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We introduce a spectroscopic approach to primary gas thermometry, harnessing precise optical cavity
resonance frequencies and ab initio molecular line intensity calculations. By utilizing CO (3-0) vibrational
band lines and cavity mode dispersion spectroscopy, we achieve an uncertainty of 82 ppm (24 mK at
296 K) in line intensity ratio thermometry—over an order of magnitude lower than any previously reported
spectroscopic thermometry at gas pressures above 1.2 kPa. This method extends high-precision
spectroscopic thermometry across a pressure range an order of magnitude larger than prior techniques,
enabling a fully optical, noncontact, and molecule-selective primary amount-of-substance measurement.
We further demonstrate sub-permille uncertainty in gas concentration measurements across pressures
from 50 Pa to 20 kPa, significantly enhancing the precision and versatility of spectroscopic gas metrology.
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Introduction—The redefinition of the International
System of Units (SI) [1] separated the unit definitions,
based on a set of fixed physical constants, from their
realizations, giving us flexibility in choosing suitable
physical equations linking the defining constants to the
quantity we wish to measure. In the case of temperature, the
accurate methods used before to determine the Boltzmann
constant k from the thermal energy, kT, are now used for
the primary temperature T measurement [2]. Among
optical kelvin realizations in the gas phase, the Doppler
broadening thermometry (DBT) [3,4], and the rovibrational
line intensity ratio thermometry (LRT) (also called rota-
tional-state distribution thermometry) [5,6] are promising
methods in terms of accuracy [7–9]. The DBT relies on the
measurement of the Doppler broadening of molecular lines
and, therefore, achieves the highest accuracies at very low
gas pressures, at which the spectral line shape is only
weakly affected by collisional effects. With increasing
pressure, the line shape becomes complicated [10–12],
and approximate line-shape models fitted to the spectra

lead to non-negligible systematic errors in the retrieved
Doppler widths [13–16]. At low pressures, this error,
associated with the correlation between fitted parameters
of semiclassical models, can be efficiently reduced to
even less than 10 parts per million [17] by multispectrum
fitting of spectra covering a sufficient pressure span. The
Doppler half-width ΓD is proportional to

ffiffiffiffi

T
p

, therefore,
its relative sensitivity to temperature change, ηDBT ¼
ðdΓD=dTÞ=ðΓD=TÞ, equals 1

2
. In contrast, the integrated

spectral line area used in LRT can be accurately retrieved
even in the case of significant contributions of pressure-
induced line-shape effects. Moreover, an advantage of the
LRTover DBT is that the temperature sensitivity of the line
intensity ratio, RS ¼ Sb=Sa, can be significantly enhanced
by choosing a line pair (a and b) with high lower-state
rotational energy difference, ΔE00 ¼ E00

a − E00
b. The RS

depends on T through the dominating Boltzmann factor,
exp½−ΔE00=ðkTÞ� [18]. Therefore, the relative sensitivity, η,
defined as a ratio of fractional changes in line intensity pair
ratio and temperature T, is

η ¼ dRS=dT
RS=T

≈ −
ΔE00

kT
: ð1Þ

This sensitivity η can be more than an order of magnitude
higher than that for DBT. The formula for the gas temper-
ature determined from the intensity ratio of two rovibra-
tional lines [5] can be written as
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T ¼ ΔE00

k
1

ln½RS=ξðTÞ�
: ð2Þ

In the case of overtone transitions used for the determi-
nation of gas temperature at a few hundred K or less, ξðTÞ
(see Appendix A) is approximated with high accuracy [19]
by a constant value specific for the used molecular system
ξ ≈ RSðTrÞ exp½−ΔE00=ðkTrÞ�. The reference line intensity
ratio, RSðTrÞ ¼ SbðTrÞ=SaðTrÞ, at arbitrarily chosen refer-
ence temperature Tr, can be calculated ab initio for simple
molecules [20–22]. One of the accuracy limitations of the
LRT is the uncertainty of ab initio calculations of RSðTrÞ,
but high sensitivity factor η increases the accuracy of
determined T for given accuracies on not only the measured
RS but also the reference RSðTrÞ.
While the line intensity ratio can be used for spectro-

