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Abstract. Sub-Doppler saturated absorption spectroscopy of rovibrational transitions of carbon
monoxide broadened by nitrogen was recorded at low pressures (1-24 Pa) near 1.56 um with comb-locked
cavity ring-down saturation spectroscopy. We found a nonlinear pressure dependence of the Lamb-dip
width of the CO transition induced by elastic scattering. Analysis of the results allows us to characterize
parameters of elastic- and nonelastic- scattering under collisions. The elastic scattering angle for nitrogen-
induced collisions (CO-N;) was determined to be larger than 0.6 x 1073 rad. The line broadening of the
Lamb dip in the region of low pressures exceeds the broadening at high pressures by a factor of 4 and 5
for the self- and Nj-broadening CO R(9) transition. Moreover, much smaller line shifts for both self- and
Nj;-broaden Lamb dips were observed, which was also attributed to the decrease in the number of scattered
molecules in the interaction and the increasing attracting forces.

1. Introduction

Lots of physical and chemical properties of a distant object could be obtained by interpreting its spectra.
High-accuracy molecular absorption cross-section data are essential in astronomy, atmospheric science,
and remote sensing [1]. Simulation of molecular absorption cross-sections requires line positions,
intensities, and line shapes, regardless of spectral resolution. Compared to line position and intensity,
line shape is more sophisticated to model since it has a complicated dependence on the environment of
the molecules [2]. The well-known HITRAN database [3, 4] gives line-by-line spectroscopic parameters
for high-resolution molecular absorption and radiance calculations. The database provides self- and air-
broadening parameters for most atmospheric molecules, and foreign broadeners such as H,, He, CO,,
and H>O were included in recent years [5, 6, 7]. Limited by the experimental accuracy and sensitivity,
most of the relevant data were derived from measurements of Doppler-broadened spectra at relatively
high pressures (10> — 10° Pa). Line parameters, such as the Doppler width and collisional width, were
obtained by fitting the spectra based on the particular lineshape model.

Saturated absorption spectroscopy allows to derive Doppler-free absorption profiles of molecules at
low pressures. Early studies of nonlinear narrow transitions were mostly carried out with gas lasers
in a saturated absorption cell inside the cavity. For instance, a CHy4 cell with a He-Ne laser around
3.39 um [8, 9], and the CO, absorption with a CO; laser at 9.6 and 10.6 um [10, 11], SFs and/or OsO4
absorption with a CO; laser at 10.6um [12, 13]. One limitation of these measurements besides the
stability of the laser frequency is the interference between the strong field and the nonlinear absorption
since the gas cell is inside the laser cavity. Cavity-enhanced spectroscopy provides not only high
sensitivity to measure weak absorption lines, but also high laser power to saturate the transition. Comb-
referenced cavity-enhanced Lamb-dip measurements of C,H, transitions near 1.5 um were measured
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through 1-f wavelength modulated absorption spectroscopy with a frequency accuracy of 10 kHz by
Twagirayezu et al.[14] The combination of saturated spectroscopy and cavity ring-down spectroscopy
(CRDS) provides a new way to measure the nonlinear absorption, which was reported by Giusfredi et
al. [15] Recently, comb-locked saturated absorption cavity ring-down spectroscopy [16, 17] was applied
to determine the 30013-00001 band of CO; and line frequencies with an accuracy of a few kHz were
reported [18]. Frequencies of lines in the 30012-00001 band of CO, were determined with sub-kHz
precision [19]. Coincidentally, line broadening coefficients of the lines obtained in these sub-Doppler
spectroscopy measurements were found to be several times larger than those derived from Doppler-
limited spectra.

Here we report a systematic study of the Doppler-free spectroscopy of the R(9) transition in the (3-0)
band for samples of pure CO and CO mixed with N,. Line broadening effects in the Lamb dips at the
low-pressure regime are discussed in the following sections.

