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This paper reports the implementation of Doppler-broadening gas thermometry by use of line-shape
analysis of a line-doublet. The two spectral components are vibration-rotation transitions belonging to
a pair of acetylene combination bands at a wavelength of 1.39 μm. Characterized by an extraordinary
spectral fidelity in combination with high resolution, the spectrometer is based on two phase-locked
extended-cavity diode lasers, one of them being referenced to an optical-frequency-comb synthesizer.
The global analysis of 1180 spectra, which are recorded as a function of the C2H2 pressure at the constant
temperature of the triple point of water, yields an optical determination of the thermodynamic tempera-
ture with a combined relative uncertainty (type A plus type B) of 23 parts per million. Similar results are
obtained at the melting point of gallium (approximately 303 K). Furthermore, we apply line-absorbance
analysis to the acquired spectra, demonstrating a reduction by a factor of approximately 6 of the statistical
uncertainty for the retrieved gas temperature.
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I. INTRODUCTION

In November 2018, the 26th General Conference on
Weights and Measures (CGPM) unanimously approved
new definitions of four base units (kilogram, ampere,
kelvin, and mole) in terms of fixed values of fundamen-
tal physics constants (the Planck constant, the elementary
electric charge, the Boltzmann constant, and the Avogadro
constant, respectively). In particular, the new kelvin (the
unit of thermodynamic temperature) is based on the fol-
lowing value of the Boltzmann constant kB: 1.380649 ×
10−23 J/K. Reviews of experiments performed worldwide
in the last 10 years and relevant for setting the kB value are
provided in Refs. [1,2]. Very recently, research efforts of
the international community working in the field of pri-
mary gas thermometry have been devoted to the direct
realization of the redefined kelvin [3]. In this respect,
acoustic gas thermometry and dielectric-constant gas ther-
mometry have been further developed to measure T − T90
over a range of temperatures, T − T90 being the difference
between the thermodynamic temperature and that resulting
from the International Temperature Scale of 1990 (ITS-90)
[4–6]. Within this framework, Doppler-broadening ther-
mometry (DBT) is widely recognized as a valuable tool
for a cross-check with other methods, even though it has
not reached yet the same level of accuracy as acoustic gas
thermometry and dielectric-constant gas thermometry [7].
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DBT consists of retrieving the thermodynamic temperature
from the highly accurate observation and analysis of the
shape of a given atomic or molecular line in a gas at ther-
modynamic equilibrium. It exploits the physical relation
between the thermodynamic temperature and the Doppler
width of an optical absorption line, given by

�νD = ν0

c

√
2 ln 2

kBT
M

, (1)

where �νD is the half width at half maximum, ν0 is the
line central frequency, c is the speed of light in a vac-
uum, and M is the atomic or molecular mass. The history
of DBT starts with the proposals of Bordé [8,9], fol-
lowed by pioneering work on ammonia and carbon dioxide
[10,11]. One of the most-accurate implementations of DBT
involved an isolated vibration-rotation transition of a water
isotopologue (H18

2 O) at 1.39 μm and yielded an optical
determination of the Boltzmann constant with a combined
uncertainty of 24 parts per million (ppm) [12].

In this paper, we report the development and application
of an optical apparatus acting as a primary thermome-
ter based on Doppler-broadened precision spectroscopy of
acetylene in the near infrared. This third-generation spec-
trometer, following those reported in Refs. [11,12], gives a
primary realization of the redefined kelvin.

Acetylene has already been used as molecular target
for the aims of DBT, as highlighted in Ref. [7]. In par-
ticular, Hashemi et al. [13] probed the P(25) line of the
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C2H2 ν1 + ν3 band at 1.5 μm to perform a spectroscopic
determination of kB with a global uncertainty of 87 ppm.
The frequency scale of the absorption spectrum, which was
obtained by use of a Fabry-Perot interferometer in conjunc-
tion with a wavelength meter, was one of the main factors
limiting the accuracy of this experiment. The spectral anal-
ysis made use of the so-called speed-dependent Voigt pro-
file (SDVP), accounting for the narrowing effect that is due
to the speed dependence of collisional broadening [14].

The line-shape model is a limiting factor for DBT [7,15].
Because of the complexity of ab initio line-shape cal-
culations for colliding molecules, one should resort to
simplifications and approximations to implement a model
into a fitting routine. To overcome this issue, at least par-
tially, one could resort to cavity ring-down spectroscopy
so that it would be possible to investigate the low-pressure
regime (at the pascal level) and limit as much as possible
the influence of collisions, while preserving the advantage
of the near-infrared spectral region [16,17]. Alternatively,
the thermometric substance can be a low-pressure atomic
vapor system, such as rubidium or cesium. In this case,
collisional perturbations of the absorption profile can be
totally ignored, since the vapor pressure can be extremely
small (on the order of 10−4 Pa) [18,19]. On the other
hand, saturated absorption may occur, thus adding some
complexity to the analysis of the spectral profile.

