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We demonstrate Doppler broadening thermometry (DBT) with all-frequency-domain measurements.
Using the R(10) transition of CO at 1567 nm in a high-finesse optical cavity (mode width 0.6 kHz), we
resolve Doppler profiles with high signal-to-noise ratios across 2–17 Pa pressures. A global Voigt-profile
analysis yields temperatures deviating by only −2.0� 3.6 mK from calibrated thermometers, with
systematic errors suppressed below 9 ppm. The results show negligible dependence on line-shape models
when accounting for pressure effects, resolving a long-standing challenge in DBT. This approach
establishes a new paradigm for quantum-based thermometry and provides a precision platform for testing
molecular collision physics.
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Introduction—The new definition of the kelvin unit [1,2]
directly links temperature measurement to the Boltzmann
constant kB. Doppler Broadening Thermometry (DBT)
[3–5] has emerged as a prominent high-precision temper-
ature measurement method in recent years due to its unique
capability of directly relating thermodynamic temperature
to optical frequencies. The relationship between the
Doppler width ΓD (half width at half maximum,
HWHM) of atomic or molecular transitions and temper-
ature T can be expressed by the following equation:

ΓD

ν0
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2 ln 2
kBT
mc2

r

ð1Þ

where ν0 is the central frequency of the transition, T is the
thermodynamic temperature, m is the mass of the molecule
(atom), and c is the speed of light. Since the first
demonstration by Daussy et al. [3], DBT studies used
various atomic and molecular transitions, such as Rb [6],
Cs [7], Hg [8], NH3 [3,9,10], CO2 [4,11], C2H2 [12–14],
and H18

2 O [15,16]. The best DBT measurement to date,
with an uncertainty of 14 ppm (parts per million), was
reported by Gotti et al. [11], but with a deviation of about
30 ppm. Castrillo et al. demonstrated [14] a DBT result
with an uncertainty of 23 ppm and a deviation from the

International Temperature Scale of 1990 (ITS-90) of a
few millikelvin.
DBT measurements face inherent challenges from non-

Doppler broadening mechanisms. While atomic transitions
require accounting for the natural linewidth and power
broadening effects [17], molecular transitions exhibit com-
plexity due to collision-induced effects, including speed-
dependent relaxation and the Dicke effect. The selection of
an appropriate line-shape model proves critical for accurate
temperature determination [18]. The DBT result reported
by Gotti et al. [11] employed the complex Hartmann-Tran
profile (HTP) [19,20], yet the systematic deviation of such
sophisticated models still lacks sufficient experimental
verification at the 10−6 level [21]. Notably, precise DBT
instruments themselves can serve as powerful tools for
validating line-shape models at moderate pressures
(103 − 105 Pa) close to ambient conditions, with important
implications across multiple disciplines including molecu-
lar interaction studies [22], atmospheric remote sensing
[23,24], and quantum-based gas metrology [25–28].
Experimentally, previous molecular DBT studies using

direct absorption spectroscopy exhibited insufficient sen-
sitivity at the low pressures required for minimal collisional
effects [4], while cavity ring-down spectroscopy (CRDS)
approaches [11,29] were compromised by intensity detec-
tion nonlinearities [25,30–32], both potentially introducing
systematic line-shape distortions. To address these chal-
lenges, we employ cavity mode-dispersion spectroscopy
(CMDS) [33–35], a technique combining all-frequency-
domain metrology with cavity-enhanced spectroscopy.
Frequency measurements offer exceptional accuracy with

*These authors contributed equally to this work.
†Contact author: jinwang@hfnl.cn
‡Contact author: smhu@ustc.edu.cn

PHYSICAL REVIEW LETTERS 135, 223002 (2025)

0031-9007=25=135(22)=223002(8) 223002-1 © 2025 American Physical Society

https://orcid.org/0009-0008-8704-6576
https://orcid.org/0000-0003-3073-3152
https://orcid.org/0000-0003-3637-0989
https://orcid.org/0000-0001-9835-3530
https://orcid.org/0000-0002-1565-8468
https://ror.org/04c4dkn09
https://ror.org/04c4dkn09
https://ror.org/01fv5sp53
https://ror.org/04c4dkn09
https://crossmark.crossref.org/dialog/?doi=10.1103/cy84-v69x&domain=pdf&date_stamp=2025-11-25
https://doi.org/10.1103/cy84-v69x
https://doi.org/10.1103/cy84-v69x


