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5 uen and open up

new apphications
in molecular

SPecroscony.

he advent of new nonlinear-optical materials as
alternatives to the traditional wades and silver-
containing compounds has aliowed develop-
ment of compact and cfficient optival parametric
oscillators with intraved tunability extending far
beyone 3 um. This has opened up new applications in
moleculer spectroscopy, atmospheric monitoring, and
wltra-sensitive detection.

The 2- to 20-pm portion of the mid-infrared (mid-IR)
region of the spectrum is the so-called “molecular finger-
print” region in which gases and vapors exhibit their
fundamental absorption features. If humans could see
light at frequencies three or four octaves below the usual
visible region of the sprctrum and if they could visualize
an extended set of “colors” (mid-[R-blue, mid-IR-green,
and so on), the air around us would appear vibrantly
colorful. We would see our colieagnes exhaling mid-IR-
arange-colored carbon dioxide, leaves decaying in the
vard surrounded by a thin veil of mid-IR-green methane,
and nearly black water vapor drifting everywhere.

Peitution monitoring, atmospheric chemistry, and
chemical and bivlogical warfare detection can bene-
it from compact and efficient mid-IR laser sources
ihat allow detection of trace gases and vapors by
volume, down to the pari-per-billion level. Cther
applications of tunable mid-IR coherent sources
include noninvasive medical diagnosis by breath
analysis, ultrasensitive detection of drugs and explo-
sives down o the part-per-trillion level using cavity
ring-down spectroscopy, and short-range terrestrial
ur near-carth communications.

Optical parametric oscillators (OPQOs} are the laser
sources of choice if high peak or average power, high con-
version efficiency, and broad continuous tunability (more
than one uctave) are required. They play a particularly
important role in the mid-IR (A >2.5 um) where there is a
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OPOs target the
longwave infrared
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FIGURE 1. Whan short, intense pump pulses are used for optical parametric genera-
tion, a single pass through an NLO crystal is enough to convert a substantial fraction
(10%) of the pump energy into the signial and the idler (&), For pump pulses with
smaller intensity, parametric frequency conversion is weaker and a resonator CPO
cavity is used (). For narow-iinewidth OFO applications, a diffraction grating can be
incorporated into the cavity ic). When tight focusing is required with a CW pump, a
four-mirror ring OPO cavity with two flat and two concave mirrors can be usad (d).

lack of iunable lasers similar to Ti:sapphire or alexandrite,
both of which operate in the near-infrared.

An OPO converts monochromatic laser emission (pump)
inte: & tunable output via a three-wave mixing process. Quan-
tum cfficiencies can exceed 50%. The heart of an OPO is a non-
linear-optical (NLO) crystal characterized by an NLO coeffi-
cient, . and related NLO figure of merit, 4 2/u3, (where # is
the refractive index). In the NLO crystal, g{e pump photon
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decays into two less-energetic photons  New ‘cid’ birefringent materials

(signal and idier) so that the sum of
their energies is equal to that of the
pump photon. An important further
constraint is that the sum of the signal
and idler wave-vectors must equal
that of the pump (“phase-matching”
condition). The latter condition is
never satisfied in the transparency
range of isotropic media but can be
fulfilled in birefringent crystals. Alter-
natively, it can be fulfilled in quasi-
phase-matched (QPM) crystals with
periodically modulated nonlinearity
{pericdically poled lithium niobate,
for example) in which the artificially
created grating compensates for the
wave-vector mismatch.

Parametric frequency down-conver-
sion in an OPO can be regarded as the
inverse process of sum-frequency gener-
ation. Alternatively, an NLO crystal can
be viewed simply as a catalyst that pro-
motes decay of the pump photon into
two smaller photons. Rotating the crys-
tal changes the ratio between the signal
and idler photon energies, and thus
tunes the frequency of the output. The
easiest way to illustrate the parametric
frequency conversion is to consider the
case of a short (<1 ns) intense pulse as
the pump. In this case, a single pass
through an NLO crystal is sufficient to
convert a substaniial fraction (>10%) of
the pump into the signal and the idler
{see Fig. 1). This type of single-pass
device is called an optical parametric
generator (OPG). For pump pulses with
lower intensity, parametric frequency
conversion is weaker; therefore, a res-

. onator OPO cavity is required to

enhance this process. To achieve a nar-
row linewidth, a diffraction grating can
be incorporated into the cavity—and
when a continuous-wave (CW) pump is
used and tight focusing is necessary, a
four-mirror ring OPO cavity can be used
with two flat and two concave mirrors.
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The longwave transmission cutoff of
traditional nonlinear optical materials
such as lithium niobate (LiNbO,), potas-
stum titanyl phosphate (KTP), lithium
borate (LLBO), beta-barium borate (BBO),
periodically-poled LINBO, (PFLN), and
periodically-poled KTP (PP}’(TP) has
limited the tuning range of existing
commercial OPOs to 4 pm. Silver-con-
taining chalcopyrites have extended the
turdng range up to 11 um (AgGaS, with
a 1.06-pm pump) and 14 ym (AgGaSe,
with a 1.57-pm pump). 2 The relatively
low optical nonlinearity, low thermal
conductivity, and susceptibility to sur-
face degradation resulting from a low
laser-damage threshold severely limit
the practical application of AgGaS, and
AgGaSe,, however.