scopic thermometry, the absolute line intensity is com-
monly used for the spectroscopic amount of substance
measurement, based on the relation between the gas
concentration, n, integrated line area (per unit absorption
path length), A, and line intensity, SðTÞ, in the linear-
absorption regime

n ¼ A=SðTÞ: ð3Þ

We can use Eq. (3) because nonimpact [23,24] and line
mixing effects [25,26] are negligible (see Appendix B)
compared to the accuracy reached in our Letter. For a
multicomponent gas mixture, Eq. (3) enables selectivity to
measure n of a given component using its spectral line.
Importantly, spectroscopic temperature measurement is
necessary for fully spectroscopic gas concentration meas-
urement because of the temperature dependence of S and, in
consequence, enables optical pressure determination using
the gas equation of state. Moreover, the self-calibrating
spectroscopic methods, such as cavity ring-down [27],
cavity buildup [28], cavity mode width [29], cavity mode
dispersion [30], and heterodyne cavity ring-down [31],
eliminate the need for the absorption path length calibration.
The most accurate spectroscopic primary thermometry

results were done at gas pressures below 1 kPa as reviewed
in Ref. [32]. The relative combined standard uncertainties
of urðTÞ below 100 parts-per-million (ppm) were achieved
for DBT using a single molecular [15,17,33] or atomic [34]
line and using a multiline DBT [35,36]. The LRT achieved
so far urðTÞ of 2000 ppm using dual-comb spectroscopy
of C2H2 [7] and 530 ppm with continuous-wave laser
absorption spectroscopy of CO2 [9]. However, theoretical
considerations [9,19] suggested that the uncertainty of tens
of ppm or better could be achievable for CO and CO2.
In particular, CO is very attractive for spectroscopic
thermometry due to its simple molecular structure, well-
isolated spectral lines, and noticeably higher concentration
stability in spectroscopic cells than CO2. These features are
highly advantageous for accurate line intensity measurements

and calculations. Indeed, the most accurate line intensities
have been so far obtained for the (3-0) band of 12C16O
molecule, for which sub-permille combined standard uncer-
tainties and comparable agreement between different exper-
imental and ab initio intensities near T ¼ 296 K were
reported for many lines [22,37,38].
In this Letter, we report a spectroscopic primary gas

temperature and concentration measurement method that
exploits an optical cavity’s resonant frequencies instead of
conventional for LRT and DBT light intensity absorption
detection. This frequency-based spectroscopic approach
assures immunity to nonlinearities in the light-intensity
detection system leading to a large dynamic range and sub-
permille level of potential line-shape distortions [22,39].
Using the integrated line area ratios of the CO (3-0)
band lines measured with a frequency-based cavity mode
dispersion spectroscopy (CMDS) [30,39] at pressures that
maximize the accuracy for each line area and ab initio line
intensities reported in Ref. [22], we demonstrate temper-
ature uncertainty of 24 mK at 296 K [urðTÞ ¼ 82 ppm].
Comparison with the previous DBT and LRT realizations,
shown in Fig. 1, reveals that no competitive spectroscopic
thermometry was demonstrated for the gas pressure above
1.2 kPa, where we obtained twenty-fold lower uncertainty
than previously reported results. Our approach to LRT
results in 6.5-fold higher temperature accuracy than any
previous LRT and over an order of magnitude larger
maximum pressure and pressure span than any DBT.
These features make it suitable not only for primary
contact-free thermometry applications but also for the fully
optical amount of substance and pressure measurements.
Using our frequency-based LRT and integrated line areas
of four selected lines, we demonstrate absolute, fully
frequency-based spectroscopic gas concentration measure-
ment with permille-level relative standard uncertainties at a
pressure range from 50 Pa to 20 kPa. This result opens the

FIG. 1. The relative uncertainty of spectroscopic temperature
plotted against demonstrated gas pressure range in literature data
for DBT (blue) [3,15,17,33–36,40–46], LRT (red) [6,7,9,47], and
this work’s frequency-based LRT (orange).
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path to the fully optical, noncontact primary amount of
substance metrology, based on measurements of resonant
frequencies of the optical cavity and quantum properties of
molecules—the spectral line intensities.
Experiment—For the high accuracy of the relative and

absolute integrated line area measurements, we use the
cavity mode dispersion spectroscopy (CMDS), which has a
self-calibrating optical path length, and both the horizontal
and vertical axes of the dispersive line shapes are obtained
from measurements of the cavity resonant frequencies.
The CMDS spectrometer is described in Appendix C. The
measured cavity mode frequencies provide the dispersion
spectrum of the measured molecular line. The dispersive
mode frequency shift, Δνd, due to the absorption line
having intensity S is [30,31]