Another option to mitigate the line-shape problem, as
described in Ref. [20], consists in using a multispectrum

fitting procedure (MFP) to implement physical constraints
between preselected parameters during nonlinear least-
squares analysis of a set of spectra across a given pressure
range. In this respect, the present paper provided a step
forward in DBT since the MFP is applied to the shape
of a well-resolved line-doublet. The two C2H2 lines can
share the thermal energy [namely, the quantity kBT that
enters Eq. (1)] while presenting different collisional widths
and shifts, a circumstance that leads to a strong physical
constraint in the MFP analysis of a set of spectra as a func-
tion of the gas pressure. Thus, temperature metrology is
demonstrated with a precision of 22 ppm. Moreover, we
apply line-absorbance analysis to the line-doublet. This
method exploits the relationship between the line-center
absorbance and the integrated absorbance to retrieve the
Doppler width of a spectral line from a set of profiles at dif-
ferent gas pressures [21]. Comparison between the results
of the two approaches suggests that line-absorbance anal-
ysis could be preferred because of the smaller statistical
uncertainty.

II. EXPERIMENTAL APPARATUS

A schematic diagram of the DBT spectrometer is
depicted in Fig. 1. Essentially, it consists of a probe
laser (PL), a frequency-stabilization, measurement, and
control unit [including a reference laser (RL) and an

v

FIG. 1. The experimental setup. BS, beam splitter; EDCL, extended-cavity diode laser; EOM, electro-optic modulator; FPd, fast
photodiode; G, diffraction grating; M, mirror; OI, optical isolator; PBS, polarizing beam splitter; PC, personal computer; Pd and Ph
stand for photodiode; PZT, piezoelectric transducer; RF, radio-frequency synthesizer.
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optical-frequency-comb synthesizer (OFCS)], an intensity-
stabilization feedback loop, an isothermal cell, and an
acquisition chain.

The PL is an extended-cavity diode laser with an emis-
sion wavelength in the range between 1.38 and 1.41 μm,
covering well-known vibrational bands of acetylene [22].
An optical phase-locking (OPL) loop guarantees effective
PL narrowing, along with precise control of the laser fre-
quency, as explained elsewhere [23]. For this purpose, the
PL emission frequency is compared with that of the RL,
the beat note being detected by a fast photodiode. The
frequency offset, frf, between the PL and the RL is pro-
vided by a radio-frequency synthesizer, which in turn is
phase-locked to a Rb clock.

The reference laser consists of an extended-cavity diode
laser that is tightly locked to a high-finesse cavity by means
of the Pound-Drever-Hall technique. It has an emission
width of about 10 kHz over a 1-ms observation time [24].
In turn, the high-finesse cavity is weakly locked to a self-
referenced OFCS (model FC1500-250-WG, Menlo Sys-
tems). This further technical expedient ensures an absolute
frequency scale for the acquired spectra. It also enables us
to correct for possible frequency drifts of the high-finesse
cavity during the spectral acquisitions. Thus, the beat note
between the RL and the nearest tooth of the OFCS is prop-
erly processed to generate a correction signal that actively
controls the length of the high-finesse cavity through a
piezoelectric actuator.

The in-loop relative stability of the beat note is 2.7 ×
10−7 for an integration time of 1 s as determined from a
modified Allan deviation analysis whose results are shown
in Fig. 2. The upper part of Fig. 2 shows the fluctuations
of the beat-note frequency (fbeat) over a time span of about
5 h. In the lower part, the modified Allan deviation plot
exhibits a trend that is typical of a white-type phase noise

FIG. 2. RL-OFCS beat-note-frequency (fbeat) fluctuations
(upper panel), and modified Allan deviation as a function of the
integration time for the time series reported in the upper panel
(lower panel).

for integration times of less than 1 min. What is more
important is the absence of any drift for about 1 h. Obvi-
ously, this study cannot be sensitive to possible frequency
drifts of the Rb clock to which the OFCS is referenced.
The RL absolute frequency, fRL, can be determined from
the equation fRL = N × frep ± fceo ± fbeat, where N is the
comb-tooth order, frep the repetition rate (250 MHz), and
fceo the carrier-envelope offset frequency (20 MHz). The
correct signs could be easily determined by slightly chang-
ing frep and fceo while observing the consequent variation
on the beat-note frequency. The relative stability of the RL
frequency with respect to the OFCS is 2 × 10−14 at 1 s.

