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Abstract

We report high-precision measurements of the static electric dipole polarizabilities for meth-

ane (CHy), carbon monoxide (CO), and oxygen (O,) using an optical refractometer operating

at 1566 nm. The dynamic polarizabilities at 1566 nm were converted to static polarizabilities via
dipole oscillator strength distributions. The resulting static polarizabilities are 6.440 34(30) for
CHy, 4.881 46(24) for CO, and 3.958 19(20) for O,, corresponding to relative standard uncertain-
ties of 45 ppm, 49 ppm, and 46 ppm, respectively. The value obtained for O, shows excellent agree-
ment with the literature value of 3.9582(2), while those for CH4 and CO represent an improve-
ment in precision by more than two orders of magnitude. These data provide a reliable benchmark
for molecular polarizability calculations and contribute to accurate modeling of intermolecular

dispersion forces and gas metrology.

1. Introduction

The electric dipole polarizability is a fundamental
physical quantity that characterizes the response of
the electron cloud of a molecule or atom to an
applied static electric field. It plays a crucial role in
both theoretical calculations and practical applica-
tions, as it is directly related to optical properties such
as the refractive index (RI) and dielectric constant,
and serves as a key parameter for calculating inter-
molecular forces such as dispersion interactions [1,
2]. Dispersion forces, which are long-range interac-
tions dominated by dynamic electron correlation, are
essential in chemical, physical, and biological systems,
profoundly influencing processes such as protein
folding, surface adsorption, and material assembly
[1-3]. The Cq and Cy dispersion coefficients are crit-
ical parameters for describing such intermolecular
dispersion interactions, possessing clear physical sig-
nificance and practical value. Accurate static polariz-
abilities are the starting point for calculating these dis-
persion coefficients [4, 5].

© 2026 The Author(s). Published on behalf of BIPM by IOP Publishing Ltd

On the theoretical side, various methods such
as time-dependent configuration interaction [6],
the algebraic-diagrammatic construction scheme [1],
and time-dependent density functional theory [2],
have been developed to predict polarizabilities accur-
ately. Even the quantum electrodynamics contribu-
tion has been included in the high-precision calcu-
lation [7, 8] of the dipole polarizability of atomic
helium. Experimentally, several techniques are avail-
able for determining the static polarizabilities of
gaseous molecules, including dielectric permittivity
(DP) measurements [9-11], RI gas metrology [12—
15], molecular beam deflection [16], and matter-
wave interferometry [17]. However, for molecules,
the most accurate measurements have primarily come
from dielectric constant and RI methods.

In recent years, RI measurements have achieved
ppm-level precision for polarizabilities of some noble
gases and simple molecules [12, 14, 15, 18-20].
Nevertheless, for key atmospheric molecules such as
CH,4, CO, and O,, which are vital in energy, chem-
ical engineering, and fundamental physics, the exist-
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ing precision of static polarizability measurements
remains limited. Apart from oxygen, which has high-
precision dielectric experimental results [9], the rel-
ative uncertainties for the other two molecules are
greater than 1073, and discrepancies persist between
theoretical calculations and experimental results for
methane [6]. This limitation hampers the use of
polarizabilities as accurate descriptors for predict-
ing intermolecular forces through C¢ and Cy coeffi-
cients. For instance, in optimizing industrial separ-
ation models, Pribylov and Murdmaa [21] reported
a 7% error in adsorption separation designs based
on polarizability differences between CH, and other
hydrocarbons, which could be improved with more
precise polarizability data.

Therefore, high-precision determinations of the
polarizabilities of CHy, CO, and O, with greater con-
fidence are essential. Such measurements not only
provide cross-validation of previous results but also
serve to test theoretical calculations. The precise
determination of molecular polarizability enables a
highly sensitive, non-invasive method for gas pres-
sure and composition analysis. This approach sup-
ports unmanned atmospheric monitoring in harsh
environments, allowing integrated vertical pressure
profiling from ground level to high altitudes. In mixed
gas analysis, it facilitates rapid, high-precision quan-
tification of nitrogen, oxygen, carbon dioxide, meth-
ane, etc with calibration accuracy at the ppm level or
even beyond. Applications span gas metrology, chem-
ical process control, environmental monitoring, and
semiconductor gas quality control.