Δνdðν − ν0Þ ¼
1

4πn0
nSðTÞΦIðν − ν0Þ; ð4Þ

where ν0 is the molecular line center frequency, n0 is the
broadband sample refractive index, T is the sample temper-
ature, ΦIðν − ν0Þ is the imaginary part of the complex
spectral line-shape function.
The entire cavity is placed in a thermal insulation box

with active temperature stabilization at 296 K. The com-
bined standard uncertainty of the cavity temperature,
uðTÞ ¼ 30 mK (see Appendix C for details). The gas
pressure p was measured with capacitance manometers
calibrated to SI with a relative combined standard uncer-
tainty uðpÞ=p ¼ 0.1% to 0.008% for p of 1.3 to 20 kPa and
uðpÞ=p ¼ 0.05% for p of 20 Pa to 1.3 kPa.
To retrieve integrated line areas, we fitted the CMDS

spectra of CO (3-0)-band lines with the Hartmann-Tran
lineshape model (HTP) [12,48], which shows good agree-
ment with the experimental spectra (see Appendix C).
Results and discussion—Sensitivity of line intensity ratio

to temperature: The sensitivity factor η, defined by Eq. (1),
is shown in Fig. 2(a) for the CO (3-0) band lines at 296 K

versus the line index m for two cases corresponding to line
pairs ðm;−1Þ and ðm; 29Þ. The m index equals −J00 and
J00 þ 1 for the P and R branch lines, respectively, where J00
is the lower-state rotational quantum number. To minimize
the uncertainty in our LRT, we use ratios of given line
intensity to the line (either −1 or 29), which leads to higher
sensitivity η. From Fig. 2(b) of the corresponding line
intensity ratios, it is clear that enhanced sensitivity η is
achieved for lines having significantly different intensities,
which is disadvantageous for simultaneous high-accuracy
line area measurement. Therefore, we measured the inten-
sities of each selected line at the same T and several CO
pressures optimized for the highest SNR of spectra. Note
that since LRT operates on line intensity ratios, we only
need linear, but not necessarily absolute calibrated CO
pressure measurement. This linearity was verified spectro-
scopically with a standard deviation of 0.023% for pres-
sures between 50 Pa and 20 kPa (see Appendix D). The
selected line pairs provide the temperature sensitivity
enhancement factor, η, up to 7.6 for the intensity ratio
of 45. However, η ¼ 2.5 can be achieved for lines having
equal intensities.
Comparison of spectroscopic and reference gas temper-

ature: In Fig. 3, we show the difference between our
measured spectroscopic temperature and the measured
temperature of a gas cell with thermistors calibrated to
SI (see Appendix C for details). The green uncertainty bars
represent combined standard uncertainties, and their
inverse squares are used as weights for the mean calcu-
lation. The purple uncertainty bars show uncertainties
related only to spectroscopic measurements. The weighted
mean spectroscopic temperature and its standard devia-
tion are ð296.000� 0.024Þ K, corresponding to a relative
standard uncertainty of 82 ppm, while the standard
deviation for a single line pair is 64 mK. We note that

FIG. 2. (a) Sensitivity of CO (3-0) band line intensity ratios
Sm=Sm2

to temperature change near 296 K for m2 set to −1 (blue
plot) and 29 (brown plot). For comparison, the sensitivity of DBT,
ηDBT , is shown with a red dashed line. (b) Ratios Sm=Sm2

for m2

set to −1 (blue plot) and 29 (brown plot) at 296 K. Points indicate
lines measured in this Letter.