The comb-referenced dual-laser approach is preferred to
direct phase locking of the probe laser against the OFCS
since the width of each comb tooth is about 120 kHz
against the 10 kHz width of the reference laser.

Highly linear and accurate frequency scans of the
PL around a given central frequency are done by tun-
ing, step by step, the rf offset frequency, frf. The
absolute frequency of the probe laser can be deter-
mined as follows: fPL = fRL + fAOM ± fRF = N × frep ±
fceo ± fbeat + fAOM ± frf, where fAOM is the radio frequency
(of about 80 MHz) driving the acousto-optic modulator
(AOM). In our configuration the scan width is approxi-
mately 4.4 GHz and results from 786 steps of 5.6 MHz
each, with a step-by-step acquisition time of 100 ms. The
scan width is close to the maximum value (approximately
5 GHz) that is allowed by the OPL loop to maintain the
phase-lock between the two lasers. The AOM is used as
an actuator within an intensity-control feedback loop that
stabilizes the PL power. Two low-noise In-Ga-As detec-
tors are used: one of them produces the reference signal
entering the intensity-stabilization loop, while the other
monitors the output beam from the isothermal cell. This
latter has a first-order low-pass filter with a 3-dB point
at 320 Hz. A 6 1

2 -digit voltmeter, connected to a personal
computer, is used for data acquisition with the required
levels of linearity and accuracy.

A portion of the first-order AOM-diffracted beam, with
an optical power that does not exceed 50 μW, is sent to
a spherical, Herriott-type, multiple-reflection cell, where
laser-gas interaction occurs. The multipass cell is built
entirely from stainless steel, with electropolished inner and
outer surfaces. The optical path length is variable between
6 and 12 m in a volume of about 400 cm3. Two capsule-
type standard platinum resistance thermometers (SPRTs)
are placed at 180◦ to each other, at the front and rear
ends of the cell. Calibrated at the National Institute for
Research in Metrology, the two SPRTs are used for tem-
perature control and measurement. The cell’s temperature
is actively stabilized by a sophisticated system that is simi-
lar to that described in Refs. [25,26]. To guarantee acoustic
and thermal insulation, the multipass cell is housed inside
a cylindrical vacuum chamber. Temperature stability (as
determined over one full day at any temperature between
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the triple point of water and the melting point of gallium)
is on the order of 0.1 mK, while temperature homogeneity
is better than 1 mK. A 100-Torr capacitance manometer
measures the gas pressure inside the cell with an accu-
racy of 0.25% of the reading. The acetylene sample is in
a commercial bottle with a quoted concentration of 99.6%.
A turbomolecular pump is used to periodically evacuate
the isothermal cell and create high-purity conditions.

III. RESULTS AND DISCUSSION

Acetylene is a centrosymmetric, linear, nonpolar
molecule with five fundamental modes of vibration. It
shows interesting absorption features at 1.39 μm that are
due to combination vibrational bands [22]. Details about
the selected line pair are given in Table I. This doublet is
a good choice for the aims of DBT. Firstly, the frequency
separation is sufficiently large to resolve the doublet but,
at the same time, small enough such that it is possible to
acquire the tails of the two lines within a frequency span
of up to approximately 5 GHz. Also, the collisional width
at C2H2 pressures between 102 and 103 Pa is expected to
vary in the range from 4 to 40 MHz. Therefore, it is sig-
nificantly smaller than the frequency separation of the two
lines (approximately 2 GHz). This condition should be suf-
ficient to ignore the collisional mixing effect between the
two lines due to population exchanges caused by inelastic
collisions [28]. The occurrence of this effect would imply
that the absorption spectrum from the line-doublet could
not be considered as the superposition of two isolated line
shapes.

Transmission spectra were acquired at the constant tem-
peratures of the triple point of water (T0) and the melting
point of gallium (T1) for many different values of the sam-
ple pressure (59 at T0 and 73 at T1) in the range between 60
and 1100 Pa. For each pressure, 20 repeated acquisitions
were performed. Example spectra are shown in Fig. 3.

A. Spectral analysis

One of the major efforts of this work is the simultaneous
analysis of a manifold of experimental profiles. A nonlin-
ear least-squares fitting code is developed within the MAT-
LAB environment with use of the Levenberg-Marquardt
optimization algorithm. The spectra are compared with the
following function:

P(ν) = (P0 + P1ν)e−{AP[g(ν−ν0P)+Rg(ν−ν0R)]}, (2)

FIG. 3. Example of absorption spectra for the R(15) and P(17)
transitions acquired as a function of the gas pressure at the triple
point of water. The x axis represents the absolute frequency as
measured by means of the OFCS.

