Appl. Phys. B 67, 753-756 (1998)

Applied Physics B
Lasers

and Optics
O SpringerVerlag 1998

Rapid communication

A pulsed optical parametric oscillator, based on periodically poled
lithium niobate (PPLN), for high-resolution spectroscopy

G.W. Baxter, Y. He, B.J. Orr*

School of Chemistry and Centre for Lasers & Applications, Macquarie University, Sydney, NSW 2109, Australia
(Fax: +61-29850-8313, E-mail: brian.orr@mg.edu.au)

Received: 31 August 1998

PULSED SINGLE-MODE
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Abstract. We report a pulsed optical parametric oscilla-
tor (OPO), incorporating periodically poled lithium niobate
(PPLN) and injection-seeded by a tunable diode laser (TDL).
This is combined with an optical parametric amplifier (OPA)
based on bulk lithium niobate (LNB) to form a modular, high- }
performance spectroscopic system. The instrument employs—" | CHOP
a novel intensity-dip control scheme to lock the length oft25um sand! ‘
the OPO ring cavity to the continuous-wave seed radiation

from al.55-um single-mode TDL. The coherentinfrared sig-
nal and idler outputs of this TDL-seeded PPLN ORQB
OPA system are continuously tunable in th&5pum and
3.4-um regions, where their utility for high-resolution ab-
sorption and coherent Raman spectroscopic measurements 7T CAVITY
are demonstrated by investigations of methane, in the gas | CONTROL 1.55-4im
phase and in a supersonic free jet. The output radiation has TTTAT T T T SEED
excellent beam quality and its optical bandwidth is shown to f INJECTION |  |SOLATOR

be 1304 10 MHz (0.00434 0.0003 cnt?), approaching the MULTI-GRATING | j SEEDER _|:|_)7/
limitimposed by the Fourier transform of the pulse duration. PPLN CRYSTAL % / (TDL)
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. . . ; Fig. 1. Modular schematic of a narrowband, tunable PPLN QB
PACS: 33.20.t; 42.62.Fi; 42.65.Y] OPA spectroscopic system, pumpedl@64um by a pulsed, single-mode

Nd:YAG laser. The actively controlled PPLN OPO ring cavity is injection-
seeded at its (resonant) signal wavelength~of.55um by a 5-mW cw

. . . i single-mode external-cavity diode laser (TDL). The output of the multiple-
O_pth&| parametric OSCI||a_tOI’ (OPO) and _ampllfler (OPA) de-grating PPLN crystal (see inset) can be coarsely tuned by vertical position-
vices are widely recognised as versatile coherent tunablgy angor temperature variation. The OPO output is amplified in an OPA
spectroscopic sources [1]. In a recent communication [2]stage based on buliNbOs. The corresponding idler output isat3.4 um.

we reported spectroscopic implementation of a pulsed OPEge text for further details