2. Experimental
Configuration of the experimental setup is shown in Fig. 1. It is similar to our previously developed
comb-locked cavity ring-down saturation spectrometer [16, 17] and will be only briefly described here.
A tunable external-cavity diode laser (ECDL, Toptica DL Pro-1550) was used as the probe laser, locked
with a ring-down (RD) cavity through the Pound-Drever-Hall (PDH) method. A pair of high-reflective
mirrors (R = 99.997% at 1.5-1.7 um, Layertec GmbH Inc.) composed the RD cavity with a distance
of 44.6 cm, leading to a free-spectral range of 336 MHz, a finesse of 1.36x10°, and a mode width of
2.2 kHz. A piezo actuator (PZT) stabilized the cavity length through a phase-lock circuit based on the
beat signal between the probe laser and an optical frequency comb. The p-polarization probe laser beam,
frequency shifted by an acousto-optical modulator (AOM) and a fiber electro-optical modulator (EOM),
was coupled into the RD cavity from the other side of the cavity, thereafter produced the ring-down
signal. The AOM also served as a beam chopper to trigger the ring-down event.

The recorded ring-down curve was fitted to an exponential decay function to derive the decay time
7. And the sample absorption coefficient would be determined as o = (¢7)~! — (c79) !, where ¢ is
the speed of light, and 7y is the decay time of the empty cavity. The minimum detectable absorption
coefficient @i, in this experiment was about 3 x 10~'! cm~!. Note that due to the saturation effect, the
observed decay signal deviates from the single-exponential decay function. In principle, the saturation
effect could be considered in the fitting procedure, as shown by Giusfredi et al. [15] We also observed
the line profile changing with the incident laser power. For simplicity, we still use the single-exponential
decay function to fit recorded decay curves. Since the saturation parameter S is relatively small in our
measurements (see text below), we found that the systematic deviation of the line width obtained in this
way is within 5-10%, which will not affect the results obtained in this work.

The beat signal between the probe laser and an optical frequency comb was recorded, and it was used
to lock the cavity length referring to a preset frequency fz. The spectral scan was accomplished by tuning
the reference frequency fz,

v=fot+nf,+fa+fe+ /s (D

where f4 and fr are radio frequencies driving the AOM and EOM, and fy and f, are the carrier
offset frequency and repetition frequency of the optical comb, respectively. All radio frequencies were
referenced to a GPS-disciplined rubidium clock (SRS FS725). When the phase-lock servo is turned on,
the short-term fluctuation of the beat frequency fz was less than 1 kHz (Av/v ~ 5 x 10~!2), indicating
that the thermal drift of the ring-down cavity and the vibration noise had been compensated.

3. Results and discussions

3.1. Lamb-dip spectra and lineshape fitting

The rovibrational transition of 2C!°0 R(9) in the 3-0 overtone band was investigated in this experiment
with self-broadening in the range of 0.04-2.0 Pa and nitrogen broadening in the range of 1-24 Pa at
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Figure 1. Scheme of the experimental setup. The red and green lines indicate the probe laser and control
signal, respectively. Abbreviations: Probe Laser: ECDL, Toptica DL Pro-1550; DAQ: data acquisition
system; PD: photodiode detector; LO: local oscillator; EOM: electro-optical modulator; PZT: piezo
actuator; AOM: acousto-optical modulator; PBS: polarizing beam splitter; TS-chamber: temperature-
stabilized chamber.

room temperature of about 294.5 K. Natural carbon monoxide and nitrogen sample gases were used
in the experiment. Pressures of the carbon monoxide sample gas were calibrated from the absorption
integral areas recorded from the Doppler broadened spectra with a fractional accuracy of about 1 %.
Pressures of the nitrogen buffer gas were measured by a pressure gauge with an accuracy better than
0.5 %. Note that partial pressures of CO in all nitrogen broadening measurements were fixed around
1 Pa. We measured the self-broadened CO Lamb dips before we prepared gas mixtures with different
nitrogen concentrations. The recorded saturated absorption spectra of pure CO were shown in Fig. 2,
and nitrogen-broadened spectra were presented in Fig. 3.