where g(ν − ν0X ) is the line-shape function (the subscript
X standing for either R or P), the parameters P0 and P1
take into account a possible residual variation of the PL
power, ν is the PL frequency, ν0R and ν0P are the central
frequencies of the R(15) and P(17) lines, respectively, AP
is the integrated absorbance for the P(17) line, and R is
the line-intensity ratio of the doublet, namely, SR(15)/SP(17).
We use the partially correlated quadratic speed-dependent
hard-collision profile [29], in which the speed dependence
of collisional broadening and shifting is considered in a
quadratic form [30]. Also known as the “Hartmann-Tran
profile” (HTP), this model has been proposed as a sort
of universal profile to be used for high-resolution spec-
troscopy in the gas phase [29,31]. The HTP model is
sophisticated enough to consider the various collisional
perturbations of an isolated C2H2 line, as already experi-
enced elsewhere [23,32]. For the complete HTP equations,
we refer the reader to Ref. [29]. In the MFP, we retain P0,
P1, and AP as free parameters that are characteristic of indi-
vidual spectra, while ν0R, ν0P, γ0R, γ0P, δ0R, δ0P, and R are
shared across spectra in the whole pressure range. Here γ0X
and δ0X are the self-broadening and shifting parameters,
respectively. Furthermore, in the HTP implementation, the
Doppler width is written in the form of Eq. (1). Thus, it is
possible to share the product kBT for the two lines across
the spectra. This is a sort of twofold constraint that is
expected to make DBT more robust and reliable. In fact, if

TABLE I. Spectroscopic parameters for the selected line pair as given by the HITRAN database [27].

Central frequency Lower energy level Self-broadening coefficient Line strength
Component Vibrational band (cm−1) (cm−1) (cm−1/atm) (10−23 cm/molecule)

R(15) ν2 + ν3 + ν5 7175.326220 282.30150 0.135 2.660
P(17) 2ν2 + ν4 + ν5 7175.392570 359.90160 0.132 3.528

064060-4



OPTICAL DETERMINATION OF THERMODYNAMIC. . . PHYS. REV. APPLIED 11, 064060 (2019)

FIG. 4. Example of residuals resulting from the application of
the MFP by use of the HTP model.

we consider the statistical correlation index of the thermal
energy with γ0R and γ0P, we observe a reduction by a fac-
tor of approximately 4 as compared with Ref. [33], where
the MFP was applied to numerically simulated profiles in
coincidence with a single and isolated line.

Finally, six other parameters are shared among the spec-
tra: the velocity-changing collision frequency per unit
pressure (one parameter for each of the two lines, βR and
βP) and the parameters accounting for the quadratic speed
dependence of the collisional width and shift of each line.
The parameter η, taking into account the partial correlation
between velocity- and phase-changing collisions, is fixed
to a proper value, whose identification requires a detailed
study, as explained in the next subsection. We anticipate
that the best choice is η = 0.029 for all the spectra at either
T0 or T1.

In total, for those spectra acquired at the lowest temper-
ature (T0), the fitting procedure manages 191 parameters
and 46 374 experimental points in the simultaneous anal-
ysis of 59 spectra, looking for the minimum of a global
chi-squared function (χ2) [20]. For the spectral analysis at
T1, we have 233 parameters, 57 378 experimental points,
and 73 spectra. Figure 4 shows a few examples of resid-
uals, whose root-mean-square value amounts to about 0.2
mV at any pressure. This quantity provides an indication of
the achieved signal-to-noise ratio, which ranges between
1000 and 6000 for the strongest line, limited by periodic
modulations of the baseline. These modulations are due to
spurious etalon effects. No signs of a collisional mixing
effect or interfering lines are evidenced in the residuals.

B. Temperature determinations

The global analysis, which is applied to 20 sets of
spectra, yields the spectroscopic determinations of the gas
temperature that are plotted in Fig. 5. The weighted mean
of these values gives 273.159(6) K, in perfect agreement

FIG. 5. The upper panel reports the spectroscopic determina-
tion of the thermodynamic temperature around the triple point of
water. Each point is the output of the MFP that is applied to a set
of 59 spectra, acquired as a function of the C2H2 pressure. The
dashed line represents the weighted mean. Error bars correspond
to one standard deviation. For a detailed explanation of the cal-
culation of the uncertainty, the reader is referred to Refs. [20,33].
The lower panel reports the same as the upper panel but close to
the melting point of gallium.

with the set point. More particularly, it agrees with the
mean value of the SPRT temperatures that are recorded
over the time span necessary for the spectral acquisitions
(of about 1 month), namely, 273.1604(3) K. The same
level of agreement is found near the melting point of gal-
lium. Here the spectroscopic temperature is 302.915(7) K,
while the SPRT temperature is 302.9135(3) K. The mea-
surement precision is not sufficiently high to quantify the
deviation from the ITS-90. In fact, the current estimate
of T − T90 at the melting point of gallium is 4.38 mK
[34].