based on bulk lithium niobate (LNB). The tunability and op-

tical bandwidth of the Output radiation were controlled by in'CompriseS a TDL_Seeded PPLN OPO W|th an active|y con-
jection seeding with a single-mode tunable diode laser (TDL)yolled cavity, plus a bulk-LNB OPA stage for some appli-
with a slightly misaligned passive ring cavity providing a low cations. The system is pumped (by a puld&tiYAG laser)
e_ffective finesse for continuoustuning purposes, as in our preg 1.064pm, injection-seeded (by a cw TDL) at 1.55um,
vious work on OPOs based @rbarium borate (BBO) [3-6]. and generates coherent narrowband infrared (IR) signal and
We now report a further advance that takes advantaggier outputs that are continuously tunable in the vicinities
of quasi-phase-matched (QPM) operation in periodicallypf 1.55,.m and 3.4um. These output wavelength regions
poled lithium niobate (PPLN) [7]. QPM devices offer higher coincide respectively with prominent first-overtone and fun-
nonlinear-optical coefficients and smaller size than biregamental absorption bands associated with bond-stretching
fr|ngent|y phase-matphed materials. As illustrated .|n F|g 1(eg,C_H) vibrations of hydnde molecules (e_g_, hydrocar-
our new modular high-performance spectroscopic systeffons). It is also possible to record coherent Raman spectra
- (e.g., of methaneCH, [2]) at the Raman-active difference
* Corresponding author frequency between the064-um pump and~ 1.55-um sig-
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nal radiation. Our spectroscopic experiments with outputible over an interval of-2cnrt (60 GH2 in fine scan
from this pulsed PPLN OPO demonstrate a remarkably nacontrol mode and over the entire range 350 cnt!) under
row optical bandwidth ofl35 MHz (0.0045 cnT?). This of-  coarse scan control. The TDL delivers5 mW of narrow-
fers fresh prospects for high-resolution, time-resolved laséband cw seed radiation to the PPLN OPO at its signal wave-
spectroscopy, particularly in molecular-beam environmentkength, via an optical isolator.
or in gases at low pressure and temperature. Active control of the length of the PPLN OPO ring cavity
is necessary to avoid hopping between adjacent longitudinal
modes as the narrowband seed wavelength is continuously
1 Instrumental development scanned. This is because the fine beam waists of pump, sig-
nal and idler radiation in the PPLN crystal constrain the OPO
The modular design of our PPLN OPCNB OPA spectro- to operate on a single transverse mode (nominally 3&M
scopic system is depicted in Fig. 1. The PPLN OPO cavitythat is unable to resonate at certain seed wavelengths if the
is in the form of a bow-tie ring, constructed from tiny opti- cavity length is held fixed. (This contrasts with the situation
cal mounts; its optical path length ef 12 cm corresponds in TDL-seeded OPOs based on bulk nonlinear-optical media
to a free spectral range (FSR) ©f2.5 GHz (~ 0.08 cnt?).  such as LNB [2] or BBO [3-5], where convenient continu-
It comprises four reflectors, two (M1) flat and two (M2 and ous narrowband tunability can be achieved passively by using
M3) with 100mm radius of curvature, and is resonant ata slightly misaligned OPO cavity with a low effective finesse
the signal wavelength of 1.55pum, with a 50% transmit-  that enables slightly non-collinear phase-matching and oper-
ting output coupler (M3). Round-trip losses at the idler andation on a variety of transverse modes.) The length of the
pump wavelengths~ 3.4um and 1.064um, respectively) PPLN OPO ring cavity is actively controlled by mounting
are> 99.95%. one of the flat mirrors (M1) on a piezoelectric transducer

The PPLN crystal (supplied by Crystal Technologies Inc)(PZT) and locking the cavity length to an intensity dip aris-
has dimensions oft9 mmx 11.0 mmx 0.5 mm (lengthx ing from interference between seed beams reflected from
breadthx thickness) and sits on a resistively heated fixedmirror M3 and circulated in the OPO cavity. The combina-
temperature mount (settable within the rar2fe-80°C). It  tion of reflected and circulated cw seed beams is monitored
is of multiple-grating form [8] with eight different grating by a germanium photodiode, which is protected from po-
periods ranging from 28.5 t@9.9um in steps of0.2um,  tentially damaging pulsed signal radiation by a mechanical
each grating stripe having a breadth~ofi mm The ends of shutter synchronised to the firing cycle of the pump laser.
the PPLN crystal are uncoated, but their surfaces are wedgBurther details of this novel cavity-control scheme will be
polished at~ 2° relative to the long axis of the gratings, to reported elsewhere [9]. It is similar in some respects to previ-
reduce unwanted reflections in the cavity. The vertical poseusly reported cavity-locking schemes for narrowband pulsed
ition of the PPLN crystal (on its fixed-temperature mount) isOPOs [10—-13], but is intrinsically simpler afat does not
finely adjustable by a precision translation stage, to enableequire dithering of OPO cavity length.
selection of different grating periods for coarse QPM tun-  Another module of the instrument (not shown in Fig. 1)
ing purposes. Further tunability is attainable by varying thes a sum-frequency generation (SFG) stage [2], which up-
temperature setting of the PPLN crystal. This combinatiortonverts a portion of the IR signal beam 10630 nm by
of the eight PPLN grating periods and temperature variatiomixing it in a KTP nonlinear-optical crysta# (= 51°, ¢ = 0°,
over ~ 50°C provides uninterrupted QPM tuning ranges oftype-l phase-matched) with residuaD64-um pump radia-
1.45-1.55pm for the signal and.0-3.4 um for the idler. tion to enable diagnostics of optical beam quality and spectral

For high-power applications, th&55um signal-wave purity by a fixed talon as well as wavelength calibration by
output from the TDL-seeded PPLN OPO is coupled into ara pulsed wavemeter (Burleigh WA-4500).

OPA pumped afl.064um. This incorporates a LNB crystal

(11x 11 x 50 mm cut at47 for type-1 phase matching in the

vertical plane, broadband anti-reflection coated) as in our pr& Performance characteristics of the PPLN OPO
viously reported LNB OPO [2].