We have applied both Voigt and Lorentz line profiles to fit the recorded saturated spectra. As shown
in the lower panel of Fig. 2, relative fitting residuals for both line profiles are within the experimental
uncertainty and identical to each other in the low-pressure region. Therefore, the line shape of the
measured saturated absorption was described by a simple Lorentz profile. However, the Lamb dip is
located on top of the Doppler-broadened absorption spectrum which has a Voigt line profile. We used
the line shape of the Lamb dip taking into account the homogeneous power broadening [20] and the
background of a Doppler broadened spectrum:

r
as(v) = o.+ap(v)
Bxy/1- [ p
A = /(v—v)2+T?
B = \(v—w)?+T2(1425), @)

Where og(Vv) is the measured absorption coefficient, @, is the baseline of the empty cavity, agy(V)
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Figure 2. Lamb-dip spectra of the R(9)
transition of pure CO with pressures of 0.04-
2.0Pa. The lower panel shows the relative
fitting residuals from both Voigt and Lorentz
line profiles for the spectra recorded at 0.8 Pa.

Figure 3. The Lamb-dips of the R(9) transition
of CO in collision with the perturber N, were
measured by cavity ring-down spectroscopy in
the nitrogen pressure range of 1-25Pa. The
partial pressure of CO in all cases was around
1 Pa.

is the Doppler-broadened absorption coefficient described by a Voigt profile, I" corresponds to
the homogeneous width (half width at half maximum, HWHM) of the Lamb dip, and S is the
saturation parameter. The Doppler-broadened spectra og(Vv) are described with line intensity from
HITRAN2016 [3] and line broadening parameters from Predoi-Cross et al. [21] and they are sharing
the same line center with the measured Lamb dips.The fitted results of the line widths, as well as the
power saturation parameter S for both self- and N,-broadening of CO R(9), are listed in Table 1 and
Table 2.

As been characterized in previous studies of Doppler-free spectroscopy [8, 11, 14, 22], the elastic
scattering of particles dominates the behavior of the line width. Therefore, we focus on the direct
contribution of the elastic collision process to the collisional scattering of molecules at low pressures of
around 1 mTorr. Self-broadened CO Lamb dips were recorded with an input laser power of 0.8 mW and
a pressure in the range of 0.04-1.9 Pa as plotted in Fig. 2, and Lorentzian profiles with Voigt absorption
background were applied to fit the spectra 2. The line widths of the self-broadened CO R(9) Lamb-dips
as well as corresponding saturation parameter S were given in Table 1. Together with the results from
Nj-broadened CO R(9) Lamb-dips at different nitrogen concentrations seen in Fig. 3 and Table 2, we
determined the N»-broadened line width I'y, for the CO R(9) transition deducting the self-broadened line
width Iy ¢ from the line width of gas mixtures I'yy;y.

The results, as well as the saturation parameters of N-broadened CO R(9) Lamb dips, were listed in
Table 2. A nonlinear dependence of the collisional broadening width of I'y, on the pressure of N, was
observed as shown in Fig. 4 and the evolution of the Lamb-dip width from low to high pressures was
discussed in the following section.

3.2. Collisional broadening of Lamb dips
There are various sources that result in broadening a transition in the gas phase, as listed in table 3. The
Doppler effect results in hundreds of megahertz inhomogeneous broadening, which is absent in Lamb-
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Table 1. Parameters of self-broadened Lamb dips of R(9) of CO.

P(CO) r S vo©

(Pa) (MHz) (kHz)
0.04 0.103(8) 1.244(202) -1.6(27)
0.11 0.107(10) 1.233(247) 0.3(20)
0.26 0.135(16) 0.477(93) -0.1(19)
0.49 0.154(5) 0.384(22) 0.5(32)
0.80 0.179(4) 0.252(7) -0.4(17)
0.92 0.185(4) 0.237(7) 0.1(13)
1.47 0.223(4) 0.108(2) -0.7(13)
1.56 0.229(6) 0.097(3) -0.3(23)
1.93 0.257(4) 0.063(1) -0.7(15)

Vg corresponds to the line center shift from 191360212 763.7 kHz.