The residuals in Fig. 4 result from the use of the HTP
model with η = 0.029. We test many other values of η

in the interval between 0 and 0.2, each time applying
the MFP to the same set of spectra. We carefully search
for the η value leading to the minimum χ2. In the inter-
val explored, the global chi-squared function shows a
second-order polynomial dependence on η, with a mini-
mum for the reduced χ2 (namely, the chi-squared function
per degree of freedom) of 1.078 for η = 0.029 ± 0.007.
We also test simplified models such as the SDVP and the
speed-dependent hard-collision profile (SDHCP). At the
triple point of water, the SDVP provides a thermodynamic
temperature that is underestimated, namely, 273.141(6) K,
as expected. This simplified model takes into account only
the narrowing due to speed dependence, ignoring that asso-
ciated with the Dicke effect. For the SDHCP, the results
are quite close to the results we obtained, with a retrieved
temperature of 273.160(6) K, with a relative deviation
of 3.6 ppm, which is well within the type-B uncertainty
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TABLE II. Uncertainty budget (in terms of relative contribu-
tions, corresponding to one standard deviation) related to the
spectroscopic determination of the thermodynamic temperature.

Contribution Type A Type B
(ppm) (ppm)

Reproducibility 22–23
Frequency scale < 2
Line central frequency < 10−4

Laser emission width < 0.1
Optical saturation effects Negligible
Detector nonlinearity ≈ 2
AM modulation effects ≈ 1
Hyperfine structure Negligible
Line-shape model 7
Finite detection bandwidth 1.1
Relativistic effects Negligible
Optical zero < 0.2
Overall combined uncertainty 23–24

associated with the line-shape model (of 7 ppm, as reported
in Table II). Moreover, the SDVP and SDHCP did not
provide the same performance as the HTP model, lead-
ing to a reduced χ2 of 1.116 and 1.081, respectively.
Another argument that confirms the optimum performance
of the HTP model with η=0.029 is the retrieved value
of the Dicke narrowing parameter, which is 0.473(3) and
0.304(2) MHz/Torr, respectively, for the R(15) and P(17)
transitions at the temperature of the triple point of water.
These values are reasonably smaller than the diffusive
value resulting from kinetic theory (namely, 1.6 MHz/Torr
at the temperature of the triple point of water). Moreover,
β − ηγ is positive for each line, a circumstance that gives
another indication about the optimum operation of the line-
shape function [35]. It is worth noting that if η is treated as
a free parameter, the results of the fitting procedure are not
physically meaningful, since negative values for βP, βR,
and η are returned.

As a result of the MFP, we also determine the line-
strength ratio of the two transitions, which is 0.771866
at the temperature of the triple point of water, with a
relative statistical uncertainty of 16 ppm. At the melting
point of gallium, the measured ratio is 0.743082(8). This
latter value is in good agreement with the value calcu-
lated with the data reported in the HITRAN database [27],
the relative difference being on the order of 0.5%. Our
determinations of R can be of interest for a first test of
the line-strength-ratio thermometry method proposed by
Santamaria et al. [36].

Table II provides the complete uncertainty budget for
the spectroscopic determination of the thermodynamic
temperature. In building this table, we obviously benefited
from past experience regarding the various sources of type-
B uncertainties (including systematical deviations) in the
determination of the Boltzmann constant [37,38].

The most-important contribution is the statistical (type-
A) uncertainty, which amounts to 22 ppm at T0 and 23 ppm
at T1. The signal-to-noise ratio on the beat note between
the two lasers determines the uncertainty on the frequency
scale, which is smaller than 2 ppm. The uncertainty associ-
ated with the line central frequency is significantly smaller
than 10−10 because of the use of the OFCS technology.
For the laser emission width, the use of the OPL tech-
nique made it possible to reduce this contribution to the
level of 0.1 ppm. Optical saturation, hyperfine structure,
and relativistic effects are found to be fully negligible.
As reported in Ref. [38], the contribution from detec-
tor nonlinearity and amplitude modulation (AM) of the
baseline (arising from spurious etalon effects) amounts
to about 2 × 10−6 and 1 × 10−6, respectively. The influ-
ence of out-of-resonance radiation transported by the probe
laser, which may lead to a difference between the optical
zero and the electrical zero of the detector, contributes a
negligible amount. The unavoidably limited bandwidth of
the detection chain should be considered, according to the
findings in Ref. [39]. Particularly, one can easily calculate
that the scan rate of 56 MHz/s, in conjunction with the fil-
ter time constant of 4 ms (which results from a first-order
low-pass filter with −6 dB per octave roll-off), leads to
an extra broadening and, consequently, to a temperature
shift of 1.1 ppm. Finally, the uncertainty associated with
the line-shape model is 7 ppm. To make this estimate, we
determine the variation of the mean temperature associated
with the uncertainty on the η value. Systematic deviations
due to the possible occurrence of collisional line-mixing
effects are negligible, as obtained from the application of
the multispectrum fitting procedure to numerically simu-
lated spectra in which realistic line-mixing coefficients are
used, their values being close to those in Ref. [28] for
transitions involving similar rotational quantum numbers.

