
P5010: CAVITY RING-DOWN SPECTROSCOPY MEASUREMENTS OF RESONANCE-
ENHANCED TWO-PHOTON ABSORPTION BY Nitrous Oxide (N2O)

• Detection of trace NNO using 2-photon CRDS
• Observe the resonantly enhanced Q(18) 

transition in air with 24 ppmv of N2O
• Used optical locking to efficiently couple light 

from DFB-QCL into cavity
• Decay of light intensity from cavity shows 

clear evidence of two photon loss
• Transition is Doppler Free and display 

Lorentzian homogeneous lineshape
• Strength is slightly stronger than predicted by 

theory.
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FIG. 1. (a) Experimental setup. QCL, quantum cascade laser; λ/2, half-wave plate; λ/4, quarter-wave plate; BS, beam splitter; PZT,
piezoelectric transducer; NDF, neutral density filter; PD, photodetector; DBM, double-balanced mixer; LPF, low-pass filter; PID, proportional-
integral-derivative. (b) Resonance enhanced Q(18) two-photon transition, ν3 vibrational ladder of N2O. Quantum states, |ν3, J⟩ (c). Upper
panel. Cavity ring-down signal, 24.8 µmol mol− 1 N2O-in-air, pressure p = 1.20 kPa (black line). Exponential (red dots) and two-photon (blue
dots) fitted models. Lower panel. Fitted residuals.

of curvature separated by a stainless-steel vacuum enclosure
with invar support rods, resulting in an optical single-pass
cavity length of nominally L = 75 cm, free spectral range of
200 MHz, and beam waist radius at the focus of 0.835 mm.

QCL locking to the cavity was realized by optical feed-
back from the cavity leak-out field in a configuration simi-
lar to Ref. [26] and without any need for intentional mode
mismatching [27– 29]. The feedback ratio could be adjusted
without loss of incident power to the cavity by rotating a
quarter-wave plate (λ/4) to change the deflection ratio of the
reflected light at the polarizing beam splitter (PBS). Stable
feedback was established when the fast axis of λ/4 was
rotated ∼ 45° relative to the transmission axis of the PBS,
resulting in circularly polarized light entering the cavity and
an estimated feedback fractional intensity of ∼ 10− 4. The
feedback phase condition was initially satisfied by adjusting
the length between the laser and the cavity to approximately
equal the cavity length L. Then, electronic phase stabiliza-
tion was added by controlling the laser-cavity path length
using a piezomounted mirror (PZT1) in the light propagation
path driven by a proportional-integral-derivative servo with
a cascaded double-integral circuit (D2-125, Vescent Photon-
ics). The error signal was generated in a manner similar to
Ref. [30], i.e., by demodulating the reflected light deflected
by PBS and received by photodetector PD2.

The mirror power reflectivity (R), transmittivity (T), and
combined loss coefficients (L, absorption and scattering), as
well as the fraction of the incident power coupled into the
lowest order transverse cavity mode (ε) were estimated by
measuring the empty-cavity ring-down time, the optical power
reflected from the cavity both on- and off-resonance, the
incident power, and the transmitted on-resonance power. From
those measurements, we inferred [31,32]: R = 0.9998618,
T = 6.99 × 10− 5, L = 6.83 × 10− 5, and ε = 0.54. The cal-
culated cavity finesse was 22730 with a standard uncertainty
of 160. On resonance and at an incident power of 26 mW, the
empty-cavity transmitted power was measured to be 4.1 mW,
which implies a one-way intracavity power of 60 W.

Cavity decay signals were measured in transmission by a
liquid-nitrogen-cooled InSb photoconductive detector (PD1,

responsivity of 3.5 A/W) following a neutral density filter
(NDF) with optical density OD = 1.2. Detector response
was converted to voltage by a transimpedance amplifier and
then digitized by an oscilloscope card (PCI5922, National
instruments) with 18-bit resolution at a sampling rate of
107 s− 1. The cavity-locked laser frequency could be contin-
uously tuned over a range of 400 MHz by changing the
voltage to a piezo-electric transducer (PZT2) attached to
one of the cavity mirrors. Low and high precision values
for the laser wavelength were determined, respectively, by a
wavelength meter (721, Bristol) and by beating with a stabi-
lized frequency comb (Menlo Systems). The frequency comb
was an offset-free difference frequency generation system
( f0 = 0) with repetition rate frep = 250 MHz when locked
to a Rb clock signal (SIM940, Stanford Research Systems,
short-term stability of <2 × 10− 11 at 1 s). The beat note
frequency was recorded by a spectrum analyzer and processed
by a custom software program to calculate the laser fre-
quency at each point of the two-photon spectra relative to the
comb.

Decay events were triggered by rapidly changing the
QCL drive current, thus breaking the optical-electronic phase-
locked loop. The two-photon transition of 14N2

16O at a cal-
culated wave number of ν̃0 = 2207.507 cm− 1 was chosen
because of strong resonance enhancement between the P(18)
transition of the ν3 fundamental and the R(17) transition of
the first ν3 vibrational hot band [Fig. 1(b)]. The intermediate
state is detuned by only 0.113 cm− 1 from the predicted res-
onant frequency of the two-photon transition, resulting in a
calculated two-photon cross section at 296 K and 0.13 kPa of
σ (2)

13 = 5.9 × 10− 41 cm4 s molecule− 1.
The gas sample comprised 24.8069 µmol/mol ±

0.0076 µmol/mol N2O in air (expanded uncertainty, or
coverage factor k = 2, cylinder # FB03344), and was
gravimetrically prepared at NIST using synthetic air of
largely O2 and N2 [33]. Sample temperature (Tg ) and pressure
(p) were measured by two platinum resistance thermometers
in good thermal contact with the outside of the sample cell
and a 1.3 kPa full-scale pressure gauge, respectively, each of
which was calibrated against secondary NIST standards.
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