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The sensitive spectroscopic technique noise-immune cavity-enhanced optical heterodyne molecular spectroscopy
(NICE-OHMS) has been successfully used in a variety of systems; however, no broadly tunable setup has been de-
veloped for the mid-infrared. To this end, we have integrated a difference frequency generation system into a NICE-
OHMS setup. Initial optimization and characterization was completed with ro-vibrational spectroscopy of methane.

Doppler-broadened frequency-modulated NICE-OHMS spectra were recorded at a sensitivity of 2 x 10~ em™ Hz~

1/2,

Sub-Doppler saturation signals (Lamb dips) were also observed using wavelength-modulated NICE-OHMS, achiev-

ing a sensitivity of ~6 x 10 cm™! Hz1/2.
OCIS codes:

Noise-immune cavity-enhanced optical heterodyne mole-
cular spectroscopy (NICE-OHMS) is the most sensitive
direct absorption technique developed. First reported
by Ye and co-workers [1,2], this technique combines the
increased absorption due to path length enhancement of
cavity-enhanced absorption spectroscopy [3,4] with the
low noise of frequency modulation/heterodyne spectro-
scopy [5]. Not only does NICE-OHMS allow for high
sensitivity detection, but it can also probe sub-Doppler
saturation features. Rigorous theoretical analyses of the
NICE-OHMS signal, both Doppler-broadened and sub-
Doppler, have been reported in several works [6,7]. Var-
iants of NICE-OHMS setups have also been developed,
such as wavelength-modulated NICE-OHMS [8] and the
ion-specific velocity-modulation NICE-OHMS [9].

Additionally, NICE-OHMS has evolved through its
integration with different laser systems. Nd:YAG [2],
Ti:sapphire [10], laser diode [11], and fiber-laser [12,13]
based NICE-OHMS spectrometers have been built, but
little work has been done on NICE-OHMS in the mid-
infrared (3-10 pm) spectral region. To our knowledge,
the only setup reported in this wavelength range is based
on a quantum cascade laser (QCL) [14]. QCLs, however,
suffer from limited tunability.

Other laser systems offer broader tunability in the
mid-infrared. Difference frequency generation (DFG) pro-
duces a beam at the frequency difference between two in-
put lasers using a nonlinear crystal, with the tunability
only limited by the most tunable of the lasers and the trans-
parency of the crystal. Similarly, continuous wave optical
parametric oscillators (cw OPOs) emit mid-infrared radia-
tion tunable from ~2.3 to 4.6 pm. To extend its tunability in
the mid-infrared, we have integrated NICE-OHMS with a
DFG setup, enabling use of this unique, high-sensitivity
spectroscopy continuously in the ~2.8-4.8 pm region.

The experimental setup is illustrated in Fig. 1. A ring
Ti:sapphire laser (Sirah-Matisse TS) whose wavelength
is measured with a Bristol 621A-IR wavemeter is sent
through a double-pass acousto-optic modulator (AOM)
[15] that is resonant at ~85 MHz, which redshifts the laser
by ~170 MHz and results in no change to the beam
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pointing upon altering the AOM driving frequency. A
Nd:YAG laser (1064 nm) is passed through two electro-
optic modulators (EOM). The first EOM (New Focus
4003, MgO:LiNbOs) is resonant at ~112.5 MHz and gener-
ates sidebands at the cavity free spectral range used for
heterodyne detection; the modulation index is 0.79. The
second EOM (ThorLabs EO-PM-NR-C1, MgO:LiNbOs)
produces additional sidebands at ~6 MHz, which are
used to generate the error signal in a Pound-Drever-Hall
locking scheme [16]. The processed error signal is split
into two correction pathways. Slow corrections (up to
70 Hz) are sent to the cavity piezoelectric transducer,
while fast corrections (up to 60 kHz) are sent to the
voltage controlled oscillator (VCO) of the AOM. The
Ti:sapphire and Nd:YAG are combined in a periodically
poled lithium niobate (PPLN) crystal, which results in a
mid-infrared beam at the difference between the frequen-
cies of the two input lasers. This beam can be tuned be-
tween 2.8 and 4.8 pm by tuning the Ti:sapphire laser
frequency (for NICE-OHMS, the wavelength-dependent
reflectivity of the optical cavity mirrors limits the tuning
range to 3.0-3.4 pm, but multiple mirror sets could be used
to extend the tunability to 2.8-4.8 pm).

The mid-IR DFG is then coupled into a cavity with a
finesse of ~300. The cavity transmission is captured
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Fig. 1. (Color online) Experimental layout. FI, Faraday
isolator; PBS, polarizing beam splitter; AOM, acousto-optic
modulator; QWP, quarter-wave plate; VCO, voltage controlled
oscillator; EOM, electro-optic modulator; PZT, piezoelectric
transducer; RF, radio frequency generator; PS, phase shifter;
PSD, phase sensitive detector; PPLN, periodically poled lithium
niobate crystal; A, amplifier.
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on a 120 MHz bandwidth InSb detector (Kolmar). Then,
the signal is split and demodulated with two RF mixers
that are both referenced to the heterodyne RF frequency,
but are 90° out of phase with one another to separate the
absorption and dispersion signals.

The sample cell used in this work was equipped with
turbomolecular pumps and operated as a flow cell. Nat-
ural gas was leaked into the cell from the building supply.
Light was coupled through CaFs; Brewster windows on
either end of the cell, which was isolated from the cavity
mirrors to reduce vibrational noise.

