to us.
An 82-ns optical delay line (similar to that previously
used12) enables the unmodulated time profile of the OPO
signal pulse to be measured in a single recording by the
same photodetector, PD2. Fourier transformation of a
set of ten OPO pulse time profiles (;25 ns FWHM) yields
a FT-limited optical bandwidth of 17.5 6 1.0 MHz
FWHM.

4. EXPERIMENTAL RESULTS
Figure 3 shows the seeded and unseeded OPO output sig-
nal pulse energy as a function of pump-pulse energy.
The OPO beam quality is very good, with M2 measured to
be ;1.1. The OPO energy data are the combined energy
emitted from the two output couplers. As expected, the
threshold is lower for seeded operation (19 mJ, compared
to 27 mJ) but, above ;40 mJ, the seeded curve rolls off
markedly. This may be due to backconversion of the sig-
nal and idler waves to the pump wave15,26 or to other as-
sorted cascaded processes such as sum-frequency genera-
tion from the pump and the OPO output waves; we have
observed such effects spectroscopically. Evidence of such
processes has also been seen in the form of saturation in
the intensity profiles of the signal pulse near its peak.

In our previous study of a PPKTP OPO with 8-ns pump
pulses,11 the phase mismatch (Dk) in the optical para-
metric process was found to be a significant source of fre-
quency chirp. We have investigated the effects of phase
mismatch with 27-ns pump pulses by altering OPO signal
wavelengths ls above and below the free-running wave-
length, l free (841.75 nm, for a PPKTP crystal temperature
of 125 °C).

Figure 4 shows f inst(t) curves derived by the FT tech-
nique for several values of ls . The pump-pulse energy
used (60 mJ) was twice the unseeded OPO threshold,
which was observed to vary from day to day, probably as-
sociated with slight changes in pump-beam quality, in

Fig. 3. Total output signal pulse energy (from both output cou-
plers, M1 and M2) as a function of pump-pulse energy incident
upon the OPO for seeded (s) and unseeded (3) operation. The
roll-off in the seeded curve is discussed in the text. The thresh-
old for seeded operation is 19 mJ, and the slope efficiency is 38%
(before roll-off) and 22% (after roll-off). The corresponding un-
seeded results are 27 mJ and 34%, respectively.
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OPO cavity alignment, or in both; its value in the context
of Fig. 4 was 30 mJ, rather than 27 mJ as in Fig. 3. The
results in Fig. 4 confirm that the sign of the Dk-induced
chirp is such that the instantaneous frequency of the OPO
signal pulse evolves toward the free-running OPO fre-
quency, with the magnitude of the chirp dependent on the
size of the phase mismatch.11,13,14,27

As explained in Ref. 12, we previously11 introduced two
distinct (but approximately equivalent) measures of the
overall chirp within a given time interval: either the dif-
ference Df inst between maximum excursions of f inst or the
slope of a linear fit to the f inst profile. These two mea-
sures of overall chirp, based on data such as those of Fig.
4, are plotted in Fig. 5 as a function of OPO signal wave-

Fig. 4. Instantaneous-frequency f inst(t) profiles extracted by the
FT algorithm for several injection-seeder wavelengths above and
below l free (841.75 nm). The pump-pulse energy is twice the un-
seeded threshold level, and the PPKTP temperature is main-
tained at 125 °C. Vertical dashed lines, 10%-intensity points of
the OPO pulses.

Fig. 5. Frequency chirp as a function of OPO signal wavelength
ls for the linear-fit (3) and the Df inst (s) definitions.12 Each en-
try is an average of four pulse measurements as in Fig. 4, at a
PPKTP temperature of 125 °C. Solid line, unweighted straight-
line fit to the Df inst data points; error bars show the scatter of
Df inst values that contribute to each point. The fit has a slope of
292 6 17 MHz nm21, and it predicts a minimum-chirp wave-
length of 841.76 nm. Vertical dashed line, free-running signal
wavelength, l free (841.75 nm).
length ls . A straight-line least-squares fit to the Df inst
data yields zero chirp at l free (within the 0.01-nm uncer-
tainty of the wavemeter reading). The slope of the fit is
292 6 17 MHz nm21, which is similar to the correspond-
ing value (261 6 9 MHz nm21) from our previous report
of a PPKTP OPO with 8-ns pump pulses.11

The span of wavelengths in Fig. 5 corresponds approxi-
mately to the full range of ls values over which seeding is
effective. At a constant temperature, the seeding range
is governed by the phase-matching bandwidth of the
PPKTP crystal (predicted to be 0.66 nm for a perfect
quasi-phase-matched grating). The seeding range also
decreases as the pulse duration increases because a
longer pulse duration allows more time for the OPO to
evolve from SLM seeded operation to broad-band, free-
running operation; such a process is enhanced near the
wings of the seeding range.