minimal interference factors, while cavity enhancement
enables high-sensitivity measurements at low gas pres-
sures. This dual strategy permits unprecedented precision
in molecular line-shape analysis. As a demonstration, we
implement this methodology for high-accuracy DBT mea-
surements, successfully circumventing uncertainties asso-
ciated with collisional broadening.
Experimental—The experiment employed CMDS to

measure Doppler-broadened absorption spectra in the
near-infrared. As illustrated in Fig. 1(a), the setup was
adapted from established methodologies reported in
Refs. [27,36]. The system mainly consisted of a 118-cm
linear optical cavity with high-reflectivity mirrors
(R ¼ 99.997%) operating in the 1.5 − 1.7 μm spectral
range, yielding a free spectral range (FSR) of 126.9 MHz
and a mode linewidth of 0.6 kHz. An external-cavity
diode laser (ECDL) served as the light source, with its
output split into “locking” and “probing” beams. The

locking beam was stabilized to a cavity mode via Pound-
Drever-Hall (PDH) frequency locking. The probing beam
was sequentially modulated through an acousto-optic modu-
lator (AOM) and a fiber-coupled electro-optic modulator
(EOM) before being injected into the cavity. The radio-
frequency system was synchronized using a GPS-disciplined
rubidium clock (SRS FS725), enabling frequency scanning
via dynamic EOM rf switching. Transmission signals were
detected when AOM-EOM synthesized frequency shifts
matched cavity mode frequencies.
As illustrated in Fig. 1(b), the optical cavity was enclosed

in a stainless-steel vacuum chamber, with coarse temperature
regulation provided by external heating tapes. A dual-layer
aluminum alloy cylinder system was implemented between
the vacuum chamber and optical cavity: the outer layer
incorporated a servo-locked active temperature control
system using resistive heating wire, achieving submillikelvin
stability, while the inner layer acted as a thermal shield.

FIG. 1. (a) Configuration of the experimental setup. Abbreviations: AOM, acousto-optic modulator; BS, beam splitter; ECDL,
external-cavity diode laser; EOM, electro-optic modulator; PBS, polarizing beam splitter; PD, photodiodes. (b) Structure of the sample
cell and optical cavity. Temperatures were measured by two standard platinum resistance thermometers (SPRTs) placed on both sides of
the inner aluminum cavity. (c) The experimental dispersion spectrum (blue dots) and the simulated absorption spectrum (black line) of
CO (9.58 Pa). The locking beam was locked at the m ¼ 0 mode of the cavity via PDH locking. The probing beam measured the
frequency centers of modes with m in the range of −19 to 42, indicated by red vertical lines. (d) Transmitted spectra of three cavity
modes with indexes ofm ¼ −19, 9, and 11, are given in the lowest panel. Red dots and black squares represent signals recorded with and
without CO gas. Note that profiles (black curves) are almost identical for all the modes of an empty cavity.
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The temperature of the inner aluminum shield was moni-
tored by two standard platinum resistance thermometers
(SPRTs) placed on both sides [see Fig. 1(b)]. These sensors
were connected to anMKT50 readout, and the readings have
been calibrated at the National Institute of Metrology
(Beijing, China) with 1 mK accuracy. As shown in Fig. 1(b),
a continuous four-day operation near 299 K demonstrated
temperature fluctuations within �2 mK and the difference
between the twoSPRTs readingswas about 2mK, confirming
excellent thermal stability and spatial uniformity.
In CMDS measurements, a 8-GHz spectral scan range

was implemented with sampling across over 40 cavity
modes, as shown in Fig. 1(c). Transmittance spectra around
a given cavity mode were recorded to determine the mode
center frequency. A few samples of the cavity mode spectra
are shown in the figure. For each mode, the difference Δν
between the resonance frequencies with and without gas
was measured, yielding the dispersion spectrum. This
spectrum is intrinsically linked to the conventional absorp-
tion spectrum through the Kramers-Krönig relations. To
speed up scanning, some modes far from the absorption
peak were skipped in the measurement. This approach
achieved single-spectrum acquisition in about 6 s.
Selecting an appropriate molecular transition is critical

for DBT measurements. After evaluating line lists of
various molecules in the infrared region, we selected
the R(10) line of the (3-0) band of 12C16O, located at
6385.77 cm−1. The calculated Doppler width (HWHM)
at the experimental temperature of 299.022 K is
224.0630 MHz. The line position has been determined
with kilohertz accuracy [37], and the line strength was
measured [26] to be 1.9491 × 10−23 cmmolecule−1 at
296 K with a fractional uncertainty of 0.1%. Prior measure-
ments [13] confirmed that nearby lines from minor CO
isotopologues contribute negligibly at the 10−6 level, making
this transition ideal for high-precision spectroscopy.
The CO sample pressure in this Letter ranged from

