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Fast and accurate quantitative detection of 14CQOy has impor- 14C0,
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tant applications in many fields. The optical detection method

based on the sensitive cavity ring-down spectroscopy technol-
ogy has great potential. But currently it has difficulties of
insufficient sensitivity and susceptibility to absorption of other

isotopes/impurity molecules. We propose a stepped double-

resonance spectroscopy method to excite COy molecules to
an intermediate vibrationally excited state, and use cavity ring-
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down spectroscopy to probe them. The two-photon process E
significantly improves the selectivity of detection. We derived !
the quantitative measurement capability of double-resonance
absorption spectroscopy. The simulation results show that the
double-resonance spectroscopy measurement is Doppler-free, thereby reducing the effect of

other molecular absorption. It is expected that this method can achieve high-selectivity

detection of *CO» at the sub-ppt level.
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I. INTRODUCTION

14C has a halflife of 5730 years [1], and it is the
only radiocarbon isotope in nature. #C is mainly pro-
duced by the interaction of cosmic rays and nitrogen in
the earth’s atmosphere. Its isotopic abundance in the
earth’s biosphere is 1.176 x 10712 [2]. 1*C in the bio-
sphere mainly exists in the form of '4CO; in the gas
phase, which diffuses through the global biological car-
bon cycle, and its concentration keeps almost constant.
Its detection is widely used in fields such as dating and
tracing [3, 4]. However, because of the low natural
abundance of 4COa, its detection requires extremely
high sensitivity and selectivity.

Accelerator mass spectrometry (AMS) is the most
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popular method for quantitative detection of *C at
present, which greatly improves the sensitivity (1071%)
and reliability (error less than 1%) in the trace iso-
tope analysis of 14C [5]. Since Ruff et al. developed
a mini radiocarbon dating system (MICADAS) for *C
isotope dating, the sample type has been changed from
solid carbon to gaseous CO; and the required sample
size has been reduced from 1 mg solid carbon to less
than 100 pg, which greatly promotes the application of
AMS in various fields [6]. However, even for the small
scale MICADAS, it costs millions of dollars, which lim-
its the prospect of AMS to wide applications, such as
atmospheric carbon cycle monitoring and drug devel-
opment [7]. In addition, recent studies have found that
the simultaneous measurement of concentration ratios
of 14CO, and *CO in the atmosphere is very important
for understanding the atmospheric carbon cycle [8, 9].
The AMS method needs to convert *CO into *COs,
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and obtain the *CO concentration indirectly by sub-
tracting original *CO; in the sample, which increases
the measurement difficulty [10].

The optical method of molecular detection has a wide
range of applications in climate change research, indus-
trial pollution monitoring, and drug metabolism and
archaeology [2, 11]. In recent years, due to the ad-
vancement of infrared lasers and coating technology,
ultra-sensitive spectroscopy methods based on molec-
ular vibration transitions have been rapidly developed
[2] and the molecular detection has reached a sensitivity
of one part per trillion (ppt) [12] or even better. Detec-
tion of trace gas and isotopes has attracted more and
more interests.

In the last decades, infrared laser spectroscopy has
been realized as a fast-developing method for isotopic
quantitative measurement. Reid et al. first proposed to
use infrared laser spectroscopy to realize radiocarbon
isotope dating [13]. Since the progress of mid-infrared
quantum cascade lasers (QCL) and mid-infrared coat-
ing technology, highly sensitive cavity-enhanced mid-
infrared spectroscopy has been developed rapidly [14-
17].  Mid-infrared laser (400—4000 cm~!) has great
advantages for trace gas detection since fundamental
bands of molecules are mostly in this region, which are
usually stronger than the overtones by 1—2 or even more
orders of magnitude [18]. On the other hand, cavity
ring-down spectroscopy (CRDS) is a cavity-enhanced
technique that obtains the absolute absorption coeffi-
cient of the sample by measuring the ring-down time
of the light emitted from the cavity. It is not affected
by laser power fluctuations, and thanks to the use of
high-finesse resonant cavity, its sensitivity (minimum
detectable absorption coefficient) can reach the level of
1079 to 10712 cm™! [2]. Researchers from the Italian
National Institute of Optics (INO) [19] and NIST of
the United States [20] respectively demonstrated CRDS
measurements of natural CO5 samples at low temper-
atures, and '*CO, concentrations below the natural
abundance were determined. Compared with the AMS
method, although the sensitivity of laser spectroscopy
is lower so far, it has advantages in terms of cost, mo-
bility, and measurement speed. Further more, in order
to accurately determine the source ratio of fossil fuel to
biomass fuel in a target sample, it is necessary to mea-
sure the abundance ratio of *C to '3C in the sample.
At present the combined method of AMS and isotope
ratio mass spectrometry (IRMS) has been used to mea-
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sure the abundance of *C and '3C, respectively, which
has increased the difficulty for the practical applica-
tion of source assessment of carbon emission. The laser
spectroscopy method has a large dynamic range that in
principle can measure '4C, 13C and other isotopes at
the same time. In some applications that do not re-
quire high accuracy and sensitivity, such as biomedical
surveying and earth science research, it is expected that
the optical method has a wide range of applications [21].

