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Molecular Gas Sensing Below Parts Per Trillion: Radiocarbon-Dioxide Optical Detection
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Radiocarbon (*#C) concentrations at a 43 parts-per-quadrillion level are measured by using saturated-
absorption cavity ringdown spectroscopy by exciting radiocarbon-dioxide ('*C'%0,) molecules at the
4.5 pum wavelength. The ultimate sensitivity limits of molecular trace gas sensing are pushed down to
attobar pressures using a comb-assisted absorption spectroscopy setup. Such a result represents the lowest
pressure ever detected for a gas of simple molecules. The unique sensitivity, the wide dynamic range, the
compactness, and the relatively low cost of this table-top setup open new perspectives for '*C-tracing
applications, such as radiocarbon dating, biomedicine, or environmental and earth sciences. The detection

of other very rare molecules can be pursued as well thanks to the wide and continuous mid-IR spectral

coverage of the described setup.
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Tackling critical challenges like global climate changes,
energy plant monitoring, or detection of hazardous sub-
stances for homeland security sometimes requires quanti-
tative measurements of extremely small amounts of
molecular gases. Trace gas detection by optical spectros-
copy plays a key role in such measurements and, more
generally, allows us to gain knowledge about physical,
chemical, and biological processes. A privileged window
for ultrasensitive molecular spectroscopy is the so-called
fingerprint region (2.5 to 10 um) of the infrared (IR)
spectrum, where the strongest absorption lines can be
excited [1]. Well-assessed trace gas sensing techniques
for the visible and near-IR are now being extended to the
mid-IR, thanks to the growing number of powerful, stable,
and tunable coherent sources [2—4]. In particular, their
combination with optical frequency comb synthesizers
(OFCSs) [5-7] has improved frequency stability [8] and
detection sensitivity [9]. Presently, molecular concentra-
tion measurements are limited to the parts-per-trillion (ppt)
range, even when the strongest rovibrational molecular
absorptions in the fingerprint region are targeted [10-12].
Such a limitation has prevented optical detection of
rare-isotope-containing molecules, due to the very low
abundance of such species. Among them, concentration
measurements down to parts per billion of ubiquitous long-
lived radioisotopes are relevant in a broad range of scien-
tific and technological fields [13,14]. In particular, nature
marks every living being with a specific isotope, '*C,
which has acquired great importance after the discovery
of the radiocarbon dating method [15] in the early 1950s.
Radiocarbon, produced in the upper atmosphere by sec-
ondary cosmic rays, has a natural abundance '*C/C =
1.2 X 107!2. Because of its historical-scale radioactive
half-life (about 5730 years), it is an ideal marker for age
assessment of samples of biological origin [16]. At present,
high energy accelerator mass spectrometry (AMS), with
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14C/12C sensitivity hitting 10713, represents the only
method capable of dating very old samples (about
50000 years), at the price of big size, cost, and complexity
of the instrumentation [17]. Apart from dating, radiocarbon
detection has become an essential tool in modern science,
such as biomedicine [16] or environmental and earth sci-
ences [18]. AMS technology is also used for these appli-
cations but with more relaxed sensitivity requirements.
Laser spectroscopy detection of such an isotope targets
simple '*C-containing molecules, in particular, '*C!°0,.
Recently, measurement of the *C/'2C ratio at the
natural abundance level was reported by using intracavity
optogalvanic spectroscopy [19]. The narrow dynamic
range ("*C/"?C =2 X 107" to 1071%) and calibration
problems of such a method limit its practical deployment
in radiocarbon-based applications, including dating.
Attempts to use absorption laser spectroscopy [20,21]
targeted fundamental rovibrational transitions of the
14C1%0, molecule around the 4.5 um wavelength, but
detection sensitivity was insufficient, mostly due to the
lack of suitable tunable lasers and techniques. Here, we
report on radiocarbon optical detection well below natural
abundance ("*C/C = 4.3 X 107'%), in CO,, by exploiting
saturated-absorption cavity ringdown (SCAR) spectros-
copy [9] at the 4.5 um wavelength, in combination with
our recently developed OFCS-referenced high-power mid-
IR coherent source [3]. Following the first demonstration
of the SCAR technique [9], in the present Letter, we push
on full exploitation of its ultimate sensitivity by detecting
the elusive '*C'°0, molecule at concentrations down to
43 parts per quadrillion (ppq). This result opens new
scenarios for dating and other radiocarbon-based applica-
tions with a compact and relatively low-cost setup. In
addition, the wide and continuous mid-IR spectral cover-
age of the proposed apparatus provides very broad appli-
cability for molecular trace gas detection.
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In our experiment, the (00°1 — 00°0) P(20) rovibra-
tional transition of *C!°0, around 4.5 um was targeted
for SCAR spectroscopy. The apparatus, schematically
shown in Fig. 1, is simple, as in cavity ringdown spectros-
copy. CO, gas inside a high-finesse Fabry-Perot cavity
(FPC) absorbs resonant IR radiation, delivered by a
difference-frequency-generation (DFG) process inside a
Ti:Sapphire laser cavity [3]. When the cavity is filled up
to a threshold level, the IR light is quickly switched off-
resonance and photons leaking out of the cavity are de-
tected. Saturated absorption for intracavity light intensities
much larger than the saturation intensity of the targeted
molecular transition allows us to decouple the linear gas
absorption rate, y,, from other cavity losses, y., and to
independently measure them for each SCAR event, as
described in [9]. At the CO, pressures of the present
measurements, saturation of the '*C!60, P(20) transition
is dominated by homogeneous collisional broadening and
velocity-changing collisions, and therefore with an absorp-
tion coefficient approximated by
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where « is the nonsaturated absorption at resonance,
g(Av) is a Voigt function normalized to 1 on the peak,
Av is the detuning from resonance, and /() and I are the
laser intensity and the saturation intensity, respectively.
Thus, the integration of Eq. (1) on the intracavity
Gaussian laser beam profile gives the differential power
decay for each detuning