C. The line-absorbance method

According to the Lambert-Beer law, the absorbance at
the line center, in coincidence with a given spectral line,
is δ = Ag(0), where g(0) is the line-shape function cal-
culated at the line central frequency. Whatever model
describes the absorption profile, the quantity g(0) depends
on the collisional width of the line and, consequently, on
the molecular density, N . Since the integrated absorbance
is proportional to N , a Taylor expansion of g(0) in terms of
the variable A can be performed. Therefore, it is possible
to write the following equation [21]:

δ = A(c0 + c1A + c2A2 + c3A3 + c4A4 · · · ). (3)

At very low pressures, close to the zero value, the pro-
file function of any molecular vibration-rotation transition
reduces to a Gaussian function, provided that the nat-
ural width is sufficiently small. This is surely the case
for a spectral component of an overtone or combination
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vibrational band. In this limit, the relationship between δ

and A reduces to

δ = A
1

�νD

√
ln 2
π

. (4)

If we compare Eq. (3) with Eq. (4), it is possible to con-
clude that c0 is inversely proportional to the Doppler width.
Consequently, a polynomial fit of experimental absorbance
data enables one to retrieve the Boltzmann constant or
the thermodynamic temperature. Experimental absorbance
data for each of the two acetylene lines are plotted in Fig. 6
for all the spectral acquisitions. We perform a fourth-order
polynomial fit to retrieve the Doppler width of each line,
from which the temperature can be determined. More par-
ticularly, 20 polynomial fits are simultaneously performed
for each line, sharing the c0 coefficient from Eq. (3). The
weighted mean of the two values is 302.9133(11) K, which
is surprisingly close to the ITS-90 value. The statistical
uncertainty is roughly 4 ppm, namely, a factor of 6 smaller
than that of conventional DBT, which is a quite-remarkable
result. Similarly, the results are very promising at the triple
point of water, where the line-absorbance method yields
273.1591(18) K, which is in perfect agreement with the set
point. For the polynomial order of the fit in Fig. 6, it is
worth noting that the change in the reduced χ2 that results
from the addition of the fifth-order term is not statistically
significant, as clearly indicated by an F-test performed
with a confidence level of 5%.

FIG. 6. The upper panel shows line-center absorbance data
plotted as a function of the integrated absorbance. Data are
retrieved from the MFP applied to the spectral acquisitions at
the melting point of gallium at different C2H2 pressures for the
R(15) line. Fourth-order polynomial fits, forced to pass through
zero, yield the value of �νD according to Eq. (4). Repeating the
fits with a fifth-order polynomial, the c4 coefficient turns out to
be consistent with zero. The lower panel shows the same as the
upper panel but for the P(17) transition.

The complete uncertainty budget for the line-absorbance
method requires a specific study that will be the subject of
future work. Here we anticipate that the most-important
component is the line-shape model. Similarly to what was
described in the previous subsection, the line-shape contri-
bution is given by repeating the absorbance analysis for the
datasets that result from η values in the range from 0.022
and 0.036. The corresponding variation of the retrieved
temperature is 6 ppm.

IV. CONCLUSIONS

In conclusion, we report a significant step forward
for low-uncertainty Doppler-broadening gas thermome-
try. Firstly, the use of a line-doublet rather than a single
and isolated line is a good choice since it provides a
strong physical constraint for the thermal energy, thus
reducing statistical correlation issues. The third-generation
spectrometer described in this paper shows many improve-
ments as compared with previous implementations: use
of a phase-locking loop; calibration of the frequency axis
by means of a self-referenced optical frequency comb; a
more-advantageous molecular target; adoption of a more-
refined line-shape model and fitting procedure. As a result,
the uncertainty budget shows type-B components that are
significantly smaller than those in Ref. [38]. Thermody-
namic temperature determinations are demonstrated near
two fixed points; namely, the triple point of water and
the melting point of gallium. The combined uncertainty
is 23 ppm at the lowest temperature and is dominated by
the statistical component. This latter can be reduced to a
few parts per million when the temperature is retrieved
from the line-absorbance analysis. When the type-B uncer-
tainty associated with the line-shape model is added, the
uncertainty is less than 10 ppm. This opens the door to
the best DBT implementation, with a solid perspective
toward thermodynamic temperature determinations at the
parts-per-million level.
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ence of the line-shape model on the spectroscopic determi-
nation of the Boltzmann constant, Phys. Rev. A 82, 032515
(2010).