Table 2. Line widths of Nj-broadened R(9) Lamb dips of CO under different N, pressures (CO pressure:
1 Pa).

P(NZ) Liotal Stotal 1—‘self* Sself* FNZ = Lot — 1—‘self
(Pa) (MHz) (MHz) (MHz)

1.0 0.264(2) 0.136(3) 0.186(2) 0.245(8) 0.078(3)
1.9 0.353(4) 0.072(1) 0.192(3) 0.21009) 0.161(5)
3.1 0.470(4) 0.043(1) 0.189(2) 0.218(6) 0.281(4)
4.9 0.638(6) 0.031(1) 0.184(2) 0.247(5) 0.454(6)
7.3 0.839(10) 0.018(1) 0.186(2) 0.224(5) 0.653(10)
9.7 1.007(14) 0.015(1) 0.167(2) 0.353(12) 0.840(14)
12.1 1.169(26) 0.011(1) 0.169(4) 0.355(21) 1.001(26)
14.6 1.341(35) 0.007(1) 0.185(2) 0.236(4) 1.157(35)
17.5 1.516(52) 0.006(1) 0.183(1) 0.257(5) 1.334(52)
194 1.625(74) 0.005(1) 0.191(2) 0.211(7) 1.433(74)
242 1.916(157) 0.002(1) 0.229(3) 0.098(3) 1.687(157)

*

[serf> Sserr represent HWHM and saturation parameter of the self-broadened Lamb dip with pure CO sample pressure of about
1 Pa except for P(N,) = 24.2 Pa with P(CO) = 1.6 Pa.

dip measurements. Vibration-rotation energy levels of molecules usually have long lifetimes, leading
to very narrow natural line widths (typically below 1 kHz). In the low-pressure range, the free path
length is larger than the laser beam diameter, which makes the transit-time broadening dominate in the
observed Lamb-dip spectrum. The transit-time broadening given by Demetroeder [23], v2In2v, /27w,
results in §%; = 156.8 kHz, while the expression for transit-time broadening from Bordé and Hall [24]
gives % = 104.6 kHz with 3, = v,,/8wy. In addition, the effect of molecules colliding with the walls
of the sample cell also induces extra line broadening. As shown in Table 3, the estimated value
for the wall-collisional broadening width is about 2.1 kHz. The intercept obtained from fitting the
self-broadened CO Lamb dips is about 113.1 kHz seen in Fig. 4, which represents the total pressure-
independent line width from transit-time and wall-collisional broadening. In general, they agree with the
estimated pressure-independent line width of about 106.7 kHz if we assume the transit-time broadening
approaching from Bordé and Hall. The power saturation parameters could be fitted from the line shape
of the Lamb dip Eq.2. As shown in Table 2, the collisional line width contributed from the perturber
molecule N, was derived from the difference between dip widths of the CO-N;, mixture and pure CO,
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Table 3. Inhomogeneous and homogeneous line broadening for the Lamb-dip
spectrum of the R(9) (3-0) line of CO.

Source Line width (HWHM) this work
Doppler \/ % Vo, Doppler free
Natural (2nt)~! 1.2 mHz
Collisional (77:’50011)*1,2 nonlinear: 90-20 kHz/Pa
Wall-Collisions s 2.1 kHz
Transit-time V22 e or o 4 156.8 kHz/104.6 kHz
Power Saturation % =Y/1+S,° 0.001 <S<1.2

Vp: line center of the transition;
T.o11: Mean time between collisions;

3 . /8kgT
u= ™ >

average thermal velocity of colliding particles, L = 35mm diameter of sample cell;

4 Vp = \/@ , the most probable velocity, wy = 0.5mm beam diameter;

5 §is the saturation parameter.

after taking into account the correction of saturation parameter in the Lamb dip line profile. Widths
of self- and N,-broadened CO R(9) lines at different pressures were plotted in Fig. 4. We can see an
almost linear dependence of the self-broadening line width against pressure on the upper panel, while
the N,-broadened line width shows a nonlinear dependence on the N, pressure.