2. Experimental

2.1. Optical refractometer

The experiment is based on a high-precision gas
optical refractometer (figure 1), whose core is a
Fabry—Pérot interferometer cavity made of ultra-low
expansion (ULE) glass with a length of 10 cm. Both
ends of the cavity are equipped with high-reflectivity
mirrors (reflectivity R =299.9%). The relationship
between the cavity mode frequency and the RI of the
gas inside the cavity is given by [14, 18]:

Av 1

where v is the resonance frequency of the optical cav-
ity filled with gas, Av is the change in the cavity mode
frequency before and after gas filling, and Ap is the
corresponding pressure change inside the cavity. K is
the bulk modulus of the cavity material; for the ULE
glass used in this setup, K & 3.3 x 10'° Pa. The para-
meter d is a correction factor accounting for mirror
deformation under pressure [22], with units of Pa™!.

The apparatus determines the RI of high-purity
gas by precisely measuring the absolute change in
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Figure 1. Schematic of the experimental setup.

the resonance frequency of the optical cavity before
and after gas introduction. The light source is a
fiber laser operating at 1566 nm (Precilaser, linewidth
<10kHz), which is stabilized to a longitudinal mode
of the cavity using the Pound-Drever—Hall active
locking technique. The free spectral range of the res-
onator is 1.5 GHz, and the cavity mode linewidth is
approximately 0.4 MHz. The cavity is sealed inside
a stainless steel vacuum chamber, which is housed
within an aluminum alloy temperature-stabilized
jacket. The operating temperature is maintained at
approximately 297.53 K by a high-precision PID con-
troller. The cavity temperature is monitored in real
time using a platinum resistance thermometer calib-
rated by the National Institute of Metrology (NIM) of
China, with a measurement uncertainty of 5 mK.

The absolute cavity mode frequency is measured
by optical heterodyne beating with an ultra-stable
reference laser system, whose frequency is locked to
an ultra-stable optical cavity maintained under high
vacuum. Long-term comparison with an optical fre-
quency comb shows a frequency drift rate lower than
0.1Hzs™'. Gas pressure is measured using a com-
mercial capacitance diaphragm gauge (Inficon Cube
CDGSci, 1000 Torr full scale, with a manufacturer-
specified accuracy of 0.025%). The pressure gauge
was calibrated against a Fluke PG7601 piston gauge
(traceable to the national pressure standard with a
standard uncertainty of 11 ppm, k= 1), establishing
a complete pressure traceability chain.

Both cavities are made of the same ULE material.
Cavity 1 uses ULE-based mirrors, which are identical
to the cavity material, so mirror deformation is negli-
gible. Cavity 2 employs quartz-based mirrors, requir-
ing consideration of mirror deformation. The bulk
modulus K and the mirror deformation coefficient
d for the ULE cavity were calibrated by measur-
ing the RI of nitrogen (A, = 4.38705(16) cm®-mol ™'
[12]). After calibration, we obtained K; =K, =
3.0822 x 10" Pa and d = —2.0293 x 10~ "* Pa. The
measurement error of the optical pressure gauge is
within op = 1/(20 X 10-6p)2 + (4mPa)2, k=1.
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Table 1. Dipole sum terms [29-31] and virial coefficients for the gases studied. By values are from [32, 33]; B, values are from [34-36];

Ay, values are from [37-39].

CH,4 o CO
S(—4) (au.) 62.22(19) 34.81(35) 48.26(48)
S(—6) (a.u.) 295.0(57) 238.6(23) 292.9(29)
S(—8) (a.u.) 1660(54) 2224(66) 2308(64)
Ay x 10° (cm® mol ") —17.4(8) 3449(34) —15.65(24)
Br (cm®-mol™1) 42.3(7) —15.7(1) —8.5(2)
Be (em®mol™?) 7.29(32) —0.305(28) 7.97(40)

By tracing the measurements of optical fre-
quency, gas pressure, and thermodynamic temperat-
ure directly to SI units, the apparatus enables pre-
cise determination of gas polarizabilities. Two inde-
pendent optical refractometers were constructed [23,
24], and their long-term stability was verified through
mutual comparison. Prior to this experiment, obser-
vations over more than a year in the pressure range
of 2kPa to 100 kPa showed that measurement devi-
ations remained within a 20 ppm uncertainty range
[12]. After calibration with the optical pressure gauge,
the combined relative standard uncertainty of the
pressure measurement system (using the commercial
Inficon diaphragm gauge) within 100 kPa is given by
Ueap = /(20 X 10~6p)2 + (1.5Pa)>.