Three birefringent crystals—the chal-
copyrites ZnGeP, (ZGP) and CdGeAs,
(CGA), and the Iaven,d chalcogenide
GaSe—exhibit huge optical nonlineari-
ties, deep-IR transparency, high thermal
conductivity, and high laser-damage
thresholds (>1 J/em?; see table). First
explored as nonlinear optical materials
in the early 1970s, ZGF, GaSe, and CGA
crystals were too small and exhibited
poor optical uniformity and large
absorption. Three independent crystal-
growth groups—Siberian Physico-Tech-
nical Institute/ Institute of Atmospheric
Optics (Tomsk, Russia), BAE Systems
{Nashua, NH), and Inrad Inc. (North-
vale, NJ}—now can grow ZGP, GaSe,
and CCA crystals of usable size (more
than 20-mm long) with extremely low
absorption (typically 0.01 cm!) in the
middle of their transparency range.

One of the remarkable break-
throughs in mid-IR OPO technology
was the demonstration of the broad-
band ZGP OPO with more than 10 W
of ouiput power at 3 to 5 pm (signal
plus idler), and more than 50% effi-
ciency.® The OPO was pumped with a



Corp. (Pitisburgh,
PA) has grown
GaSe doped with
indium. It has
shown that doping
with low levels of
indium greatly
improves the GaSe
mechanical prop-
erties but doees not
alter the intrinsic
value of the NLO
coefficient.” Since
an OPG, as com-
pared to an OPQ,
does not need mir-
rors and AR coat-
ings are not cru-
cial, it was com-
FIGURE 2. Continuous tuning range of 3.8 to 12.4 um has been demonstrat-  paratively straight-
ed in a ZGP OPO pumped by ErCrYSGG laser pulses at 2.8 um, The photon forward to use
conversion efficiency reached 54% near 6 to 8 pm. GaSe in an OPG

scheme in which
20-W diode-pumped, (J-switched (10- single 100-ps, 2.8-um Er,Cr:YSGG laser
kHz, I1-ns) thulivm-holmium-doped pulses served as the pump. The tuning

;e
& 7 : l
stators e YLF laser at 2.05 um, and the ZGP  range of 3.3 to 19 pum, the largest of any

8 Long Travel
Stages

B B & %@@@ crystal was 14-mm long. Later on, an  mid-IR parametric device, has been

@ﬁgﬁ@ BEators impressive continuous funing range demonstrated with quantum conver-
from 3.8 to 12.4 pm was demonstrated  sion efficiency of 5% (see Fig. 3).6

& PET Flexure in a ZGP OPO pumped by 100-ns Considered the “Holy Grail” of

Pocitioners erbium-laser pulses at 2.9 pm.? The infrared NLO materials because of its
OPO had a very low pump threshold enormous second-order nonlinearity

B P @@ﬁ (0.3 MW /cm?) and a linewidth of less (236 pm/V), CGA has proven effective
Controlicrs than 1 em™. The observed photon con-  for numerous NLO mid-iR applications,
B s version efficiency reached 46%, but  in particular for SHG of O, lasers and

8 Hand @E@ i higher efficiencies of 54% have been efficient {up to 20%), continuously tun-
Contreliers ”‘ measured since with an erbium- able (6 to 20 um} difference-frequency
Whether vou need to 'ﬂ chromium-doped YSCG (ExCriYSGG)  generation. A CGA OPO has not been
precisely align a fiber | laser pump at 2.8 um (see Fig. 2). demonstrated yet, because it lacks an
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The chalcogenide GaSe has an excep-  appropriate pump-laser source (it needs
tionally wide transparency range and a pumnp wavelength greater than 3 ym).
high second-order nonlinearity (NLO  The first CGA-based subpicosecond
figure of merit is 5 times that of PPLN).
Its main drawback is that it is a soft-lay-
ered material that can be cleaved only
along the 001 plane. Due to the very
large birefringence of GaSe (An ~0.35},
however, it can satisfy phase-matching
conditions for most of the three-wave
processes within its transparency
region. Most important is that a GaSe
OPO can, in theory, be pumped by a

micropositioners and
long travel stages.
Contact us ioday fora
free catalog.
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150 Long Beach Bouevard i 1.06-um laser—but such an OPO has 4