The physical picture of nonlinear optical resonance had been presented in previous studies [11, 22].
It has been demonstrated that the elastic scattering of particles causes the nonlinear dependence of the
resonance width in the low-pressure regime. In elastic collisions, the kinetic energy of molecules is
reserved which does not cause phase disturbances in the oscillator. While for inelastic collisions, the
kinetic energy is transferred to rotational energy in the oscillator, which gives rise to phase perturbing
and results in normal line broadening in a Doppler contour.

We can use the scattering angle of elastic collisions 8 to explain the process for a small dip width
with I < Oku, where T is the dip width, k is the wave vector, and u corresponds to the average speed
of the colliding particle. The line broadening is a result of both elastic and inelastic processes. The
contribution of elastic scattering broadening decreases with the density of particles, which explains the
nonlinear dependence of resonance width on pressure. When the dip width increases with the pressure
and reaches the case of I' > 8ku, the elastic collision-induced broadening becomes less significant.

According to early theoretical studies of the collision-induced broadening [11], the pressure-
dependent Lamb-dip width could be determined by the total scattering cross-section:

I =T+ nu(c, +6,), 3)

where I'g is the line width independent of collisions, mainly from the transit-time broadening, n
corresponds to the number density of colliding particles, o, is the elastic scattering cross-section, and o,
is the inelastic scattering cross-section. The above Eq. (3) changes in the high-pressure regime where
I'" > Oku, and the inelastic process becomes dominant which eventually turns to normal pressure-induced
line broadening in the Doppler contour, while I', induced by the elastic process turns to be a constant
value:

I'=TIy+1I.+nuoc,, 4

Among the line broadening mechanisms given in Table 3, only the collision-induced broadening
is proportional to the number density of colliding particles, and other effects are independent of the
pressure. Therefore, we could have the dip width for CO perturbed by N, determined through:

I'=Ty+ Fself +1n, (5)
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Iy, = nu(o, + oy), (6)
Note that the self-broadened CO dips and Nj-induced broadening were measured separately in this work.
Comparing the equations above, we can find that the pressure-dependent broadening coefficient in the
low-pressure regime would be larger than that at high pressures, and there is a ratio of (o, + 0,)/0,
between these two values.

(A) (B)
03 | © Twr Lamb dip line widths for pure CO R(9) 21 (- Ty, collisonal line widths of CO R(9) range2
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Figure 4. Pressure dependence of the Lamb-dip width of the CO R(9) transition in pure CO and CO-N,
mixture. (a) Half width at half maximum of the line of pure CO against the pressure. The blue solid
line shows a linear fit of the data, and the black dash line corresponds to the self-broadening coefficient
obtained from Doppler-broadened spectroscopy at high pressures by Predoi ef al. [21] (b) Nonlinear
dependence of the Ny-induced CO line width (red dots) on the pressure of N,. The magenta solid line
shows the linear fit of the data in low pressures (< 10 Pa), and the black dash line shows the linear fit
of the data in the range of 17-24 Pa, where the slope was fixed to be 17 kHz/Pa as the N,-broadening
coefficient obtained from Doppler-broadened spectroscopy at high pressures by Predoi et al. [21]

The nonlinear dependence of the collisional line width at low pressures provides us with a way to
measure the scattering potential at long distances. The widths of CO self-broadened R(9) transition in
the low-pressure range show almost linear dependence on pressure, the slope of data at low pressures
obtained in this work is found to be 75.7 kHz/Pa for I'y;s seen in Fig. 4(A). And the self-broadening
coefficient obtained from Doppler-broadened measurements at relatively high pressures is 19 kHz/Pa, as
given by Predoi et al. [21] Therefore, a factor of 4 is determined for (o, + 0,,)/0, in the self-broadened
CO R(9) Lamb dips. The intercept from the linear fit of self-broadened line widths is 113.1 kHz.
According to Eq. 3, it is attributed to the pressure-independent line width I'g. The value is just slightly
larger than the sum of the transit-time broadening and wall-collisional broadening given in Table 3. The
discrepancy may come from the uncertainty of the estimated beam diameter in the ring-down cavity.
Fig. 4(B) shows the N collision-induced line widths at different pressures, and we can see an apparent
nonlinear dependence. The slope of the data at low pressures (as the red solid line in Fig. 4(B) for
pressures < 10 Pa) is about 5 times larger than the value of 17 kHz/Pa obtained from Doppler-broadened
measurements at high pressures [21]. The black dash line in Fig. 4(B) shows the linear fit in relatively
high pressures (17-24 Pa) with the slope fixed as 17 kHz/Pa.