Pump radiation atl.064um is generated in~ 10-ns  Thel.55um signal-wave output from the TDL-seeded PPLN
pulses by a Q-switched, single-madd: YAG laser (Spectra- OPO has a typical pulse energy ©f0.2 mJper 7-ns pulse.
Physics GCR-250, with model 6350 injection seeder) inCollimation by a single silica lens30-cm focal length) de-

a high-quality beamx{ 85% fit-to-gaussian9 mmdiameter, livers a remarkably high output beam quality, with low di-

~ 45 MHz optical bandwidth), of which~ 200 mJ per pulse vergence and a quasi-Gaussian spatial profile (whether the
is typically used to pump the LNB OPA. Only a small por- OPO is seeded or not) that does not vary appreciably as
tion of the pump bean{ 1 mJ per pulsgis needed to drive the output wavelength is scanned. This aspect of perform-
the PPLN OPQO; this is focused by3@cm lens and coupled ance is superior to that of TDL-seeded OPOs with passive
through mirror M3 into the cavity (along with collinear cavities [2—5], where transverse mode effects prevail, as is
1.55-um seed radiation), forming a beam waist-eflOOum  verified by the coherent-Raman spectroscopic measurements
within the PPLN crystal. This corresponds to operation ateported below.

3—4 times the (unseeded) oscillation threshold for the PPLN The continuous single-mode tunability of signal output
OPO. The LNB OPA pump beam is vertically polarised, butradiation from the PPLN OPO is demonstrated in Fig. 2.
all other input and output radiation is horizontally polarised. Trace (a) shows the relative frequen¢@@Hz) of the up-

The injection-seeding source is a single-mode externakonverted signal output at 630 nm as measured by the
cavity TDL (New Focus 6262 with model 6200 controller) SFG/wavemeter diagnostic module, plotted against the scan
operating in the rang&.50-1.59wm and continuously tun- control voltage of the TDL used for injection seeding; the
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Fig.2. (a) A plot of relative OPO signal frequenaysHz) of the tunable MWW
narrowband PPLN OPO system (measured by a /Sf8emeter diagnostic
module) against the scan control voltage of the TDL used for injection seec

ing. (b) Corresponding PPLN OPO signal output power as the TDL seel, | ! | \ | \ | .
wavelength ¢ 1.55um) is scanned across tl320-GHz QPM tuning range 2916.56 2916.52 2916.48 2016.44

of a single29.9-um grating on the PPLN crystal &°C A
RAMAN FREQUENCY (cm™)

o . Fifg. 3. CARS spectra of the Q(0), Q(1) and Q(2) lines in #8165-cm!
measurementrange is limited by the acceptance bandwidth gf Raman band o€H, in a supersonic free jet. The measured OPO CARS

the (fixed-orientation) KTP crystal used in the SFG processspectrum (a) is recorded with064-um Raman pump radiation (from the
Figure 2(b) plots the corresponding PPLN OPO output intenNd: YAG laser) and tunablé.54-um Stokes radiation (signal from the TDL-

. . eded PPLN OPO). As in [2], the intensity distribution of the simulated
Sity as the TDL seed Wavelength is scanned across the QP RS spectrum (b) arises from the three nuclear-spin modifications of the

tuning range of a singl29.9-um grating on the PPLN crystal, ch, molecule. The results are consistent with a rotational temperature of

with its temperature held &°C. The half-maximum width 15K and with a fwhm optical bandwidth ef 135 MHz (0.0045 cm 1) for

of this tuning range i820 GHz(10.7 Cm_l). the PPLN OPO signal radiation. Trace (c) shows the difference between

The spectral purity of the continuously scanned sig-aces (&) and (b). See text for further details

nal radiation from the PPLN OPO has been evaluated by

means of a Fabry-&Pot étalon with free spectral range of

10 GHzand finesse of 1100 at 1.55um. After careful iso-  sian distribution function 0450 MHz fwhm, consistent with

lation from mechanical vibrations, the continuously scannindRaman pumpNd:YAG laser) and Stokes (OPO) fwhm op-

OPO is measured to have an output optical bandwidth dical bandwidths o5 MHz and 135+ 5 MHz, respectively.

12545 MHz, approaching th&5-MHz limit imposed by the  The abovet5-MHz tolerance covers the extent to which the

Fourier transform of the pulse duration. fitted rotational temperaturé% K) might be accompanied by
some residual Doppler broadenir@)(MHz fwhm at most).