2 to 17 Pa, corresponding to an absorption coefficient of
6 × 10−7 to 5 × 10−6 cm−1 at the center. This ensured both
sufficient SNR and minimal collision-induced broadening.
Gas samples with a stated purity of 99.99% were used, and
liquid-nitrogen cold traps were employed to remove impu-
rities such as water vapor. The CO pressure was validated
using the integrated absorbance (IA) of the recorded
spectrum and the line strength SðTÞ: P ¼ IAkBT=SðTÞ.
Figure 2(a) shows dispersion spectra of the R(10) line
recorded at three different pressures.
DBT temperature—The profile of the CMDS spectrum

can be described as follows [27,33]:

Δν
νm

¼ IA ×
Im ½φðνm − νcÞ�

2nk0
ð2Þ

where νm is the frequency of the cavity mode with index of
m; n is the frequency-independent refractive index of the

gas; k0 is the wave vector of the transition frequency; and
Δν is the frequency shift of the cavity mode due to the
dispersion induced by the molecular absorption line. The
line shape of the dispersion spectra is the imaginary part of
the normalized line-shape function φðνm − νcÞ.
The Voigt profile was used in spectra fitting, accounting

for the Gaussian Doppler broadening and the Lorentzian
collisional broadening. A global fitting procedure was
applied to fit all spectra recorded under different pressures.
The Gaussian half-width was set to be identical for all
spectra recorded under the same temperature and treated
as a free parameter. The Lorentzian half-width was set
proportional to the gas pressure (P):

ΓL ¼ γ0P; ð3Þ

where γ0 is the collision-induced broadening coefficient.
For each spectrum, the amplitude, center position, and a
linear baseline were set free in the global fitting. Eventually,
we obtained a coefficient of γ0 ¼ 18.52ð19Þ kHz=Pa
from the global fitting, which agrees reasonably with the
value 18.98 kHz=Pa at 299 K given in Ref. [38] and
18.64 kHz=Pa @296 K given in the HITRAN database
[39]. Note that the collision broadening coefficient exhibits
a temperature dependence. Within a narrow temperature
range such as 296–300 K, the resulting variation in the self-
broadening coefficient [40,41] is less than 1%. We also
attempted to fit the spectra with Gaussian and speed-
dependent Voigt (SDV) profiles, with the latter extending
the Voigt model by considering molecular velocity

FIG. 2. (a) Dispersion spectra of the R(10) (3-0) line of CO,
single scan, pressures at 2.79, 9.58, and 16.3 Pa. Experimental
data (single scan) in scattering points and fitted spectra in solid
lines. Residuals of fitting with Gaussian, Voigt, and speed-
dependent Voigt profiles are shown in panels (b)–(d).
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distribution effects. Fitting residuals are shown in the lower
panels of Fig. 2. We can see that no considerable difference
can be observed. Note that the collision-induced broadening
of CO is only one-sixth that of NH3, due to ammonia’s much
larger dipole moment [42]. The high-order collision-induced
effects become less significant at such low pressures.
Therefore, the Voigt profile was applied in this Letter.
Using the collision broadening coefficient of

γ0 ¼ 18.52 kHz=Pa, we refit each spectrum to determine
the DBT temperature. Figure 3(a) shows the DBT temper-
atures (gray dots) obtained in 55 h at a pressure of 9.58 Pa,
alongside the thermosensor temperature readings (black
line). The red line represents average values of every 50
DBT temperatures taken in approximately six-minute
intervals. Figure 3(b) displays the Allan deviation of the
ratio between the DBT temperature and the sensor temper-
ature. The Allan deviation decreases at a rate of 2100 ppm
Hz−1=2 with increasing averaging time, reaching approx-
imately 35 ppm after 1 h.
Figure 4 presents the DBT temperatures measured at

various pressures (red dots). As expected, higher pres-
sures improve the signal-to-noise ratio (SNR) of the
spectra, reducing the statistical uncertainty in the derived
DBT temperatures. After correcting for pressure-induced
broadening, the statistical uncertainty in the DBT temper-
ature is 2.2 mK (7 ppm), with a mean deviation of
−2.0 mK compared to the reference platinum resistance
thermometer readings (T90). The NIM-calibrated SPRT
sensors have an uncertainty of 1 mK, while the temper-
ature gradient across the sample cell was maintained
below 2 mK. For comparison, the purple dashed line in
the figure indicates the T − T90 correction of 3.5 mK
proposed in Ref. [43].