Although the cavity-enhanced spectroscopy technol-
ogy has achieved high sensitivity in measurements, the
single-photon absorption method for detecting '4CO,
requires improvements in both sensitivity and selectiv-
ity. The measurement signal is susceptible to the ab-
sorption of nitrogen oxides and other isotopes of carbon
dioxide in the sample, which has become a bottleneck
for the further development of optical measurement of
14C05. We propose to use stepped double-resonance
CRDS to measure '#CO,. The selective pumping and
detection of double-resonance technology can effectively
eliminate the interference due to absorption of other
molecules in the single-photon absorption spectroscopy
method. Combined with the high sensitivity charac-
teristics of the CRDS technology, it allows for 14COq
detection with both high selectivity and high sensitiv-
ity. In this work, we propose a double-resonance quanti-
tative measurement method, obtain the absorption co-
efficient of the target molecule in the stepped double-
resonance spectroscopy theoretically, and simulate the
double-resonance absorption spectra of 1*CO;. The re-
sults show that this scheme can achieve high-selectivity
detection of 1*COy at the sub-ppt level.

Il. METHOD

The double-resonance method has been widely used
in the study of molecular excited states, dynamics and
precision spectroscopy [22-24]. The principle of the
stepped double-resonance spectroscopy method based
on a single-frequency laser that we use is shown in
FIG. 1(a).

the pump-probe measurement between three energy lev-

The double-resonance method is based on

els of a molecule. The pump laser transfers molecules
from the F; state to the E5 state, and the probe laser
uses the transition from the Fs state to the E3 state
to measure the molecular population on the E5 state.
If the lifetime of the Ey state is sufficiently long and
the relaxation rate is slow (ro-vibration states of most
molecules meet this requirement), molecules in the Es
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FIG. 1 Schematic of double-resonance spectroscopy. (a) Three-level scheme of the molecule interacting with two lasers and
the lasers are resonant with molecules with a velocity of V.. wi2 and wes denote the frequencies of the pump laser and
the probe laser, respectively. The three energy levels are denoted as Ei, F2 and E3, the number densitiy of the selected
molecules in the three energy levels are n1, n2, and ng, and the degeneracies in the three energy levels are g1, g2 and gs. (b)
Configuration of the experiment setup. Det: detector, AOM: acousto-optical modulator, PZT: piezoelectric actuator, DAQ:

data acquisition system, Ref: reference.

Since the
double-resonance process eliminates the Doppler broad-

state can be detected by the probe laser.

ening, the linewidth of the transition can be very nar-
row. By selecting the appropriate double-resonance
transition, the interference of other molecular transi-
tions can be reduced, and the selective detection of spe-

cific isotopes can be achieved.

The double-resonance spectroscopy apparatus we are
building for the quantitative measurement of 4CO,
is shown in FIG. 1(b).
ity is composed of a pair of high-reflectivity (HR,
One of
the HR mirrors is attached to a piezoelectric actuator
(PZT) for fine tuning of the cavity length. The length of
the optical cavity is about 60 cm, and the free spectral
range (FSR) is 250 MHz. According to the reflectivity
of the HR mirrors, we can get that the fineness of the

A high-finesse optical cav-

R=99.996%) mirrors and an Invar spacer.

optical cavity is 78000 and the mode width of the cav-
ity is 3 kHz. The optical cavity is placed in a vacuum
sample chamber and the temperature drift of the cav-
ity is kept less than 5x10~% K through a heating wire
and feedback control, so that the fractional change of
the optical cavity mode frequency is less than 1078 per
hour.