3 Coherent Raman spectroscopy with tunable OPO
signal radiation 4 Infrared spectroscopy with tunable OPO/OPA idler

N ) o radiation
A more critical test of the signal radiation at 1.55um

from the PPLN OPO is to use it as the Stokes beam foThe combined pulse energy of signal and idler output from
coherent anti-Stokes Raman spectroscopy (CARS) at Raéhe PPLN OPQ@LNB OPA system is typically~ 2 mJ with
man excitation frequencies of 3000cnT?, with residual beam quality at least as good as that oftg4-um Nd:YAG
1.064um Nd:YAG laser light as the Raman pump. This haslaser. The performance of this OPOPA system has been
been demonstrated by making OPO CARS measurements wérified by an IR spectroscopic experiment that is sensitive to
the v; band of CH, in the gas phase (as in [2], but with the stability, optical bandwidth, and continuous tunability of
marginally better resolution) and in a pulsed supersonic jethe pulsed idler output at 3.4 um.

(see Fig. 3). Arrangements for Doppler-free OPO CARS jet Figure 4(a) shows high-resolution photoacoustic absorp-
experiments are as described previously [2]. The OPO CAR8on spectra ofCH; gas T = 300K, P =10 Torf) around
spectrum in Fig. 3(a) was recorded with optical pulse enerthe P(8), P(9) and P(10) clusters in thge (C—H stretch-
gies of 10 mJat 1.064pum and0.2 mJat ~ 1.55um and is  ing) fundamental band [14]. These are recorded in continu-
effectively free of Doppler, collisional, saturation or Stark ous scans of the idler wavelength, without correcting for any
broadening. It is well simulated in Fig. 3(b), in a mannershot-to-shot variations of IR pulse energy. The correspond-
consistent with established CARS lineshape theory and speityg simulated spectra Fig. 4(b) are generated by using the
troscopic data folCH,4 as in [2], by Voigt profiles in which  HITRAN code [15] to compute line positions and relative
a Lorentzian form§0 MHzfwhm) is convoluted with a Gaus- intensities, then convoluting them with an appropriate Voigt
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Fig. 4a,b. Measured &) and simulated i) IR absorption spectra oEHy
gas I =300K, P=10Tor around the P(8), P(9) and P(10) clusters in
the vz band at~ 3.4pum [14]. The Doppler-broadened spectra) have
a fwhm spectroscopic linewidth of 500 MHz (~ 0.017 cntl); they are

recorded by tuning injection-seeded pulsed OPO output ra-
diation, either continuously [11,13] or in fine wavelength
steps [18], have been rare.

An outstanding feature of the actively controlled PPLN
OPO system reported here is the very narrow optical band-
width of its output radiation, which we infer from actual
spectroscopic measurements in Sections 2 and 3 130¢
10 MHz (0.0043+0.0003 cnTt). Moreover, the locking cir-
cuit enables the output wavelengths to faithfully track the
TDL seed wavelength, in continuo@880-GHz spectroscopic
scans that extend over 2000 times the optical bandwidth of
the OPO radiation. Other notable features of our system are
its excellent output beam quality and its relatively compact,
modular design. Such a TDL-seeded PPLN OPO spectro-
scopic system could, for some applications, be competitive
with advanced grating-controlled OPO systems [19] that are
commercially available. Finally, we note a recent report [20]
of a single-mode PPLN OPO operating at fixed output wave-
lengths by means of an intracavéyalon.
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photoacoustically detected by continuous scans of idler output from thPeferenceS

TDL-seeded PPLN OPQ@NB OPA system, without normalising to IR
pulse energy variations. The simulatiob) (is based on the HITRAN
code [15], as explained in the text

profile to reproduce the observed lineshapess00 MHz
fwhm). After allowing for Doppler and pressure broaden-

ing [14, 15], it is deduced that the spectral profile of the idler

radiation from the PPLN OPQ@NB OPA system comprises
a Gaussian component ef 130 MHz fwhm and an addi-
tional Lorentzian component of 300 MHz The former is

consistent with our measurements of the PPLN OPO alone;
the latter is attributable to mechanical instability of the cavity,

subsequently reduced when Fig. 3(a) was recorded/caind

possible nonlinear-optical broadening effects [10—-12] in the ¢

LNB OPA stage, which was operated at3 times above
threshold.
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