2.2. Polarizability measurement

This experiment measures the polarizabilities of sev-
eral gas molecules using the optical pressure gauge
described above, based on the optical refractometry
method. The principle relies on precise measure-
ments of the gas RI n, pressure, and temperature,
through the formula [25, 26]:

RLT - 3?2?%2) =)
4By A2+ 4B. +6A.+A,
9(A-+4,)° 9(A-+A,)
+0(n—1)". (2)

In this equation, p is the gas pressure (in Pa), meas-
ured in real time by the capacitance diaphragm gauge
calibrated with the optical pressure gauge; R is the
molar gas constant, R = 8.3144626 J-mol'-K~!; T
is the thermodynamic temperature (in K) measured
by the calibrated platinum resistance thermometer; n
is the RI of the gas; A, is the molar electric dipole
polarizability (static electric dipole polarizability) in
cm’-mol~'; A, is the molar magnetic polarizability
in cm®-mol~!; By is the second virial coefficient in
cm?®-mol~!; and B. is the second dielectric virial coef-
ficient in cm®-mol 2.

We measure the molar polarizability at a
wavelength of 1566 nm, which is related to the static
polarizability and the frequency-dependent dynamic
polarizability through the following relation:

3
4 e
AL(w) = Ac+ 57 Nag (1 + Z)
x [S(—4)w’ +S(—6)w* +S(—8)w’].

3)

Here, A/(w) is the dynamic polarizability as a func-
tion of angular frequency, which is the quantity
determined experimentally; A, is the static polar-
izability; N, is Avogadro’s constant; gy is the Bohr
radius; m. is the electron mass; m, is the nuclear
mass; w is the angular frequency of the laser in
atomic units, with w = 45.56397823 /), where A is
the vacuum wavelength. S(—4), S(—6), and S(—38)
are dipole sums in atomic units (a.u.), which can be
calculated from the dipole oscillator strength distri-
bution (DOSD) [27, 28]. The values for methane,
carbon monoxide, and oxygen are listed in table 1.
Additionally, the corresponding virial coefficients and
other parameters for these gases are provided in the
same table.

2.3. Uncertainty assessment

The overall uncertainty budget is summarized in table
2. The cavity temperature was measured using a plat-
inum resistance thermometer calibrated by the NIM
of China, with an uncertainty lower than 5 mK, con-
tributing a relative standard uncertainty of 16 ppm to
the polarizability measurement. The pressure meas-
urement uncertainty, as presented in the previous
section, is 25 ppm at 1 bar. In this measurement, CH,
and CO samples with a purity of 99.999%, and O,
samples with a purity of 99.9995% were used, result-
ing in relative standard uncertainties due to gas purity
of less than 10 ppm.

Outgassing from the cavity vacuum also affects
the measurement. We tested this by measuring the fre-
quency drift with the valve between the vacuum line
and the cavity closed; the drift rate was approxim-
ately 4Hzs ™ '. We also observed fluctuations of about
2 kHz in the recorded phase-locked frequency, which
may originate from temperature-dependent drifts in
the PDH locking servo reference. At 1bar, the fre-
quency shifts Av for CHy, CO, and O, are approxim-
ately 75 GHz, 54 GHz, and 44 GHz, respectively. Over
several hours of measurement, the relative uncer-
tainty due to cavity outgassing at each pressure point
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Table 2. Uncertainty budget for the static polarizabilities of CH4, CO, and O,. All fractional uncertainties in 10~° (ppm, k = 1).