Figure 6 shows ten f inst(t) curves for OPO operation at
l free and with a pump-pulse energy that corresponds to
twice the unseeded threshold, as in Figs. 4 and 5. Dur-
ing the majority of the OPO pulse, the variation in f inst is
small. The fluctuations or oscillations in these curves
vary sporadically from pulse to pulse. Excursions near
each pulse’s leading edge contribute to the chirp may be
an artifact of the FT algorithm (e.g., as in Fig. 3 of Ref.
12). Whereas the chirp effects depicted in Fig. 4 are pre-
dominantly linear, the higher ordinate resolution of Fig. 6
gives some indication of quadratic or higher-order chirp
contributions of not more than 5 MHz.

Within the 10%-intensity range of the OPO signal
pulse, Fig. 6 yields a mean unsigned overall chirp
^uDf instu& of 11 6 3 MHz. However, this choice of inten-
sity range is somewhat arbitrary; it is often more realistic
(e.g., in OPO applications that entail subsequent NLO
wavelength conversion) to confine evaluation of the over-
all chirp to the central, more intense portion of the OPO
pulse profile. Within the 50%-intensity range of Fig. 6,
the mean unsigned overall chirp ^uDf instu& is reduced to
7 6 2 MHz. This OPO system therefore exhibits
extremely low frequency chirp relative to many compar-
able pulsed lasers used in high-resolution

Fig. 6. Set of ten f inst(t) profiles for seeded OPO operation at
l free (841.75 nm at a PPKTP temperature of 125 °C) and pumped
at twice the unseeded threshold. Vertical short- and long-
dashed lines, 10%- and 50%-intensity points for which the mean
unsigned overall chirp values ^uDf instu& are 11 6 3 and 7
6 2 MHz, respectively. Absolute-frequency scatter (amounting
to 69 MHz) for these pulses is not shown.
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spectroscopy.1–3,12,17,18,28 There are few previous reports
of frequency chirp of 10 MHz or less measured in ns-
pulsed coherent light sources, namely, dye-amplified dye
lasers that use carefully selected dye mixtures29,30 and a
chirp-compensated alexandrite laser.31 The good chirp
reproducibility indicated in Fig. 6 shows promise for ac-
tive chirp-compensation techniques, e.g., use of electro-
optic phase modulators.5

Most sources of chirp (e.g., Dk, self-phase modulation)
are expected to depend on the pump laser’s power
density.14,32 Figure 7 shows the extracted chirp, Df inst ,
as a function of signal wavelength ls for several values of
he ratio Rp of the pump-pulse energy to the unseeded PP-
KTP OPO threshold (32 mJ in this set of measurements).
Two extreme data points with Rp 5 3 (marked 3) have
been rejected from the fit shown in Fig. 7, owing to the

Fig. 7. Df inst as a function of OPO signal wavelength ls for sev-
eral pump-pulse energies, with ratio Rp ranging from 0.69 to 3
times the threshold for the unseeded PPKTP OPO. Solid lines,
straight-line fits to the data. In all cases these lines predict a
minimum-chirp wavelength of 841.76 nm, virtually identical to
l free 5 841.75 6 0.01 nm. Two extreme data points with Rp
5 3 (marked 3) have been rejected, as explained in the text.

Fig. 8. Slope d(Df inst)/dls of straight-line least-squares fits to
the Df inst signal-wavelength plots in Fig. 7 plotted against pump-
pulse energy ratio Rp . An error bar indicates the standard de-
viation of each slope fit. The two different data points for Rp
5 3 are explained in the text.
onset of partially seeded operation when ls is widely
separated from l free for Rp . 2 (as is further discussed
below).

Straight-line least-squares fits to each set of data in
Fig. 7 yield minimum-chirp wavelengths that are inde-
pendent of the pump-pulse energy and equal to l free
(within the 0.01-nm uncertainty of the pulsed waveme-
ter). Figure 8 shows the slope d(Df inst)/dls of straight-
line fits to the data in Fig. 7 as a function of pump-pulse
energy ratio Rp . Two different data points are shown for
Rp 5 3: one from the fit in Fig. 7 and the other (marked
3, with a larger error bar) from a fit that includes all five
Rp 5 3 data points plotted in Fig. 7. The former fit (from
which extreme Rp 5 3 data points have been rejected)
suggests that there is a roll-off effect in d(Df inst)/dls ,
which may be due to residual partially seeded operation
that is otherwise undetected. At the relatively low peak
powers of the ;27-ns pump pulses employed here, the
overall chirp Df inst does not increase significantly with in-
creasing pump-pulse energy. Our previous (less-
detailed) studies of a PPKTP OPO pumped by 8-ns
pulses11 indicated that Df inst ‘‘increases with pump-pulse
energy, consistent with phase perturbations arising from
nonlinear processes.’’