Two home-made optical parametric oscillators
(OPO) are used as the light sources of the pump laser
and the probe laser, and the principle and configuration
of OPO are presented in our previous work [18, 25]. The
pump and probe laser beams are collinear in the optical

cavity and tuned to near the molecular transition fre-
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quencies of the pump laser and the probe laser, respec-
tively. The probe laser is locked on the optical cavity
using the PDH method. In addition, the rest laser beam
is divided into two paths, one is used to calibrate the
laser frequency, and the other is frequency-shifted by an
acousto-optic modulator (AOM) and coupled into the
optical cavity to perform CRDS measurement. AOM is
not only used as a frequency shifter, but also as an op-
tical switch in the CRDS measurement. Details of the
laser frequency locking and CRDS detection have been
presented in the previous work of our group [26] and
the mode match of the double-resonance spectroscopy
is described in our another work [24]. In this work, the
power of the pump laser needs to be as large as possi-
ble to obtain sufficient E5 state population, while the
probe laser only needs a few milliwatts for CRDS de-
tection without significant change in the population on
the F5 state.

Since there is rare commercial optical frequency comb
in the mid-infrared band, it is difficult to lock the op-
tical cavity to an optical comb as used in our previous
work [24]. The scanning of the double-resonance spec-
troscopy proposed in this work can be accomplished by
directly scanning the cavity length of the optical cavity,
as shown in FIG. 1(b). During the scanning, we mea-
sure the beat frequency between the probe laser and
The ref-
erence laser is a mid-infrared laser whose frequency is

another frequency-stabilized reference laser.

locked on an ultra-stable optical cavity [27, 28]. After
locking to the ultra-stable optical cavity, the frequency

(©2021 Chinese Physical Society



Chin. J. Chem. Phys.

drift of the reference laser has been measured to be
less than 0.5 Hz/s, and the long-term stability is better
than 10—, With this method, the frequency accuracy
could be better than 10 kHz, which is good enough for
the quantitative detection of *COs.

We assume that the probe laser does not change
the molecular population on the energy levels, and the
molecular population on the Fs state and 3 state can
be ignored under equilibrium conditions when the pump
laser is off. In the double-resonance process, when the
pump laser is on, molecules with the axial velocity V,
at the F state will be transferred to the Ey state. The
relative proportion of molecules populated at the FEs
state is determined by the saturation parameter s and
the selected specific speed V:

B
gie kBTVﬁe i 5V, (1)
p

where N is the number density of all the CO2 molecules,

m_ s o1
N 1+2s 'Q(T)

ng is the number density of the target molecules pop-
ulated in the FE5 state, I, is the isotopic abundance,
Q(T) is the partition function at temperature T', and
V} is the most probable velocity. Known that for the vi-
brational transition, the relaxation rate of both the Ey
state and the E5 state are much smaller than the Rabi
frequency of the transition. The saturation parameter

s is defined as s=Ipump/Is;,, Where Ipump is the power

127
density of the pump laser, and I;,, is the saturation
power density of the transition between the FE; state
and the Fs state, which could be derived according to

the following formula [29]:

L, — 1674 chvi, 12 @)

342

where c is the speed of light, & is the Planck constant,
Ay is the Einstein A coefficient, v15 is the transition
frequency from the E; state to the Fs state, and I' is the
full width at half maximum (FWHM) of the transition.
The linewidth of a molecular ro-vibrational transition
in the double-resonance process mainly consists of the
transit-time broadening linewidth I'; and the collision-
induced broadening linewidth:

I=T;+p (3)

where p is the sample pressure, and v is the pressure-
broadening coeflicient.