S

FIG. 1 (color). Schematics of the experimental setup. The IR
radiation, tunable between 3850 and 4540 nm, is delivered by a
DFG process inside a Ti:Sapphire laser cavity. The Ti:Sapphire
laser, optically injected by an external-cavity diode laser
(ECDL), and a Nd:YAG laser are mixed in a nonlinear crystal.
Both lasers, and hence the IR radiation, are frequency-locked to
the OFCS. After switching off-resonance the IR radiation by an
acousto-optic modulator (AOM), the light transmitted by a
Fabry-Perot cavity is detected by an InSb photodiode (PD).
The signal is acquired by an analog-to-digital converter (ADC).
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P(t) is the intracavity power, v, = cag(Av), and w is the
beam waist. Hence, we measured 7y, at each IR laser
frequency by fitting each SCAR-decay curve, taking into
account Eq. (2), numerically integrated according to the
procedure described in [9]. OFCS-DFG phase lock [8]
provides absolute and reproducible synthesis of the gen-
erated IR frequency. As a consequence, precise IR fre-
quency scans with a Cs frequency standard traceability
can be performed. An average of several consecutive and
identical scans (each one with an up and down frequency
change) was used to increase the signal-to-noise (S/N)
ratio of the recorded spectrum.

We show in Fig. 2 a spectrum of the *C'°0, P(20)
transition (black trace) recorded at the present natural
abundance (named ‘2010 in this Letter). In this figure,
two more spectra are shown, corresponding to a
14C-enriched sample (green trace) and a '“C-depleted sam-
ple (blue trace). '*C-enriched spectra were used to accu-
rately measure the center frequency of the P(20) transition,
as well as the most favorable thermodynamic conditions of
the gas sample for '*C detection in subnatural abundance.
From such an analysis, we chose dry-ice temperature
(195 K) and a pressure of 11.60(2) mbar as a trade off to
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FIG. 2 (color). SCAR radiocarbon-dioxide ('4C'°0,) spectra
of the (00°1 —00°0) P(20) rovibrational transition around
4.5 um for three different samples. Green trace: 'C-enriched
(about 58 times) CO, (one scan, right vertical scale). Black
trace: 2010 CO,, and blue trace: '“C-depleted CO, (thirty-two
scans, left vertical scale in both cases). Red line: Voigt fit of the
2010 spectrum with area and offset as free parameters, while
keeping the line center and linewidths (full width at half maxi-
mum, FWHM) fixed to the values obtained for the '“C-enriched
spectrum. The gas temperature and pressure were 195 K and
11.60(2) mbar, respectively.
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achieve both a strong absorption signal and an initial
saturation level G, = P(0)Ug of about 30. At the same
time, interferences from other CO, lines were minimized
[20]. The 400-MHz redshifted scan width was chosen in
order to get the highest S/N ratio in the shortest acquisition
time. The well-defined wing and signal points provide,
after data fitting, an unambiguous line profile determina-
tion and hence an accurate estimation of the area under the
line shape.

The black trace in Fig. 2 represents the first all-optical
detection of a radiocarbon-marked molecule in natural
abundance. It belongs to the 2010 CO, sample, produced
from recent biological material [22], and a spectral signal
above the noise level is clearly recorded. Instead, a signal
indistinguishable from the noise level was detected for a
highly '#C-depleted CO, sample, as shown in the
blue trace. More quantitatively, the fit of the 2010 CO,
spectrum to the expected Voigt profile yields an area of
1.50(8) ms~! MHz. Assuming for the P(20) the calculated
line strength, S = 3.10(15) X 10~'® cm [23], we measure
a 14C'®0, natural abundance concentration of 1.24(10) ppt,
in agreement with the present natural abundance of
1.235(14) ppt [24].