Two different modulation techniques were performed
during this work. The first was frequency modulated
(fm)-NICE-OHMS. The second was wavelength modu-
lated (wm)-NICE-OHMS, in which a 50 Hz dither was
applied to the AOM VCO to induce a peak-to-peak modula-
tion of 1.7 MHz, and phase sensitive detectors (that is,
lock-in amplifiers) demodulated the resulting signal.

Demonstration and characterization of the DFG NICE-
OHMS system was conducted by ro-vibrational spectro-
scopy of methane in natural gas. The heterodyne phase
was adjusted such that one mixer output would be ap-
proximately tuned to the absorption phase and the other
approximately tuned to the dispersion phase. A represen-
tative Doppler-broadened spectrum of a methane ro-
vibrational transition (containing the absorption and
dispersion channels) is shown in Fig. 2.

A fit equation based on Eq. 1 of Ref. [17] was used to fit
the data:

S = yo + A[(r™ - x2P%) cos 0
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and x = 27%% Furthermore, 6 is the heterodyne
detection phase, A is the amplitude, G is the saturation
parameter, ¥y, is an offset parameter, Av = v — 1, is the
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Fig. 2. (Color online) Doppler-broadened fm-NICE-OHMS dis-
persion (top) and absorption (bottom) signals from the P(9) A,
transition of the v3 fundamental band of CH, at a pressure of
~6 x 1075 Torr. Raw data are given as dots, fits to the data are
given in solid curves. The dispersion curve is offset vertically
for clarity.
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detuning of the DFG frequency v from the transition
line center vy, v, is the heterodyne modulation fre-
quency, and év is the transition line width (FWHM). A
global analysis fit was performed on both channels simul-
taneously with 0, v,,,, G, and A constrained to be equal for
both detection channels and y, allowed to float indepen-
dently. v, is held fixed at 112.5 MHz.

The fractional noise equivalent absorption (NEA) is
calculated to be ~1x10°%cm'Hz'/2 and ~2x
10~7 em~! Hz 1/2 for the dispersion and absorption detec-
tion channels, respectively. Low frequency noise is
observed in the baseline, which appears to be phase-
dependent; this noise is more pronounced in the disper-
sion channel than in the absorption channel. This noise is
suspected to be from etalons in the optical setup, residual
amplitude modulation due to the heterodyne EOM, or a
combination of these. Both of these effects can be phase-
dependent [18,19], which may explain why one channel
contains more noise. Attenuation of the absorption signal
due to optical saturation is observed, consistent with
published theoretical descriptions [6]. The saturation
parameter was determined to be ~70 by the global fit
to the data.

Not only does this optical saturation attenuate the
Doppler-broadened signal amplitude [6], but it also leads
to sub-Doppler Lamb dips. The Lamb dips are the result
of two modes of the phase-modulated light (a forward-
propagating mode and a counter-propagating mode) in-
teracting with the same velocity group of molecules.
Lamb dips are observed in the Doppler-broadened spec-
trum at the line center for dispersion signals and at multi-
ples of half the heterodyne frequency for both dispersion
and absorption. As generally the center dispersion Lamb
dip is the strongest of the Lamb dips, the scan parameters
were varied to maximize the amplitude of this Lamb dip.
Optimization of the center dispersion Lamb dip was
aided by the fact that no Lamb dip at line center should
be observed in the absorption detection phase; thus, the
heterodyne phase was varied until the center Lamb dip in
one detection channel was completely eliminated. An op-
timized center dispersion Lamb dip is shown in Fig. 3.

The sub-Doppler signals were obtained using wm-
NICE-OHMS, as described earlier. Wavelength modula-
tion broadened the sub-Doppler line shape sufficiently to
observe the signal while taking ~350 kHz steps on the
DFG (by tuning the Ti:sapphire laser). This detection
scheme also results in higher sensitivity than that of
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Fig. 3. (Color online) Center dispersion Lamb dip of the P(12)

A transition of the v3 fundamental band of CH, observed at a
pressure of ~6 x 10 Torr.
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fm-NICE-OHMS. With wm-NICE-OHMS, the NEA is
calculated to be 6 x 1072 cm 1 Hz1/2, which is about
250 times the shot noise limit. This value is about a factor
of 60 less sensitive than what was observed for the QCL-
based NICE-OHMS spectrometer [14].

Several issues seem to impact the ultimate sensitivity
and performance of the spectrometer. Etalons formed
between the transmission detector and the optical cavity
and between the optical cavity and the DFG PPLN crystal
decrease the sensitivity. For the Doppler-broadened
scans, these etalons were significantly mitigated by using
heat guns across the respective beam paths and aver-
aging for ~1 s per point, as accomplished in [20]. Further-
more, the line shapes of the signals are somewhat
distorted by drifts in the frequencies of the pump and sig-
nal lasers of the DFG process. To prevent this drifting in
the future, we plan to stabilize the frequencies of both
lasers by locking the Nd:YAG to an iodine hyperfine tran-
sition and the Ti:sapphire to an optical frequency comb.

In summary, we present the first broadly tunable
NICE-OHMS spectrometer in the mid-infrared. Coherent
mid-infrared radiation is produced through DFG with a
Nd:YAG laser and a tunable Ti:sapphire laser combined
in a PPLN crystal. The instrument was characterized and
optimized by probing ro-vibrational transitions of
methane present in natural gas. Doppler-broadened fm-
NICE-OHMS absorption and dispersion signals were ac-
quired and fit. Sub-Doppler signals were observed using
wm-NICE-OHMS. We have recently integrated this DFG
NICE-OHMS system to the fast ion beam spectrometer
described in [21]. Additionally, our research group has
completed development of a similar mid-infrared NICE-
OHMS system based on a cw OPO [22]. Both of these
systems will be used to study ro-vibrational spectra of
molecular ions.
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