The principle of the double-resonance method for
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quantitative detection is essentially the same as that of
conventional laser absorption spectroscopy technologies
which are based on Lambert-Beer’s law. By measuring
the molecular absorption signal on a given path, the ab-
sorption coefficient o of the target molecule is obtained.
In the double-resonance measurement, the molecule will
be transferred from the Fs state to the FE3 state by the
probe laser. According to the law of light absorption
and the Einstein relationship of stimulated two-state
resonant absorption, we can get:

hv
O[(I/)(sl/ = %(ngng — ngTLg) (4)

where 153 is the transition frequency from the Fs
state to the E3 state.
between the Doppler shift and the molecular velocity,

Considering the relationship

vy=va3(1 4+ V. /c), the relationship between Einstein’s
A and B coefficients, and assuming that ny is only gen-
erated by pump laser excitation and n3 could be ne-
glected, we can obtain the absorption coefficient at the
center of the double-resonance spectrum:

_ B

Aszz g3 s gie kT 1 -

8mvs g2 1+2s ' Q(T) Voo

a(vy) =

In double-resonance measurement, the obtained spec-
trum is Doppler-free since the two lasers interact with
molecules of a specific velocity at the same time. When
the laser linewidth is much narrower than the Doppler
width, the velocity distribution of excited molecules
could be ignored. Therefore, only the transit-time
broadening and collisional broadening need to be con-
sidered, and the Lorentzian function could be used to

model the line profile.

It can be seen from the equations above that the
double-resonance method can quantitatively detect the
molecular concentration when the following conditions
are met: (i) The pump laser makes the transition from
the E; state to the Ey state saturated, or maintains a
stable level, to ensure that s/(1+2s) is constant. (ii)
The probe laser that detects the transition from the
F, state to the E3 state is weak, without affecting the
transition from the F; state to the E5 state. Compared
with the traditional absorption spectroscopy, double-
resonance spectroscopy has a narrower linewidth, and
the resolution is consequently improved. The narrower
linewidth is less susceptible to the effect of detection
noise, such as the optical interference fringes in con-
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TABLE I The concentration of each molecule in the CO2 sample.

12002 13002 160120180 160120170

160130180

160130170 14002 14N%60

0.984204 0.011057  0.003947  7.339890x10~*

4.434460x 1075

8.246320x1076  1.176x107!2  1x107°

ventional CRDS measurements [30], and the sensitivity
of detection is further improved. In addition, it avoids
the nonlinear effect in the saturated absorption spec-
troscopy, which leads to a deterioration of the quanti-
tative measurement.

I1l. RESULTS AND DISCUSSION

Since there are fewer interfering features near
the P(20) transition line of the fundamental band
(00011-00001) of *CO4, the (00011—-00001) P(20) line
of *COy near 4.5 pum is currently the most widely
used transition for single-photon spectroscopy detec-
tion of 1CO, [2]. FIG. 2 is the simulated single-
photon absorption spectra of the CO5 sample near the
(00011—-00001) P(20) transition line of *CO,. All
molecular concentrations in the COs sample we used
are shown in Table I. The natural abundance [31] of
each isotopologue of carbon dioxide is used in the sim-
ulation. Given that there may be the absorption of
nitrogen oxides in the sample, its concentration is set
to 107? according to the experimental results of the
Fleisher group [20].

According to the experimental conditions given in
Ref.[20], we used a sample pressure of 0.9 kPa in the
simulation. The temperatures in FIG. 2 are 296 K, 220
K and 170 K, respectively. The Voigt line profile is
used in the simulation. The black solid line in FIG. 2
is the simulated spectrum that contains all molecular
transitions in the COy sample shown in Table I. For
comparison, we use lines with different colors to repre-
sent different molecules. It can be seen from the simula-
tion that the single-photon absorption method cannot
distinguish *CO, at the room temperature. As the
temperature of the CO5 sample decreases, the Doppler
linewidth of each CO4 isotope gradually narrows. How-
ever, the width (FWHM) of the transition is still about
200 MHz at 220 K. At this temperature, the absorp-
tion spectrum of '*COy can be distinguished from the
nearby spectra of *CO, and N0, but the quantita-
tive measurement of 14COy is still a big challenge due
to the low concentration of **CO,. It is worth noting
that the interfering lines of 3*CO; are in the hot bands
(05511—05501) P(13)e and (21111—21101) P(19)e [31],