In accordance with Eq. 6, the total collisional scattering cross-section from nitrogen is:

1 dI
R

(N
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Figure 5. (a) Relative center frequencies of pure CO Lamb dips at different pressures of CO, the red line
shows the linear fit of pressure-induced line shift; (b) The N;-induced line shift of the CO R(9) transition
at different N, pressures with a fixed CO pressure of 1 Pa, and the red line shows the linear fit of the line
shift. The plot in the blue shadow shows the zoomed-in plot at low pressures (< 10 Pa). Black dash lines
correspond to the self-broadening and N;- broadening line-shift coefficients given by Predoi et al.[21]

We could determine the total scattering cross-sections in low and high number densities, which yield
78 A% and 15 A2, respectively. And the value of 6 can estimate to be larger than 0.6 x 10~ rad.

3.3. Pressure-denpendent shift of the Lamb dip

In the previous sections, we discussed the nonlinear dependence of the Lamb-dip line widths on the
pressure due to the elastic scattering of colliding molecules. A similar nonlinear character of the pressure-
dependent line shift would also be expected. The effect was observed in the early study of a nonlinear
methane absorber around 3.39 um using a He-Ne laser [8]. They reported an anomalous sharp decrease
in the shift of the Lamb dip of methane to less than 10 Hz/mTorr, which was attributed to the decrease
in the number of scattered molecules in the interaction and the increasing attraction forces. A qualitative
physical picture of this anomalous decrease in the shift could be described as follows. In the case where
I < Oku, the colliding particle will not interact with the field after collisions. Consequently, the nature
of resonance broadening will not be affected by the phase mismatching during collisions. With I" > 6ku,
particles continue to interact with the field after the collision, which leads to phase mismatching and
results in a resonance shift. The collisional shift in the low-pressure regime can decrease by more than
one order of magnitude compared to that observed in Doppler-limited measurements. That is essential
for gas laser frequency stabilization [8, 9, 20].

Shifts of the Lamb-dip centers were determined through the beating frequency referenced to the
frequency comb in this work. Fig. 5(A) plotted relative shifts of the Lamb dips for pure CO, as well
as gas mixtures of CO and N,. Line centers of pure CO samples were determined with uncertainties of
a few kHz, and a linear fit of the experimental results indicates a slope much smaller than that yielded
by Doppler-broadened studies. Spectra of CO-N, mixtures were treated similarly, and the results are
shown in Fig. 5(B). The observed small shifts in low-pressure regime agree with previous studies [8] and
coincide with the case where I' < Oku.

4. Conclusions
Comb-locked cavity ring-down saturation spectroscopy was used to record the collisional broadening of
CO transitions in the low-pressure regime. We were able to reveal how selective scattering affects the
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resonance shapes where a nonlinear pressure dependence of the line width was observed. The change
of the line width on pressure from the low-pressure regime to the normal Doppler contour allows us to
characterize parameters of elastic- and nonelastic- scattering in collisions. In the absence of velocity
changes in collisions, the line shape could be described by a Lorentzian function with a line width
proportional to the density of perturbing particles. When the pressure is low enough(I" < 0ku), velocity-
changing collisions break the equilibrium velocity distribution and introduce a frequency modulation.
As aresult, we would observe a nonlinear pressure dependence of the width and center of a rovibrational
transition.
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