FIG. 3. Differences between temperatures from LRT, TLRT, and
the reference gas temperature [296.00(3) K] obtained for line
pairs shown in Fig. 2. Green and purple error bars correspond to
combined and statistical standard uncertainties, respectively. The
gray area corresponds to the standard uncertainty of T measured
with a calibrated reference sensor.
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the P-branch lines lead to a higher scatter of T than the
R-branch ones, which is consistent with a reported com-
parison of the absolute line intensities between experiments
and theory [22,37].
Comparison of spectroscopic and reference gas concen-

tration: Using Eq. (3) with T determined from LRT, and the
same experimental line areas, A, and ab initio line inten-
sities, S, as earlier used to LRT, we determined absolute
12C16O concentrations, n, in our samples. Here, we chose
four lines with up to 240-fold different S (between 9.39 ×
10−26 and 2.26 × 10−23 cm=molecule) which enabled line
shape measurement at CO pressures between 0.05 and
20 kPa. The comparison between spectroscopically deter-
mined concentration, nsp, and corresponding nmeas obtained
from gas pressure measured with a pressure gauge cali-
brated to SI, using the equation of state of a real gas (with
the second virial coefficient of −8 cm3=mol [49]), is shown
in Fig. 4. The weighted mean ratio nsp=nmeas and its
standard uncertainty obtained from the pressure range of
50 Pa to 20 kPa are (0.99971� 0.00025) while the standard
deviation for a single pressure, corresponding to a single
spectral line is 0.00038. The lowest-pressure point was
excluded from the mean as an outlier. It shows the
limitation of our pressure gauge linearity at a low-pressure
range, as shown in Appendix D.
Uncertainty analysis: The uncertainty components

given in Table I were considered to estimate the combined
uncertainties of our spectroscopic temperature and con-
centration measurements presented in Figs. 3 and 4. Note
that the reference T and p measurements do not contribute
to the spectroscopic measurements, but only to their
comparison with traditional contact sensors. For such a
comparison, the isotopic abundance of 12C16O in the
sample, which contributes to the uncertainty of n, is also

needed and was measured spectroscopically [50] using the
line intensities of 12C16O and 13C16O [37]. The line area
fit uncertainty represents a contribution of the statistical
(type A) uncertainty obtained from the least-squares line
shape fitting. The uncertainty associated with the assumed
spectrum model was estimated by comparing line areas
obtained by fitting the Hartmann-Tran and the speed-
dependent Voigt line shape models, and including or
neglecting residual etalon fringes barely visible in the
spectra. The uncertainties of the reference ab initio S were
assumed to be the difference between the calculated and
multilaboratory experimental values averaged over all m
reported in Ref. [37]. However, for P20 and P22 lines,
uncertainties were increased to 1‰, consistent with their
intensity differences between theory and experiment in
Ref. [37]. Results in Fig. 3 also suggest decreased accuracy
of ab initio S for P20 and P22 lines. Finally, the uncertainty
of ΔE00 has a completely negligible impact on uðTÞ.
Importantly, type B uncertainties associated with the
spectrum model and reference S are treated as uncorrelated
for different spectral lines, allowing for efficient reduction
of the combined uncertainty of T and n averaged over
many lines.
Conclusions: We introduced the LRT primary ther-

mometry exploiting resonant frequencies of the optical
cavity. The achieved uncertainty of our LRT, uðTÞ=T of
82 ppm, is over sixfold lower than the best previously
reported result [9] and covers 3 orders of magnitude in gas
pressure—from tens of pascals to 20 kPa, without notice-
able impact on accuracy. In the pressures above 1.2 kPa,
our results are over an order of magnitude more accurate
than any previously reported spectroscopic thermometry.
This broad range of gas pressure significantly extends the
applicability of LRT in primary noncontact thermometry,

FIG. 4. Ratios of gas concentrations n obtained from spectro-
scopy and from the reference gas pressure and temperature
measurements versus gas pressure pmeas. The point labels
indicate the spectral line m index used for spectroscopic n
measurement. Error bars correspond to combined standard
uncertainties. The gray area corresponds to the standard uncer-
tainties of gas concentration measurements using calibrated p and
T sensors.

TABLE I. Uncertainty components (1σ) of spectroscopic gas
temperature, T, and concentration, n, measurements. The values
(range or average over line pairs) and type (statistical, A or other,
B) correspond to T obtained from the two-line ratio and n
obtained from one line, except for the “combined (all lines)”,
which corresponds to the weighted mean from all used lines.