Systematic uncertainties—The choice of line profile
model in DBT measurements critically determines both
precision and accuracy [5]. Benefiting from the high
sensitivity of cavity-enhanced spectroscopy and the low
gas pressure employed in this Letter (2–17 Pa), pressure
broadening was smaller than Doppler broadening by 3–4
orders of magnitude, allowing the Voigt profile to accu-
rately reproduce the experimental spectra. As previously
mentioned, we fixed the pressure broadening coefficient to
the value obtained from global fitting and then determined
the Gaussian broadening through fitting. The weighted
mean DBT temperature is −2.0� 2.2 mK deviating from
the T90 value. For comparison, we also performed spectral
fitting using the broadening coefficients recommended in
the HITRAN database. The resulting Gaussian broadening
values, shown as black squares in Fig. 4, exhibit a
noticeable pressure dependence. By performing linear
extrapolation to zero pressure, we obtained a DBT temper-
ature with a −3.1� 3.3 mK deviation from T90.
Furthermore, we employed Gaussian and SDV profiles
to fit the experimental spectra, with coefficients γ0 and γ2 in
the SDV model fixed to values reported in Ref. [38]. The
obtained Gaussian half-widths at different pressures are
indicated in Fig. 4. Linear extrapolation to zero pressure
yielded a DBT temperature with −2.1� 3.9 mK
(Gaussian) and −2.6� 3.2 mK (SDV) deviated from
T90, again in agreement with the global fitting result.
These comparisons demonstrate that the result is insensitive

FIG. 3. DBT compared with thermal sensor, Allan deviation
(a) DBT temperatures (TDBT, gray circles) and T90 (black line)
from SPRT sensors. The red line indicates the averaged TDBT
results of every 50 spectra. (b) Allan deviation of the ratios
TDBT=T90.

FIG. 4. Comparison of the DBT temperatures TDBT and read-
ings from thermal sensors (T90). TDBT values at different
pressures were derived using different line profiles: speed-
dependent Voigt (parameters from Ref. [38]; blue triangles),
Voigt from global fitting in this Letter (red dots), Voigt with
HITRAN [39] parameters (black squares), and Gaussian (orange
diamonds). The purple dashed line indicates the difference
between the T90 value and the thermodynamic temperature at
299.0 K. The red line and belt indicate the mean value (−2.0 mK)
and standard deviation (2.2 mK) of the results from the Voigt-
Global Fit model. See main text for details.
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to the choice of line-shape model. Even when potential
deviations exist in the line-shape model or its parameters,
consistent DBT temperatures can be obtained after pressure
extrapolation. The maximum discrepancy (1.1 mK)
between these different line-shape approaches serves as
our estimate of the systematic uncertainty introduced by the
line-shape model in DBT measurements.
Other contributions to the uncertainty budget include

collision broadening due to water vapor emitted during the
measurement (6 ppm); saturation effect (4 ppm); gas
pressure measurement (1 ppm); temperature gradient along
the optical cavity (3 ppm); and frequency calibration and
laser linewidth (< 1 ppm). Details of these contributions
are given in the End Matter. The total systematic (type-B)
uncertainty is 9 ppm. Together with the statistical (type-A)
uncertainty of 7 ppm, the overall uncertainty is 12 ppm. We
also experimentally investigated the influence of potential
error sources on DBT temperature measurements via
measurements under different conditions. As shown in
the End Matter, most of the deviations are consistent with
the 12-ppm uncertainty.
Conclusion—Our all-frequency-based DBT measure-

ments yield a temperature that deviates by −2.0� 3.6 mK
from the readings of platinum resistance thermometers.
The result comprises 7 ppm statistical and 9 ppm system-
atic uncertainties. This represents the most precise DBT
measurement achieved to date. The consistency of results
across varying pressure conditions confirms the method’s
effectiveness in eliminating systematic biases from colli-
sional effects. The remaining systematic error likely stems
from gas desorption in the vacuum chamber—an effect
that could be significantly mitigated in future implemen-
tations. Further improvements in laser locking stability
could enhance the signal-to-noise ratio, thereby reducing
statistical uncertainties. It should be noted that the refer-
ence SPRT itself has an uncertainty of 1 mK and requires a
3.5 mK correction to account for the difference between
the thermodynamic temperature and ITS-90 [43,44].
A theoretical or precise experimental determination of
the temperature-dependent pressure-broadening effect
[40,41] would enable the application of this method across
a wide temperature range, making it a valuable tool for
validating differences between ITS-90 and thermody-
namic temperature.
Beyond its immediate application in temperature meas-

urement at low pressures, our platform enables high-
precision investigations of collisional effects, such as
non-Markovian dynamics [22], at elevated pressures. By
providing rigorous validation for molecular collision mod-
els, it addresses a critical need in atmospheric remote
sensing, where accurate line-shape predictions are essential
[23]. Furthermore, this Letter paves the way for a quantum-
based foundation in gas metrology [25,28,45] and creates
opportunities to develop high-accuracy spectroscopic stan-
dards with versatile applications.
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End Matter