Stratford, CT 06015 USA |~ not been demonstrated yet, partly Output wavelength (um)
E/%z: 23 3ea50e T because of the problems associated

E-MAL res_sales@therrmo-oriel com with the AR coating of the crystal. FIGURE 3. Multipass action in the cavity of a ZGP
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To improve mechanical properties of OPO increases its quantum conversion efficien-
GaSe crystals, a group at Northrop  cies as compared to GaSe-based OPG.
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OPG has been reported recently, howev-
er: when a single-pass CGA OPG was
pumped by 10-p}, 600-fs pulses at 5 um,
its output was tunable, via angle-tuning,
in the 7- to 18-jum range.”

Explering quasi-phase-matched materials
Gallium arsenide (GaAs) is a crystal
with low optical losses, high optical non-
linearity (90 pm/V), superior thermal
conductivity, and a large surface-damage
threshold. Growth of GaAs is a mature
technology, and the only obstacle pre-
venting GaAs from serving as an ideal
mid-IR NLO material is that its cubic
crystal structure lacks birefringence.

In order to achieve quasi-phase-
matching in GaAs, researchers at Stan-
ford University (Stanford, CA) and
Thomson CSF (Orsay, France) fabricat-
ed all-epitaxial GaAs structures with
domains of inverted sign of NLO coeffi-
cient. Films of orientation-patterned
GaAs, 200-um thick and 4.6-mm long,
with domain periods of 27 or 212 pm,

were grown by hybrid vapor-phase epi-
taxy on orientation-patterncd GaAs
substrates.® The substrate was prepared
with a process using molecular-beam
epitaxy, photolithography, and wet-
chemical etching. The 200-um-thick
QPM GaAs samples are thick encugh
for bulk NLO applications: for instance,
a COy-laser beam can be focused into it.
The effective NLO coefficient (48
pm/V) extracted from SHG experi-
ments with a CW CQO, laser was found
to be close to theoretical (57 pm/V} in
such a QPM GasAs sample. Quite
recently, 500-pm-thick and 1-cm-long
QPM GaAs samples have been demon-
strated by the same team.

Practical and expending applications

A direct comparison can be made

between ZGP, CGA, GaSe, and GaAs as

OPO materials from the viewpoint of

their spectral performance (see Fig. 4.
Despite the fact that ZGP has a com-

paratively narrow transparency range,

Wavelength {um)

FIGURE 4. Cptical fransmission of four crystals:
ZGP (10 mm), GaSe (11.3 mm), CGA 3.9 mimy),
and Gads (14.4 mm). The langths of the crystals
are chasen to be inversely proportional to the
square root of the crystal’s NLO figure of merit, in
order to provide the same parameiric gain at the
same pump intensity.

ZGP OPOs serve as the workhorse in
many mid-IR OPO applications in
which high average power or broad
tunability are required because the crys-
tal is robust. For example, a broadly tun-
able ZGP QPO was used at Informed
Diagnostics Inc. for ultrasensitive vapor
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FIGURE 5. Michael Todd, a research scientist at
Informed Diagnostics Inc., and author Konstantin
Vodopyanev (right) use a tunable ZGP OPO for
ultrasensitive vapor detection via cavity ring-down
spectroscopy in the region from 6 to 8 pm.

detection (see Fig. 5). The first spectro-
scopic detection of explosives (TNT and

RDX} using cavity ring-down spec-
troscopy has been achieved via absorp-
tion measurements in their fundamental
bands between 6 and 8 pm.?

The best choice for longwave appli-
cations seems to be CGA, which is
expected to have the smallest OPG
pumping threshold due to its highest
NLO coefficient. It needs a suitable
pump source, however, such as the 3-
to 3.5-um output of an Nd:YAG-laser-
pumped PPLN OPO. In contrast, a
GaSe OPO can be pumped directly by
a 1.06-pm laser and can deliver con-
tinuous tunability of 1 to 18 um, pro-
vided that the AR-coating and
mechanical-hardness problems are
solved. Even though it is still at a
research level, QPM GaAs is attractive
in many senses for future spectro-
scopic applications: it can be pumped
at 1 pm and has broad transparency (1
to 18 pm). An OPOC based on QPM
GaAs can be pumped at very low lev-
els since there is no birefringent walk-

off in the crystal, and the pump beam
can be focused very tightly.

Major progress in creating advanced
NLO materials has enabled efficient,
high-power, broadly tunable optical
parametric devices for the mid-IR range
of the spectrum. New challenges include
further development of artificial QPM
materials (such as GaAs, ZnS, ZnSe),
and progress toward compact all-solid-
state mid-IR OPO devices based on

diode-pumped laser technology. L
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