DOI:10.1063/1674-0068/cjcp2103045

2000 | (a) — 'c*o,
o 12C1602

1500 o 13C1602
14N2150

1000 |-

Sample gas

500 |

o

—
o

Absorption coefficient (10° em™)

2209.100 2209.105 2209.110 2209.115 2209.120 2209.125
Wavenumer (cm™)

FIG. 2 Comparison of single-photon absorption spectra at
different temperatures under 900 Pa sample pressure. The
purple, brown, red, cyan and black solid lines represent the
spectra of 14C50,, 12C00,, 13C150,, N,y150 and sample
gas, respectively. (a) T=296 K, (b) T=220 K, (c) T=170 K.

which will be further reduced as the temperature de-
creases. As shown in FIG. 2(c), detection under lower
temperature can significantly reduce the signal of in-
terfering transition lines although it increases the com-
plexity of the experiment. Note that the concentration
of N5O used in this simulation is 1 ppb and the aver-
age concentration of NoO in the atmosphere is 324.2
ppb [32], which is about 0.1% of COg, known as 390.5
ppm [32]. To reduce the NoO concentration to 1 ppb of
the CO5 sample, complex physical and chemical meth-
ods must be applied to pretreat the sample.

FIG. 3 shows the simulated double-resonance absorp-
tion spectrum of the CO5 sample at 250 K. The pump
laser is resonant with the (00011—00001) R(16) tran-
sition of *CO5 near 4468 nm, and the probe laser is
resonant with the (00021—00011) P(17) transition of
14C0O4 near 4567 nm. The pump laser power density
we used in the simulation is 3.25x107 W/m?, which
is easy to realize in the cavity-locked CRDS [26]. The
sample pressure is set to 900 Pa, which is the same
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FIG. 3 Simulated double-resonance absorption spectrum
of the CO2 sample at 250 K and 900 Pa. ~v=0.23 cm ™!
atm™! [33]. (a) Absorption spectra of the CO2 sample
and its different components when the pump laser is turned
on. (b) Absorption spectra of the CO2 sample (the back-
ground) and its different components when the pump laser
is turned off. The purple, red, green, blue, cyan and black
solid lines in (a) and (b) represent the spectrum of **C*¢Q,,
1BC60,, 15013¢180, 01370, NS0 and sample gas,
respectively. (c) The absorption spectrum of *CO2 after
the absorption spectra of other molecules removed by the
differential method.

as the pressure we used in the simulation of single-
photon spectroscopy. The Doppler-free peak recorded
by the double-resonance method has a considerable nar-
row linewidth, the value of which is limited by the
collision-induced broadening and transit-time broaden-
ing. As shown in FIG. 3, the double-resonance spec-
trum of CO, at 250 K is only slightly overlapped with
interfering transitions from other COs isotopologues.
Furthermore, since the pump and the probe lasers are
from two independent light sources, we are able to mea-
sure the spectra of interfering molecules directly (shown
in FIG. 3(b)) in the experiment by turning off the pump
laser, and use a differential method to eliminate the ef-
fect of the absorption of interfering molecules in the
CO; sample, which can greatly improve the accuracy
of quantitative analysis. It is worth noting that even
higher concentration of NoO is presented in the sam-
ple, the differential double-resonance spectroscopy can
effectively eliminate the interference due to NoO, which
greatly simplifies the procedure of sample pretreatment.
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FIG. 4 Under different sample pressures, the double-
resonance peak height of **CO» spectrum (black solid line)
and the population ratio ma/(ni+n2) (red solid line) of
molecules populated in the Fs state.

FIG. 4 shows the simulated peak height of the *COq
double-resonance spectrum and the proportion of the
population on the FE5 state at different sample pres-
sures at 250 K. The pump laser power density was set
at 3.25x10” W/m? in the simulation. The population
ratio ng/(n1+n2) of the molecules with the selected ve-
locity V, on the E, state equalls to s/(1+2s). When
the pump laser power is fixed, the peak height of the
double-resonance spectrum increases rapidly with the
sample pressure below 2000 Pa since the molecular num-
ber density increases linearly with the sample pressure.
When the sample pressure increases sequentially, the
growth rate of the peak height is reduced since there is
less and less molecular population on the E5 state, as
the red solid line in FIG. 4 shows. The line width of
the double-resonance spectrum keeps increasing linearly
with the pressure, which will affect the resolution of
the double-resonance measurement. In practical mea-
surement, "*CO, concentration can be measured under
fixed sample pressure below 2000 Pa where the signal-
to-noise ratio is good enough and the linewidth is still
narrow. In our previous work, we have achieved a sensi-
tivity of 6x1071* em™! (average time 30 min) by using
the CRDS method in the mid-infrared region [18]. It is
expected that the measurement of *CQO, with an abun-
dance of 0.24 ppt can be achieved in half an hour under
pressure of 1 kPa at 250 K. And the detection sensitiv-
ity can be further improved if the laser is locked with
the optical cavity [19, 34].