CH4 0, CO
T 16 16 16
p 25 25 25
S(i) 9 28 31
B 28 11 20
A, 0.6 8 0.2
Statistical 14 17 7
Gas purity 10 5 10
Out gassing 0.1 0.2 0.2
Cavity thermal expansion <0.1 <0.1 <0.1
Optical frequency fluctuation <0.1 <0.1 <0.1
Total 45 46 49

was below 0.2 ppm. The thermal expansion coeffi-
cient of the ULE cavity at the experimental tem-
perature is 3 x 1072 K~!. Considering the temperat-
ure uncertainty of 5mK, the effect of cavity thermal
expansion on the polarizability determination was
assessed to be below 0.1 ppm.

The second dielectric virial coefficient B, and
the second virial coefficient By are temperature-
dependent, and their contributions to the overall
uncertainty increase with pressure. Their values and
references have been provided earlier. Their relat-
ive standard uncertainties for CHy, CO, and O,
are 28 ppm, 20 ppm, and 11 ppm, respectively. The
uncertainties of the dipole sum terms S(i) (i =
—4,—6,—8) given in table 1 also contribute to the
total uncertainty when converting the dynamic polar-
izability measured at 1566 nm to the static polarizab-
ility. According to equation (3), their relative standard
uncertainties for CHy, CO, and O, are 9 ppm, 31 ppm,
and 28 ppm, respectively.

For the molecules of interest, the magnetic polar-
izability A,, of CHy and CO is only 107° times their
electric polarizability A., contributing an error of less
than 1 ppm to the polarizability. O,, as a strong para-
magnetic molecule, has a magnetic polarizability A,,
that is 10~* times its electric polarizability A., con-
tributing an error of 8 ppm.

It is noted that both CO and CH,4 have resonant
absorption in the near-infrared region. Near absorp-
tion peaks, the polarizability of the gas can be affected.
To evaluate this effect, we used CO as an example (due
to its stronger absorption) and performed additional
measurements with the laser frequency offset by
30 GHz from the nominal wavelength. The difference
between the two results was 9 x 10> cm?-mol !,
indicating that the influence of resonant absorption
lines on the polarizability data is less than 20 ppm.

3. Results and discussion
3.1. CH,

We measured the molar polarizability of CH, at vari-
ous pressure points in the range of 2 kPa to 100 kPa

at a wavelength of 1566 nm. The static polarizab-
ility was derived at each pressure point using the
formulas described above. Due to the larger relat-
ive uncertainty in pressure measurement at low pres-
sures, the uncertainties of these data points are also
greater. The weighted average and its 1o confidence
interval across different pressure points are indic-
ated by the dashed line and purple band, respectively.
The relative uncertainty of the weighted average is
45 ppm.

In fact, the available reference results for CH,4
are limited in precision, and both experimental
and theoretical results mostly date back to the last
century. Referring to the CH, polarizability data
summarized in the review by Olney et al [29],
the values obtained by the RI method range from
6.39 to 6.46 cm®-mol~!. Our result falls within this
range, although conditions such as temperature that
affect molecular populations are difficult to evalu-
ate. Modern computational methods, such as those
used by Ulusoy et al [6] with different basis sets,
yield results in the range of 6.246 to 6.337 cm?-mol ~ .
The authors noted that achieving better accuracy is
computationally challenging, making modern theor-
etical results difficult to use as a reference for our
experiment.

For the reasons stated above, we compare our
results with the summary by Hohm, which provides
static polarizabilities obtained from both RI and
DP measurements. The uncertainties are relatively
good and mostly represent averages from various
literature sources. It is worth noting that the DP
method typically operates in the GHz frequency
range, so we consider the dynamic contribution
from w to be approximately zero. Figure 2(d) com-
pares our results with literature values. The RI
and DP results [40] are 6.445(10) cm®-mol~! and
6.454(17) cm®-mol~!, respectively. Compared with
our value of 6.44034(30) cm’-mol™!, the relative
deviations are 0.08% and 0.2%, which agree within
the respective uncertainties. As noted by Hohm,
the measured polarizability depends on temperat-
ure due to vibrational and rotational excitations of
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Figure 2. (a) CHy, (b) CO, and (c) O: static polarizabilities as a function of pressure, derived from dynamic measurements at a
wavelength of 1566 nm. Different colors represent multiple repeated measurements, and the shaded regions indicate the 1o con-
fidence interval of the mean. (d) CHy, (e) CO, and (f) O,: comparison of static polarizabilities with literature values. Different
colors represent different data sources: refractive index (RI) experiments (orange), dielectric permittivity (DP) experiments
(blue), and dipole oscillator strength distribution (DOSD) calculations (red).

the molecules [41, 42]. Fortunately, this effect is
small, approximately 5-10 ppm per K [40, 43], and
remains consistent with the reference data within
uncertainties for deviations of a few K at room
temperature.