By mixing the 2010 CO, gas sample with the
14C-depleted one, we estimated the ultimate detection
sensitivity of our setup, as shown in Fig. 3. The agreement
between the fitted line and the experimental data within 1
standard deviation demonstrates the truly linear response
of the SCAR method, throughout the ancient to 2010 CO,
concentration range. We estimate the actual minimum
detectable concentration of '*C'°0, by calculating the
uncertainty of the linear fit at the present natural abundance
(100% of 2010 CO,), which is 43 ppq. The resulting
molecular density is 1.9 X 10* cm ™3, which corresponds
to a minimum detectable pressure of 5 X 107!¢ bar.
Therefore, we measure '“C/C ratios in the present natural
abundance samples with an accuracy of 3.5% in 1 h of
averaging, which is about 1 order of magnitude worse than
the best AMS isotopic ratio uncertainty with the same
acquisition time. Such a result demonstrates the applica-
bility of our radiocarbon detection method to fields like
biomedicine [16], where a '*C detection accuracy of about
5% is required. Moreover, biomedical applications also
demand a wider dynamic measurement range ('4C/!?C =~
107° to 107'2), which is fulfilled by the present SCAR
setup, since gas concentrations with 7y, as high as y. can be
measured. Furthermore, since the *C!'°0, molecules are
not destroyed during interaction with light, the SCAR
samples could be remeasured by other methods, such as
AMS, for cross calibration or comparison purposes [25].

In the inset of Fig. 3, the equivalent ages corresponding
to the mixing ratios are reported. Possible systematic errors
affecting the measured '*C'°0, concentration have not yet
been fully investigated. Although we are confident that
they are negligible at the current sensitivity level, they
prevent us from estimating a true age. Since the present
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FIG. 3 (color online). Radiocarbon-dioxide detection linearity
and sensitivity. Linear behavior of the measured *C'°0O, con-
centration vs its trace content in CO, gas samples ranging from
ancient to 2010. All data are the results of a 32-scan average,
acquired in 1 h. The samples were obtained by a controlled
mixing of the 2010 CO, gas with the '*C-depleted one, while
keeping the total pressure constant at 11.60(2) mbar. In the inset
graph, such measurements are plotted in terms of equivalent age
of the CO, gas, by considering 0 years the present age and an
infinite age for a CO, sample without '*C'°0,.

limiting noise source due to spurious nonlinearities in the
SCAR signals is “white,” further averaging improves the
S/N ratio, thus providing access to older dates. We are
working to minimize the dead time between SCAR events,
so as to improve sensitivity without increasing acquisition
time. Increasing the FPC finesse with higher-reflectivity
mirrors would improve sensitivity as well. Another pa-
rameter to be improved for future dating applications is
the minimum measurable radiocarbon content. For the
present measurements, the total C mass in the sample gas
was about 68 mg. A reduction of the C content of the
samples down to the level of AMS graphite tablets
(=3 mg) can be achieved by reducing the size of the
vacuum chamber enclosing the FPC.

The sensitivity of a trace gas detection method can be
expressed in terms of the minimum detectable pressure of a
given molecular species (in units of mbar/Hz!/?). This
definition allows us to compare and rank different methods,
based on different spectroscopic techniques, spectral
ranges, sources, and detectors. Figure 4 shows a collection
of the best ever published sensitivities, labeled by molecu-
lar species, wavelength, and technique [10-12,26-31].
From such a comparison, CO, detection with the SCAR
technique results to be the most sensitive, with detected
molecular gas pressures, in a 1-Hz bandwidth, of a few tens
of femtobar. The sensitivities of the closest determinations
are about 3 times worse.

In conclusion, optical detection of radiocarbon-
containing CO,, well below its subnatural abundance,
has been demonstrated by using SCAR spectroscopy.
Moreover, unlike AMS and intracavity optogalvanic spec-
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FIG. 4 (color). Molecular trace gas sensitivity ranking graph
with the best sensitivities achieved by using the molecular
absorption spectroscopy in the IR spectral range. The minimum
detectable pressures (up to 10~ mbar Hz~!/2) are related to 9
different molecular species (color) and 6 different laser absorp-
tion techniques (letter). For all these data, the noise-equivalent
absorbance for the strongest transition of the detected molecule
at the given wavelength was calculated. References are given in
brackets.

troscopy methods, in which only a '*C abundance relative
to 12C (1*C/'2C ratio) can be measured, absolute concen-
trations are retrieved with the SCAR-based technique, with
a superior dynamic range and without any sample degra-
dation. The present table-top setup represents a valid
analysis method of 14C-marked samples, alternative to
those presently used in such applications as biomedicine,
and represents a major step towards an optical radiocarbon
detection method for dating. Finally, the minimum detect-
able pressure of a few hundred attobars measured for CO,
sets a new benchmark for trace gas detection, and the wide
tunability of the reported setup allows us to extend similar
sensitivity levels to a large number of molecules.
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