Uncertainty source and type uðTÞ=T(‰) uðnÞ=n(‰)

Line area fit (A) 0.036 0.13
Spectrum model (B) 0.16 0.58
A vs p linearity (A) 0.082 � � �
Reference S (B) 0.04–0.28 0.14–1
Mean T from LRT (A&B) � � � 0.082

Combined 0.19–0.34 0.64–1.18
Combined (all lines) 0.082 0.250

Reference T a (B) 0.11 0.11
Reference p a (B) � � � 0.12–0.7
12C16O abundance a (B) � � � 0.13

aFor comparison with reference sensors only.
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including its use in the optical amount of substance and
pressure measurements. The LRT uncertainty budget shows
that further accuracy improvement may be achieved mainly
through improved accuracy of the reference ab initio line
intensities. In the multilaboratory comparison [22,37],
ab initio S shows permille-level, m-dependent deviations
from the experimental ones, which is consistent with our
LRT using P- and R-branch lines. Also, the experimental
line area can be further improved by minimizing residual
etalon fringes in spectra and careful study of the collisional
line-shape model.
In the case of fully spectroscopic, line intensity-based

gas concentration measurement, we demonstrated the most
accurate, to the best of our knowledge, result with the mean
relative standard uncertainty, uðnÞ=n of 250 ppm. Similarly
to the spectroscopic T, further improvement of n meas-
urement is possible by improving the ab initio S accuracy,
and the spectrum model. Currently, the presented verifi-
cation of spectroscopic n has reached the accuracy limi-
tation of our reference pressure sensors.
The presented results demonstrate the potential of the

spectroscopy of a simple CO molecule combined with fully
frequency-based CMDS and ab initio line intensities to
noncontact optical primary thermometry and amount-
of-substance (per volume) metrology. The achieved
uncertainty of the calibration-free spectroscopic T and n
is already comparable to commercially available contact
thermometers applied to gases and pressure gauges, which
require regular calibrations. So far, such accuracy is only
available for CO, but progress in ab initio and experimental
line intensities is fast and some permille-level accuracy data
are already available for H2 [20], CO2 [51], and O2 [52].
Therefore, we expect that the presented primary thermom-
etry and amount of substance measurements will soon be
extended to other molecules. Our results also show the
opportunity for further improvement of the reference line
intensities, through a joint effort of the experimental and
theoretical groups [22,37] because the LRT provides a very
sensitive test of line-intensity ratios. We note that the
applicability of the presented methods for higher pressures
would require careful collisional line-shape effects analy-
sis, including line-mixing [25,26] and a breakdown of the
impact approximation [23,24].
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End Matter

Appendix A: Expression for temperature—In Eq. (2),
the quantity ξðTÞ depends on temperature. In general,

ξðTÞ ¼ RSðTrÞe−
ΔE00
kTr

1 − e−
hνa
kTr

1 − e−
hνb
kTr

1 − e−
hνb
kT

1 − e−
hνa
kT

; ðA1Þ

where νa and νb are frequencies of used lines, and h is
the Planck constant. However, in the case when
hνa=ðkTÞ and hνb=ðkTÞ are much higher than unity, this
temperature dependence can be neglected.

Appendix B: Nonimpact and line-mixing effects—The
nonimpact effects [23,24], as well as line-mixing going
beyond first-order approximation [25,26], can lead to a
nonlinear variation of apparent line intensity on gas
pressure. However, in the case of the study presented in
this Letter, the estimated relative error of measured
intensity caused by neglecting these effects is below
10−4. Moreover, this conclusion is supported by results
discussed in Appendix D, where no departures from line
area linearity with pressure were observed within
experimental uncertainty when the pressure range was
varied.
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Appendix C: Experimental setup—The CMDS
spectrometer is schematically shown in Fig. 5(a). The
tunable external cavity diode laser is frequency-locked to
the high-finesse (F ¼ 41 000) cavity with the sample
CO gas inside, using the Pound-Drever-Hall [54] tech-
nique. The orthogonally polarized probe beam, separated
from the laser output, is scanned through consecutive
cavity modes using a 20-GHz-bandwidth electro-optic
modulator to measure the mode center frequency
differences from the mode to which the laser is locked.
The cavity has a free spectral range of about 202 MHz
and has an optical path length locked to the I2-stabilized
Nd:YAG laser, leading to the cavity mode absolute
frequency stability, measured using optical frequency
comb, below 10 kHz and a relative laser-to-cavity line
width below 40 Hz [55].
The cavity is placed in a thermal insulation box with