As the CRDS technology is more mature in the near-
infrared region, we can use near-infrared laser as the
probe laser and mid-infrared laser as the pump laser to
perform double resonance spectroscopy, aiming at quan-
titative measurement of enriched samples. The experi-
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mental scheme is similar to the configuration described
in FIG. 1. The HR mirrors are coated with a two-color
film as used in our previous work [24], which has char-
acteristics of low-loss and high-reflectivity for both the
pump and probe lasers. Compared with the setup in
FIG. 1, it is easier to control and record the probe laser
frequency, resulting in a better spectroscopy frequency
accuracy. Moreover, the detection sensitivity of CRDS
in the near-infrared region has already reached 1 x10~12
ecm™t [34]. We choose a laser at 4470 nm near the
(00011—00001) R(14) transition line as the pump laser
and a laser at 1525 nm near the (00041-00011) R(15)
transition line as the probe laser to demonstrate the
double-resonance detection of '#COs-enriched sample.
Note that the transitions in the (00041—00011) band
are usually weaker by 3—4 orders of magnitude than
the fundamental band, so we use "*COq with the con-
centration of 1x10~% in the simulation and the results
are shown in FIG. 5. There is less absorption lines of
other CO5 isotopologues near the (00041—00011) R(15)
line of *CO, due to the larger isotopic shift of overtone
transitions. The interfering molecules here only raised
the baseline, as shown in FIG. 5(a). Given that the big
difference between the frequency of the pump laser and
the probe laser, it is easier to modulate the mid-infrared
pump laser to remove the background. The modulated
differential double-resonance spectrum will not be af-
fected by the baseline, as shown in FIG. 5(c). For some
applications that the concentration of “CO5 in the
sample is enriched, such as biomedical studies and ra-
dioactive pollution monitoring, the near-infrared-mid-
infrared double-resonance spectroscopy method could
significantly reduce the cost and improve the compati-
bility of the instrument.

IV. CONCLUSION

In this work, a stepped double-resonance absorption
spectroscopy method which can realize high-resolution
Doppler-free spectral detection is proposed to achieve
selective detection of 1*CO,. And the accuracy of quan-
titative measurement can be further improved by mod-
ulating the pump laser to eliminate the background con-
sisting of the absorption spectra of other molecules ex-
cept for "*CO, in the sample. Using the highly sensitive
CRDS technology, '*CO5 measurement with high selec-
tivity and a sensitivity of sub-ppt level can be achieved.
Finally, it is worth pointing out that the double-
resonance absorption spectroscopy method proposed in
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FIG. 5 Simulated double-resonance absorption spectrum of
the CO2 sample at 250 K and 900 Pa by using a mid-infrared
laser as a pump laser and a near-infrared laser as a probe
laser. y=0.234 cm ™ 'atm™! [33]. The purple, brown, cyan
and black solid lines represent the spectrum of 4C!¢Q0,,
1201604, N30 and sample gas, respectively. (a) Absorp-
tion spectra of the CO2 sample and its different components
when the pump laser is turned on. (b) Absorption spectra of
the CO2 sample (the background) and its different compo-
nents when the pump laser is turned off. (c) The absorption
spectrum of *CO» after the background removed by differ-
ential method.

this work is not limited to the quantitative measurement
of 1*CO,. As long as the appropriate molecular tran-
sitions are selected, this method is also suitable for se-
lective detection of other molecular isotopologues. The
background-free double-resonance spectroscopy method
is expected to further promote the application of laser
spectroscopy in trace detection of molecules, including
environmental science, biomedicine, and earth science.
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