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Abstract We demonstrate a heterodyne-detected cavity
ring-down spectroscopy (CRDS) method that allows for a
noise-equivalent absorption coefficient of 6 x 10~'* cm™
Hz_m, the lowest which has been reported in a CRDS
measurement. It is shown that heterodyne-detected CRDS
also reaches the quantum noise limit at reasonable optical
powers. In addition to offering ultra-high sensitivity, this
technique provides high frequency agility over a range of 2
THz in the near-infrared, which allows entire absorption
bands to be recorded in minutes. As a demonstration exper-
iment, high resolution spectra of a near-infrared carbon
dioxide band have been recorded.

Spectroscopic techniques with ultra-high sensitivity allow
for the study of a wide variety of physical and chemical
phenomena, ranging from the interrogation of individual
atoms [1] and molecules [2, 3] to the quantitative extrac-
tion of ensemble properties from detailed molecular line-
shape investigations [4, 5]. The fundamental limit to
spectroscopic sensitivity is the quantum noise limit
imposed by the photons themselves, often referred to as the
shot-noise limit. Cavity ring-down spectroscopy (CRDS)
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[6] is a relatively simple technique for measuring absorp-
tion with high sensitivity, but despite its pervasiveness
throughout research laboratories [7], no CRDS measure-
ment has yet reached the sensitivity limit imposed by the
quantum nature of light. In general, they have been limited
by technical noise because CRDS is essentially a direct-
current measurement. In light of this limitation, several
research groups have explored heterodyne approaches [8,
9], including Ye and Hall [10] who developed a method in
which the interference between neighboring transmission
modes is recorded. Herein, we have adapted their operating
principle in order to leverage recent developments in
electro-optics, which allows for rapid scanning [11, 12].
The resulting instrument has reached the quantum noise
limit and achieved a record sensitivity for CRDS.

Heterodyne-detected cavity ring-down spectroscopy
(HD-CRDS) is performed by alternately exciting
neighboring modes of an optical cavity. The resulting
transmission is then measured by a high-bandwidth
photoreceiver with the HD-CRDS signal being the
time-varying transmitted intensity at the difference
frequency of the two modes (i.e., a selected integer
multiple of the cavity’s free spectral range). This
technique has significant advantages over traditional
direct-current CRDS measurements. Firstly, HD-CRDS
moves the measurement to high frequencies in order to
reduce the effects of 1/f noise that limit traditional
CRDS experiments. Secondly, traditional CRDS signals
often become technical-noise-limited due to the low
light levels at the tail of the decay event. Finally, HD-
CRDS allows for the measurement of differential losses
between two cavity modes during each build-up/decay
event, thus providing a rapid and direct measure of
absorption and reducing the effects of drift in the
system base losses (e.g., etalon effects).
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Fig. 1 Experimental setup for the described heterodyne-detected
cavity ring-down spectrometer. The external-cavity diode laser
(ECDL) is offset-locked to the optical cavity through the use of
Pound-Drever—Hall locking [13] in a 2f-configuration [11] using the
beam propagating through the locking electro-optic modulator
(EOM1). A fast-switching microwave source (MW) drives EOM2
such that a single, selected sideband is resonant with the cavity.

Our present instrument has combined the operating
principle of HD-CRDS with the frequency-agile rapid
scanning spectroscopy (FARS) technique we have recently
developed [11, 12] (see Fig. 1). Briefly, our HD-CRDS
instrument utilizes a high-bandwidth, waveguide-based
electro-optic phase modulator to place a series of tunable
sidebands on our probe laser (an external-cavity diode
laser, ECDL). The carrier frequency is continuously offset-
locked using 2f-Pound—-Drever—Hall locking [11, 13] to an
optical cavity mode such that it is non-resonant but
achieves a relative linewidth of 130 Hz between the probe
laser and the optical cavity [11]. For traditional FARS-
CRDS without heterodyne detection, we set the modulation
frequency so that only a single, selected laser sideband is
resonant with the cavity, thus utilizing this sideband to
probe the gas sample. For HD-CRDS, we simply alternate
the modulation frequency between a pair of values that are
separated by a multiple of the cavity’s free spectral range
(203.076 MHz), leading to a heterodyne signal on the
photoreceiver at the difference frequency. The temporal
variation in the amplitude of the difference frequency
signal yields our HD-CRDS signal (see Fig. 2). This
demodulated signal can be readily modeled as the product
of two out-of-phase electromagnetic fields (E; and E;)
[10]:

=277 1o (32) - ()

where At is the chopping period and Py, and Py, are the
respective peak powers in transmission for each mode. In
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During a measurement, the microwave frequency (fyrw) is stepped in
increments of the cavity’s free spectral range to selectively excite
individual cavity modes, thus producing the heterodyne signal. The
remaining shown components are a fiber splitter (FS), fiber couplers
(FC), photodiodes (PD), and a beam block (BB). Note that fiber-
coupled elements are shown in black, free-space optics in red, and
electronic signals in gray

this expression, each field has a decay rate (1/t; and 1/t15)
that is equal to (Ly + A)c/(2]) where c is the speed of light,
I is the single-pass cavity length and L, and A are the
single-pass intensity losses due to the mirror and absorption
by the gas, respectively. For small amounts of absorption,
21

the peak signal occurs at time ¢ = 7. In(2) with 7, = o

This gives a peak heterodyne signal of /2Py /4, where n
is the detector responsivity (A/W). As derived by Ye and
Hall, in the weak absorption limit and assuming the same
transmitted power for each mode denoted by P,, compar-
ison of the peaks of two neighboring half cycles separated
in time by A#/2 gives a difference current of

In2 A
V2 Lo
which is proportional to the difference in absorption
between the two modes. A working expression for the
measured noise-equivalent absorption coefficient (NEA)

can be obtained by solving Eq. 2 for A, dividing by the
cavity length [ and multiplying by the square root of the

|Ai| = nPo (2)

averaging time f,,¢, which we equate to ﬁ where B is the
detection bandwidth (Hz). We also define the observed
signal-to-noise ratio as SNR = (17v/2Py/4)/|Aimin| Which
corresponds to the peak heterodyne signal and a one-
standard-deviation noise level given by |Aimin|. These
assignments yield

~ 2In(2) - SNR - [v/27B’

NEA (3)
which can be used to compute the noise limit in terms
of system observables. Here, [=74cm and
Lo = 1.6 x 107*, which corresponds to a cavity finesse of
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Fig. 2 Typical heterodyne signal and the corresponding (calculated)
electric field amplitudes. a Representative empty cavity heterodyne
signal for an incident power level of 29 uW recorded with the
traditional InGaAs photoreceiver at a detection bandwidth of 5 MHz.
This trace was recorded on a spectrum analyzer in amplitude versus
time mode at a frequency of 203.076 MHz (i.e., the difference
frequency). Also shown are the corresponding residuals when fitted
with the model of Ye and Hall [10] with the constraint that the two
modes have identical ring-down time constants. The observed signal-
to-noise ratio was 340:1. b This panel illustrates the electric field
amplitudes (Eq. 1) that correspond to the two adjacent cavity modes.
The heterodyne beat between these two fields gives rise to the signal
found in the upper panel. In the presence of absorption the two half
cycles become asymmetric due to the differing time constants of the
two cavity modes

2 x 10*. Heterodyne measurements were made with two
different photoreceivers having a bandwidth of 1 GHz: an
avalanche photodiode (APD) and a traditional InGaAs
detector. The APD offers a lower noise-equivalent power
(3 pW Hz~ "2 vs. 13 pW Hz~""?) but also has a much lower
saturation power and an excess noise factor, xy, of 5. Each
detector was then exposed to a wide range of incident
optical power levels, Py, in order to quantify the instrument
sensitivity and interrogate the relevant noise sources (see
Fig. 3). With the APD, we reached the fundamental
quantum noise level (for Py > 10 pW) given by Ye and
Hall as

_ ko e
NEAoN = NATORE (4)

where e is the electron charge [10] and demonstrated a
minimum NEA of 5 x 107" em™! Hz 2.

Because the traditional InGaAs detector could measure
higher incident powers, we were able to achieve signifi-
cantly lower NEA values than with the APD. At an incident
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Fig. 3 Measured noise-equivalent absorption coefficient (NEA) as a
function of incident optical power (Py) for two different photore-
ceivers. Also shown are expanded uncertainties (20) and calculated
noise-limited sensitivities. (Upper panel) Results with an avalanche
photodiode having a noise-equivalent power of 3 pW Hz~"? and an
excess noise factor of 5. At low power levels, the observed NEA is
limited by detector noise as well as by shot noise. At higher power
levels (>10 pW), the measurement reaches the quantum noise limit.
(Lower panel) Results with a traditional InGaAs photoreceiver with a
noise-equivalent power of 13 pW Hz ™% and no excess noise factor.
Also shown is the dynamic range limit of the spectrum analyzer
(Spec. An. Dyn. Range) that we used for data acquisition. These
measurements reach (at the highest optical powers) within a factor of
3 of the shot-noise limit and achieve an NEA of 6 x 107 cm™'
Hzfl/z, for a signal-to-noise ratio of 4,000:1

optical power of 0.9 mW, we reached an NEA of
6 x 107" cm™! Hz_l’z, which is a factor of 20 lower than
the most sensitive CRDS experiment previously reported in
the literature [14]. Unfortunately, at the highest incident
power levels, we are limited by the dynamic range of the
spectrum analyzer used for data acquisition. The use of a
spectrum analyzer or high-speed digitizer with a wider
dynamic range would provide a facile route to an even
higher sensitivity.