[16] C.-F. Cheng, J. Wang, Y. R. Sun, Y. Tan, P. Kang, and S.-
M. Hu, Doppler broadening thermometry based on cavity
ring-down spectroscopy, Metrologia 52, S385 (2015).

[17] R. Gotti, L. Moretti, D. Gatti, A. Castrillo, G. Galzerano,
P. Laporta, L. Gianfrani, and M. Marangoni, Cavity-ring-
down Doppler-broadening primary thermometry, Phys.
Rev. A 97, 012512 (2018).

[18] G.-W. Truong, D. Stuart, J. D. Anstie, E. F. May, T. M.
Stace, and A. N. Luiten, Atomic spectroscopy for primary
thermometry, Metrologia 52, S324 (2015).

[19] G.-W. Truong, J. D. Anstie, E. F. May, T. M. Stace, and
A. N. Luiten, Accurate lineshape spectroscopy and the
Boltzmann constant, Nat. Commun. 6, 8345 (2015).

[20] P. Amodio, L. Moretti, A. Castrillo, and L. Gianfrani, Line-
narrowing effects in the near-infrared spectrum of water
and precision determination of spectroscopic parameters, J.
Chem. Phys. 140, 044310 (2014).

[21] A. Castrillo, M. D. De Vizia, L. Moretti, G. Galzerano,
P. Laporta, A. Merlone, and L. Gianfrani, Doppler-width
thermodynamic thermometry by means of line-absorbance
analysis, Phys. Rev. A 84, 032510 (2011).

[22] D. Jacquemart, N. Lacome, J.-Y. Mandin, V. Dana, H. Tran,
F. Gueye, O. Lyulin, V. Perevalov, and L. Regalia-Jarlot,
The IR spectrum of 12C2H2: Line intensity measurements
in the 1.4 μm region and update of the databases, J. Quant.
Spectrosc. Radiat. Transfer 110, 717 (2009).

[23] E. Fasci, T. A. Odintsova, A. Castrillo, M. D. De Vizia, A.
Merlone, F. Bertiglia, L. Moretti, and L. Gianfrani, Dual-
laser absorption spectroscopy of C2H2 at 1.4 μm, Phys.
Rev. A 93, 042513 (2016).

[24] H. Dinesan, E. Fasci, A. D’Addio, A. Castrillo, and L.
Gianfrani, Characterization of the frequency stability of
an optical frequency standard at 1.39 μm based upon
noise-immune cavity-enhanced optical heterodyne molec-
ular spectroscopy, Opt. Express 23, 1757 (2015).

[25] A. Merlone, F. Moro, A. Castrillo, and L. Gianfrani, Design
and capabilities of the temperature control system for the
Italian experiment based on precision laser spectroscopy
for a new determination of the Boltzmann constant, Int. J.
Thermophys. 31, 1360 (2010).

[26] A. Merlone, L. Iacomini, A. Tiziani, and P. Marcarino,
A liquid bath for accurate temperature measurements,
Measurement 40, 422 (2007).

[27] I. Gordon et al., The HITRAN2016 molecular spectro-
scopic database, J. Quant. Spectrosc. Radiat. Transfer 203,
3 (2017).

[28] C. Povey, A. Predoi-Cross, and D. R. Hurtmans, Line shape
study of acetylene transitions in the ν1 + ν2 + ν4 + ν5 band
over a range of temperatures, J. Mol. Spectrosc. 268, 177
(2011).

[29] N. Ngo, D. Lisak, H. Tran, and J.-M. Hartmann, An isolated
line-shape model to go beyond the Voigt profile in spec-
troscopic databases and radiative transfer codes, J. Quant.
Spectrosc. Radiat. Transfer 129, 89 (2013).

[30] F. Rohart, H. Mader, and H.-W. Nicolaisen, Speed depen-
dence of rotational relaxation induced by foreign gas col-
lisions: Studies on CH3F by millimeter wave coherent
transients, J. Chem. Phys. 101, 6475 (1994).

[31] J. Tennyson et al., Recommended isolated-line profile
for representing high-resolution spectroscopic transitions
(IUPAC technical report), Pure Appl. Chem. 86, 1931
(2014).

[32] D. Forthomme, M. Cich, S. Twagirayezu, G. Hall, and T.
Sears, Application of the Hartmann-Hran profile to pre-
cise experimental data sets of 12C2H2, J. Quant. Spectrosc.
Radiat. Transfer 165, 28 (2015).