The purity of the CO sample gas is 99.99%. Before
entering the cavity, potential gas impurities such as
water vapor were removed using a liquid nitrogen cold
trap. However, gas desorption from the inner walls of
the cavity and vacuum pipelines can induce systematic
deviations due to collision broadening of the CO
transition. The primary influence here comes from the
desorption of water vapor inside the cavity. In the
experiment, the release of water vapor was monitored
using a nearby absorption line of the water molecule.
The results show that, over several hours of
measurement, the water vapor pressure remained below
0.03 Pa. Based on the collision broadening coefficient
of 31.3 kHz=Pa for water molecules affecting the CO
R(10) line, as provided by the HITRAN database [39],
we estimate that the impact of this effect on DBT
measurements is less than 6 ppm.
Saturation effects in an intense laser field lead to spectral

line broadening. In this Letter, the homogeneous broad-
ening of the CO line is dominated by transit-time broad-
ening and collision broadening. The Lamb dip width of
0.1 MHz measured in our previous experiments [37,47,48]
corresponds to a saturation power of about 4.3 W. At a
circulating intracavity power of 0.2 W, the saturation
parameter is approximately 0.046, corresponding to an
additional broadening of 0.8 kHz. The resulting deviation
to the DBT temperature is 4 ppm.
The uncertainty in the pressure P of the CO gas used is

about 0.1%. According to the correction given by Eq. (3),
when DBT measurements are conducted below 10 Pa, the
contribution of the pressure P precision to the uncertainty
in the linewidth is approximately 0.2 kHz, and its

contribution to the uncertainty in the DBT temperature
measurement is below 1 ppm.
There was a �1 mK temperature gradient of the sample

cell, corresponding to an uncertainty of 3 ppm.
The laser was locked to a longitudinal mode of an

ultrahigh-finesse optical cavity with a mode linewidth
of approximately 0.6 kHz. All radio frequencies were
synchronized to a GPS-disciplined rubidium clock (SRS
FS725). Since the laser linewidth was even much narrower
than the width of cavity modes, its impact on the DBT
measurement was well below 1 ppm.
An uncertainty budget is given in Table I. Including the

statistical uncertainty (7 ppm) and the systematic uncer-
tainty due to the line profile model (4 ppm) discussed in the
main text, the overall uncertainty is 12 ppm.
We systematically evaluated the influence of potential

error sources on DBT temperature measurements through
experimental investigations. The results are presented in

TABLE I. Error budget (k ¼ 1) of AF-DBT.

Type Source ur=ppm

A Statistical 7
B Line-shape model 4

Gas desorption 6
Saturation effect 4
Pressure 1
Temperature gradient 3
Frequency scale and laser linewidth <1

Total 12
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Fig. 5 with the horizontal axis representing various error
sources and the vertical axis showing the deviation
between DBT temperature and the platinum thermal
sensor temperature.
Radio frequency source: A comparison between the

Rohde and Schwarz SMB100A and the AnaPico
Apusyn20 signal sources measured at 9.58 Pa (gray box)

revealed that their deviations were within the experimental
error range. Subsequent experiments employed the
Apusyn20 rf source.
Radio frequency switching time: Tests at 13.6 Pa com-

paring 5 ms and 10 ms switching durations showed no
considerable deviation. Thus, 5 ms switching was adopted
to enhance efficiency.
Scanning mode: Alternating tests between forward and

reverse scans at 12.7 Pa demonstrated no statistically
significant difference. Therefore, an alternating scanning
mode was implemented.
Detector: Comparative tests (four repeated measure-

ments) between two detectors, Thorlabs APD410 and a
custom-built detector, confirmed good agreement. The
APD410 exhibited better stability and was consequently
selected for subsequent measurements.
PZT locking: Tests with different locking servo bias

voltages of 0.3, 0.9, and 2.7 V showed no significant
impact on the results.
Laser power: Measurements with signal peak heights of

0.1, 0.2, and 0.4 V indicated negligible variations, so the
peak height was fixed at 0.4 V for subsequent experiments.
EOM sideband polarity: Scans using both positive and

negative sidebands yielded negligible deviations, and the
positive sideband mode was adopted.

FIG. 5. Consistency check of AF-DBT measurements.
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