A largely quantum-noise-limited result (within a factor
of 1.5) was also reached in the initial demonstration of
noise-immune, cavity-enhanced, optical-heterodyne
molecular spectroscopy (NICE-OHMS) [15]. This tech-
nique, which is a dispersion measurement that is
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Fig. 4 Spectra of CO, transitions near 1,575 nm using a
425 pmol mol™' CO, in air sample at a pressure of 51 kPa.
a Spectrum of the (30012) « (00001) CO, band with the
corresponding calculated spectrum based upon the HITRAN 2012
database [21]. The baseline and an etalon have been removed. During
this scan, the arbitrary waveform generator was utilized to step scan
the modulation frequency across a 26-GHz-wide portion of the
spectrum in 17 ms. The electro-optic modulator efficiency varied
significantly across this range of frequencies (0.6-60 nW). Due to the
limited efficiency of the electro-optic modulator at low frequencies,
we did not utilize modulation frequencies below 2.2 GHz; this
resulted in the small gaps in the measured spectrum. The laser’s
frequency was then coarsely adjusted (using the grating and

sensitive to cavity mode pulling, achieved an NEA of
1 x 107" cm™" Hz™"? due to the high incident power
of 5mW (and correspondingly low shot-noise limit).
NICE-OHMS and HD-CRDS share many similarities in
that both rely upon heterodyne measurements of inter-
fering transmission fields from an optical cavity. How-
ever, HD-CRDS has some significant advantages when
compared to NICE-OHMS including less sensitivity to
residual amplitude modulation and unbalanced sideband
amplitudes. In addition, the initial demonstration of
NICE-OHMS was performed with an ultra-narrow-line-
width Nd:YAG laser. Subsequent implementations with
more commonly used and broader linewidth lasers (e.g.,
ECDLs) have achieved sensitivities, which are degraded
by 24 orders of magnitude. The highest sensitivity
which has been achieved with NICE-OHMS when using
a tunable laser is only 5.6 x 1072 ecm™ ' Hz7 2 [16].
Importantly, the present technique allows for rapid
acquisition of spectra (unlike the original implementation
by Ye and Hall [10]) due to the use of a high-bandwidth
EOM instead of a pair of low-bandwidth acousto-optic
modulators. With an arbitrary waveform generator (50
GS/s), we can step scan the modulation frequency applied
to the electro-optic modulator and thus record a 26-GHz-
wide spectrum of an individual, atmospheric-pressure-
broadened transition in 17 ms (see Fig. 4). We note that the
use of an arbitrary waveform generator (or other fast-
switching microwave source) is required as the switching
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piezoelectric transducer) approximately 60 times in order to record
the shown 2 THz-wide spectrum. The small gaps could be filled by
utilizing additional grating tuning steps or by adjusting the arbitrary
waveform generator output amplitude as a function of frequency.
b Measured air-broadened spectrum for the weak (30012) « (01101)
R5e CO, hot band transition having an intensity of 3.522 x 1072
cm mol ™! [21]. A linear baseline has been subtracted. The shown air-
broadened spectrum has a peak signal-to-noise ratio of 50:1 and was
recorded in 5.5 ms (i.e., 120 ps per spectral point). The observed
noise level is 4 x 107'° cm™" and corresponds to a noise-equivalent
absorption coefficient, that is commensurate with those found in the
lower panel of Fig. 3 for these optical power levels

time must be significantly less than the cavity’s ring-down
time constant. In the absence of cavity drift, the uncertainty
of the relative frequency axis of the absorption spectrum is
then given simply by the relative laser linewidth (130 Hz).
Entire absorption bands can also be recorded by periodi-
cally stepping the ECDL grating in order to coarsely tune
the laser wavelength. In this way, a 2-THz-wide spectrum
can be recorded in 20 min by dividing the spectrum into
approximately 60 equal-width sections. In addition, by
recording the heterodyne beat frequency between the probe
laser carrier frequency and an absolute frequency reference
(e.g., an optical frequency comb), an absolute frequency
uncertainty at the kHz-level could be achieved [17].
Finally, we note the quantum-noise-limited NEA reported
here is significantly lower than that which has been
achieved using direct frequency comb spectroscopy due to
the very low power per comb tooth [18] (the NEA reported
by Bernhardt et al. [19] appears to be lower than that found
in Ref. [18] but was incorrectly normalized to Hz~ 2 [20)).

The described HD-CRDS instrument is well suited to
investigations in optical metrology, fundamental physics,
and chemical kinetics because of its unique combination of
ultra-high sensitivity, high scanning rates, and broad tun-
ability. Possible application areas include measurements of
trace atmospheric species and their kinetics, tests of the
symmetrization postulate, observations of highly forbidden
transitions, as well as quantification of rare isotopes (e.g.,
clumped isotopes and radiocarbon). We believe that this
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technique will allow for rapid, quantum-noise-limited
absorption measurements throughout the visible and
infrared spectral region and should enable transformative
measurements which were not previously possible.
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