Detuning the resonance frequency of the PPKTP OPO
cavity from the TDL-seed frequency results in appreciable
frequency-chirp effects if TDL-seed wavelength ls is
widely separated from the free-running OPO wavelength
l free [e.g., as observed in our previous research with short
;8-ns pump pulses, ls 5 841.41 nm, and l free
5 841.56 nm (Ref. 11)]. In our current study of a virtu-

ally identical PPKTP OPO with longer-pulse (27-ns)
pumping, seeded signal wavelength ls was set to coincide
with l free at 841.70 nm to produce minimum chirp; no
frequency-chirp contribution from cavity-resonance de-
tuning is then discernible. We infer that the cavity-
pulling type of frequency chirp previously observed11

Fig. 9. Partially seeded behavior in the signal output from the
long-pulse PPKTP OPO system pumped at three times the un-
seeded threshold (Rp 5 3). Top, raw OH beat waveform. Cen-
ter, OPO signal intensity profiles, raw (dashed curve) and recon-
structed narrowband component (solid curve). Bottom, f inst
profile extracted with the FT algorithm; vertical dashed lines,
10% raw-intensity limits.



1592 J. Opt. Soc. Am. B/Vol. 21, No. 9 /September 2004 White et al.
arises from the nonzero value of Dk that depends on the
separation between ls and l free . Such behavior in the
long-pulse OPO may also be partly attributable to the
longer buildup time that is available for the OPO output
wavelength to change from its (initially) seeded value to
its (final) cavity-determined value.24

Figure 9 shows additional measurements related to the
pulse dynamics of signal output from the injection-seeded
PPKTP OPO system that help us to understand some of
the anomalies observed in the context of Figs. 7 and 8.
Here the TDL-seeded signal wavelength ls is set at
841.95 nm, relatively remote from the 841.76-nm free-
running signal wavelength l free for the PPKTP OPO at
125 °C. Such a wide frequency separation (2.7 cm21; 80
GHz) between ls and l free causes a lapse in pure SLM
injection-seeded OPO operation later in the long (27-ns
FWHM) pump pulse, as other free-running OPO modes
build up. We therefore attribute the behavior illustrated
in Fig. 9 to partially seeded OPO operation. The topmost
part of the figure shows the raw modulated waveform
that is recorded by the OH photodetector (PD2; Fig. 1)
when the OPO is pumped at three times the unseeded
threshold (32 mJ in these measurements). The OH beat
oscillations associated with chirp of the SLM injection-
seeded output are regularly spaced, but their contrast de-
creases and the intensity profile on which they are super-
imposed increases markedly from ;18 ns onward. The
intensity-profile anomaly is more clearly shown in the
middle of Fig. 9, where the raw, unmodulated signal in-
tensity profile (dashed curve, measured by PD2 after an
82-ns delay) is compared with the corresponding SLM
component reconstructed from the OH beat modulation
(solid curve). The difference between these two curves
indicates how the spectral purity33 of the pulse evolves in
time. The bottom of Fig. 9 shows the instantaneous-
frequency ( f inst) profile extracted by use of the FT algo-
rithm.

Corresponding measurements have been made with
lower pump-pulse energies. The free-running broadband
component is still evident with Rp 5 2.5, although it is
less pronounced and appears ;5 ns later than in Fig. 9.
There is no obvious broadband component with Rp 5 2,
(similar to the bottom of Fig. 4). However, it is possible
that additional unseeded OPO modes may occur without
being directly observed at lower values of uls 2 l freeu and
Rp and (as suggested above) that this may account for the
roll-off effect in Fig. 8.

Competition between seeded and unseeded outputs was
previously observed in our laboratory34 with a birefrin-
gently phase-matched b-barium borate OPO pumped at
355 nm with a free-running optical bandwidth of ;7 cm21

(;210 GHz); the center-spot fringe amplitude and con-
trast transmitted by a 1-cm21 (30-GHz) free-spectral-
range Fabry–Perot etalon vary markedly as the seed ra-
diation (at ;538 nm, from a pulsed dye-laser) is tuned a
few wave numbers (inverse centimeters) away from the
free-running OPO wavelength l free . Other observations
of the onset of broadband unseeded operation in dispersed
b-barium borate OPO output radiation, as the phase-
matching angle is varied stepwise to shift l free away from
the (seeded) signal wavelength, ls , have also been
reported34–36 and modeled.34,36 We emphasize that these
earlier studies were averaged over the time-profile of the
OPO output pulse, whereas we show OPO pulse dynamics
in Fig. 9.