3.2.CO

We measured the molar polarizability of CO at the
same pressure points in the range of 2 kPa to 100 kPa.
The static polarizability was derived at each pres-
sure point using the formulas described above. The
weighted average and its uncertainty at 1566 nm are
shown by the dashed line and purple band, with an
uncertainty of 46 ppm.

Figure 2(f) compares our results with literat-
ure values. When a molecule is placed in an elec-
tric field, its polarizability comprises three contri-
butions: vibrational, electronic, and orientational.
RI measurements are performed at high frequencies

where vibrations cannot respond to the electric field;
therefore, the RI method essentially measures the
electronic part of the molecular polarizability. To bet-
ter compare with other literature results, we refer to
the correction for vibrational contributions by Bishop
and Cheung [44], who estimated the vibrational con-
tribution as 20(1) x 10~* C*-m?-J~!. By subtracting
this difference, we convert literature results to the
electronic part for comparison with our data. The DP
results for CO also include an orientational contribu-
tion due to its permanent dipole moment. Using the
experimental result p. = 0.107(1) D from Tsankova
et al [10], we subtracted the orientational contribu-
tion. Additionally, we interpolated the experimental
data at 255, 273, 293, and 313 K to estimate the value
at 297 K.

The RI [40]
4.88(26) cm®-mol ™!
respectively. The

and DP [10] results are
and  4.888(45) cm®-mol !,
DOSD computational result
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Table 3. Experimental derived static polarizabilities (A¢ ) for CHy, CO, and O,, compared with values obtained from RI [40], DP [9, 10,

40], and DOSD [30, 31] methods (units: cm?-mol~!).

CH,4
This work 6.44034(30)
RI 6.445(10)
DP 6.454(17)
DOSD —

CcO 02
4.88146(24) 3.95819(20)
4.88(26) —
4.888(45) 3.9582(2)
4.89(53) 3.959(11)

is 4.89(53) cm’®-mol~!. All of these agree with
our experimental result within the respective
uncertainties.

3.3. 02

We measured the molar polarizability of O, at the
same pressure points in the range of 2 kPa to 100 kPa.
The static polarizability was derived at each pres-
sure point using the formulas described above. The
weighted average and its uncertainty at 1566 nm are
shown by the dashed line and purple band, with an
uncertainty of 49 ppm.

Figure 2(e) compares our results with literat-
ure values. May et al obtained high-precision static
polarizabilities for O, at 273, 293, and 323 K using the
DP method [9]. We estimated the value at 297 K by
interpolation, since the results at 293 and 323 K are
3.9582(2) cm®mol~! and 3.95824(7) cm’-mol !,
respectively. Taking the uncertainty from the 293
K result as reference, the interpolated value is
3.9582(2) cm®-mol~!, which agrees at the 107> level
with our result of 3.95819(20) cm®-mol~!. It is also
consistent with the DOSD computational result of
3.959(11) cm®-mol ! [31].

4, Conclusion

This study employed high-precision optical refracto-
metry to measure the dynamic polarizabilities of
CHy, CO, and O, at a wavelength of 1566 nm, which
were then converted to static polarizabilities using
DOSD theory. The refractometer achieved measure-
ment uncertainties at the level of several tens of ppm.
The final results are compared with literature values
in table 3. The results show that the static polarizabil-
ities obtained in this work are consistent with literat-
ure values from both the RI and DP methods within
their respective uncertainties, while improving the
precision by approximately an order of magnitude.
This work provides highly accurate experimental data
for the polarizabilities of these gases, offering a valu-
able reference for future studies.
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