[33] P. Amodio, M. D. De Vizia, L. Moretti, and L. Gianfrani,
Investigating the ultimate accuracy of Doppler-broadening

064060-8

https://doi.org/10.1016/j.crhy.2018.11.007
https://doi.org/10.1088/1361-6501/aa9ddb
https://doi.org/10.1098/rsta.2015.0046
https://doi.org/10.1016/j.measurement.2016.07.069
https://doi.org/10.1088/1742-6596/1065/12/122002
https://doi.org/10.1098/rsta.2015.0047
https://doi.org/10.1088/0026-1394/39/5/5
https://doi.org/10.1098/rsta.2005.1635
https://doi.org/10.1103/PhysRevLett.98.250801
https://doi.org/10.1103/PhysRevLett.100.200801
https://doi.org/10.1103/PhysRevLett.111.060803
https://doi.org/10.1063/1.4902076
https://doi.org/10.1103/PhysRevA.58.1029
https://doi.org/10.1103/PhysRevA.82.032515
https://doi.org/10.1088/0026-1394/52/5/S385
https://doi.org/10.1103/PhysRevA.97.012512
https://doi.org/10.1088/0026-1394/52/5/S324
https://doi.org/10.1038/ncomms9345
https://doi.org/10.1063/1.4862482
https://doi.org/10.1103/PhysRevA.84.032510
https://doi.org/10.1016/j.jqsrt.2008.10.002
https://doi.org/10.1103/PhysRevA.93.042513
https://doi.org/10.1364/OE.23.001757
https://doi.org/10.1007/s10765-010-0728-6
https://doi.org/10.1016/j.measurement.2006.06.006
https://doi.org/10.1016/j.jqsrt.2017.06.038
https://doi.org/10.1016/j.jms.2011.04.020
https://doi.org/10.1016/j.jqsrt.2013.05.034
https://doi.org/10.1063/1.468342
https://doi.org/10.1515/pac-2014-0208
https://doi.org/10.1016/j.jqsrt.2015.06.013


OPTICAL DETERMINATION OF THERMODYNAMIC. . . PHYS. REV. APPLIED 11, 064060 (2019)

thermometry by means of a global fitting procedure, Phys.
Rev. A 92, 032506 (2015).

[34] J. Fischer, M. de Podesta, K. D. Hill, M. Moldover, L. Pitre,
R. Rusby, P. Steur, O. Tamura, R. White, and L. Wolber,
Present estimates of the differences between thermody-
namic temperatures and the ITS-90, Int. J. Thermophys. 32,
12 (2011).

[35] D. A. Shapiro, R. Ciurylo, R. Jaworski, and A. D. May,
Modeling the spectral line shapes with speed-dependent
broadening and Dicke narrowing, Can. J. Phys. 79, 1209
(2001).

[36] L. Santamaria Amato, M. S. de Cumis, D. Dequale, G.
Bianco, and P. Cancio Pastor, A new precision spectroscopy
based method for Boltzmann constant determination and
primary thermometry, J. Phys. Chem. A 122, 6026 (2018).

[37] A. Castrillo, L. Moretti, E. Fasci, M. D. Vizia, G. Casa,
and L. Gianfrani, The Boltzmann constant from the shape
of a molecular spectral line, J. Mol. Spectrosc. 300, 131
(2014).

[38] E. Fasci, M. D. D. Vizia, A. Merlone, L. Moretti, A.
Castrillo, and L. Gianfrani, The Boltzmann constant from
the H18

2 O vibration–rotation spectrum: Complementary
tests and revised uncertainty budget, Metrologia 52, S233
(2015).

[39] F. Rohart, S. Mejri, P. L. T. Sow, S. K. Tokunaga, C.
Chardonnet, B. Darquié, H. Dinesan, E. Fasci, A. Castrillo,
L. Gianfrani, and C. Daussy, Absorption-line-shape recov-
ery beyond the detection-bandwidth limit: Application to
the precision spectroscopic measurement of the Boltzmann
constant, Phys. Rev. A 90, 042506 (2014).

064060-9

https://doi.org/10.1103/PhysRevA.92.032506
https://doi.org/10.1007/s10765-011-0922-1
https://doi.org/10.1139/p01-080
https://doi.org/10.1021/acs.jpca.8b05523
https://doi.org/10.1016/j.jms.2014.04.001
https://doi.org/10.1088/0026-1394/52/5/S233
https://doi.org/10.1103/PhysRevA.90.042506

	I. INTRODUCTION
	II. EXPERIMENTAL APPARATUS
	III. RESULTS AND DISCUSSION
	A. Spectral analysis
	B. Temperature determinations
	C. The line-absorbance method

	IV. CONCLUSIONS
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