5. CONCLUSIONS
The operating characteristics of a narrowband injection-
seeded PPKTP OPO pumped at 532 nm by relatively long
(27-ns) pulsed SLM radiation have been reported, with
particular emphasis on measuring and controlling
frequency-chirp effects that arise during the OPO output
pulses. This research was preceded by a corresponding
study11 of a shorter-pulsed OPO (with 8-ns pump), and a
companion paper12 provides a detailed evaluation of the
OH methods that we employ. Whereas previous investi-
gations (e.g., experiments and modeling of a birefrin-
gently phase-matched KTP OPO15,16) have examined tem-
porally averaged frequency shifts, our PPKTP OPO
studies are able to characterize dynamic frequency per-
turbations during each OPO pulse.

As in our previous shorter-pulse PPKTP OPO
investigations,11 we have reached the important conclu-
sion that it is possible to control the magnitude and the
sign of the frequency chirp by adjusting the free-running
OPO signal wavelength l free relative to wavelength ls of
the TDL injection seeder. The frequency chirp is mini-
mized when these two wavelengths coincide, which corre-
sponds to minimal phase-mismatch Dk. For example,
with a PPKTP crystal temperature of 125 °C, yielding
l free 5 841.75 nm, the frequency chirp was found (Figs. 4
and 5) to be at a minimum with an 841.76-nm TDL-seed
wavelength. The smallest mean unsigned overall chirp
^uDf instu& measured (Fig. 6) was 11 6 3 MHz (evaluated
within the arbitrary 10%-intensity range of the OPO sig-
nal pulse) or 7 6 2 MHz (within the more relevant 50%-
intensity range).

Our ability to maintain the frequency chirp at ;10
MHz or less is at least comparable with that in previously
reported29–31 chirp-compensated laser systems. We note
that chirp-minimization adjustments in our PPKTP OPO
system are particularly convenient in that fine control of
PPKTP crystal temperature is sufficient to match l free to
a given TDL-seed wavelength (chosen to determine the
OPO signal wavelength ls). This procedure compares
favorably with that for dye-laser systems, in which cum-
bersome variations of dye concentration are needed to
minimize frequency chirp. Given the good chirp repro-
ducibility in our PPKTP OPO system, any residual chirp
could be actively compensated by electro-optic phase
modulators.5

Our long-pulse results contrast with our previous pre-
liminary report11 in which the frequency chirp in a short-
pulse injection-seeded PPKTP OPO increases appreciably
with pump-laser fluence. We have now found that
(within experimental uncertainty as in Figs. 7 and 8) the
OPO frequency chirp is insensitive to variations in pump-
pulse energy by as much as three times the unseeded
threshold, apart from possible complications owing to the
onset of partially seeded operation.

Moreover, if the cavity resonance frequency is detuned
from its TDL-seed frequency, cavity-pulling frequency
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chirp had previously been observed11 with a large value of
Dk in the short-pulse PPKTP OPO. However, such ef-
fects are no longer evident when Dk is set to zero, as in
the present long-pulse PPKTP OPO operating under con-
ditions chosen to minimize chirp.

Our injection-seeded PPKTP OPO system has a suffi-
ciently long output pulse duration (;25 ns FWHM) to
yield a particularly narrow FT-limited optical bandwidth,
measured from OPO pulse time profiles to be ;17.5 MHz
FWHM. For high-resolution spectroscopic applications
this system has the further advantage that the frequency
chirp can be maintained at ;10 MHz or less and is suffi-
ciently reproducible to facilitate active chirp compensa-
tion.

Experiments are under way to extend these investiga-
tions to characterize and control frequency chirp in a
higher-power OPO–OPA system, with the same long-
pulse SLM Nd:YAG laser pumping two or more birefrin-
gently phase-matched LiNbO3 OPA stages to amplify by
several orders of magnitude the sub-100-mJ pulse ener-
gies of signal output at ;842 nm from the present long-
pulse PPKTP OPO. We intend in future experiments to
add several additional chirp-minimized NLO stages to up-
convert tunable, injection-seeded near-IR OPO–OPA sig-
nal output into the visible, ultraviolet and VUV regions
for high-resolution spectroscopic measurements.
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