active temperature control. Temperatures, measured with
three 10-kΩ thermistors, are shown in Fig. 5(b). The
thermistors (Wavelength Electronics, TCS610) were cali-
brated to the reference-grade thermometer (Fluke 1595A +
5641) with NIST-traceable calibration to SI by an accred-
ited laboratory in conformance with ISO/IEC 17025∶2017,
with an expanded (2σ) uncertainty of 2 mK near 296 K.
Both, the reference thermometer and calibrated thermistors
were placed inside a thermally insulated copper block with
thermal paste inside the 4-mm-diameter thermistor chan-
nels. The thermistors’ calibration resulted in a standard

uncertainty of 9 mK. Temporal drift of thermistors’
response was estimated by recalibration, showing a sys-
tematic bias below 20 mK per 2.5-month time interval
between calibration and finishing all measurements.
Independently, temperature measurement was verified by
a four-year agreement of measured line intensity of temper-
ature-sensitive 12C16O (3-0) band R23 line [22,31,37],
corresponding to less than 15 mK potential temperature
bias. Additionally, temperature stability and uniformity led
to a total combined standard uncertainty of the cavity
temperature, uðTÞ ¼ 30 mK. The gas pressure was mea-
sured with capacitance manometers calibrated to SI with a
relative combined standard uncertainty uðpÞ=p ¼ 0.1% to
0.008% for pressures of 1.3 to 20 kPa (Wika CPG2500 +
CPR2580) and uðpÞ=p ¼ 0.05% of reading for pressures
20 Pa to 1.3 kPa (MKS Baratron 690A).
An example spectra of line R28 from the CO (3-0) band,

measured at a temperature of 296.00(3) K and CO pressures
between 3.3 kPa and 20 kPa, are shown in Fig. 5(c). The fit
residuals from the Hartmann-Tran profile (HTP) [12,48]
show agreement of this model with the spectra having signal-
to-noise ratio between 6000 and 19000.
The mean number of measured spectra per one point in

Fig. 3 was 120. Measurement of each spectrum takes about
15 minutes, leading to a total measurement time of
155 hours. However, the spectra were not measured
continuously; the time interval between the first and the
last measured spectrum was 43 days.

FIG. 5. (a) Experimental setup of CMDS spectrometer: Electro-optic modulator (EOM), analog-to-digital converter (ADC), tunable
diode laser (TD laser), optical frequency comb (OFC), reference Nd:YAG laser (ref. laser), photodetector (PD), dichroic mirror (D),
Faraday rotator (FR), half-wave plate (λ=2), temperature sensors (T), pressure sensor (p), frequency-modulation locking circuit (FM
lock), piezoelectric mirror actuator (PZT), Pound-Drever-Hall locking circuit (PDH lock). (b) Temperature stability of the cavity in time,
measured at three points along the tube containing the gas sample. (c) Example spectra of CO (3-0) band line R28 at five pressures and
the residuals from the fitted HTP.
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Appendix D: Linearity of pressure gauge—We verified
the linearity of our pressure gauge spectroscopically
by comparison of the integrated line areas, A, and the
pressure gauge readings, p. In Fig. 6, we show the
ratios ðA=pÞ=ðA=pÞm, where ðA=pÞm is the mean value
for all pressures at which the given line was measured.

The mean value of standard deviations of these ratios for
all lines is 0.030%. The low-end point at 27 Pa,
deviating from others by about 0.2%, shows the
limitation of the high-linearity range down to about
50 Pa. For p between 50 Pa and 20 kPa, the standard
deviation of the ðA=pÞ=ðA=pÞm is 0.023%.

FIG. 6. The ratios of the fitted line area divided by the pressure (A=p) to its mean value ðA=pÞm for all pressures at which the given line
was measured plotted as a function of gas pressure. Point colors indicate the CO line index m. Error bars correspond to combined
standard uncertainties. The gray area corresponds to the standard uncertainty of gas concentration measurements using calibrated p and
T sensors.
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