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Cavity-enhanced spectroscopy in the  
deep cryogenic regime for quantum sensing 
and metrology
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Spectrometers based on high-finesse optical cavities have proven to 
be powerful tools for applied and fundamental studies. Extending this 
technology to the deep cryogenic regime reduces Doppler broadening, 
enhances peak absorption, narrows the Boltzmann distribution of 
rotational states and ensures that all unwanted molecular species 
disturbing the spectra are frozen out. Moreover, the dense spectra 
of complex polyatomic molecules become easier to assign. Here we 
demonstrate a cavity-enhanced spectrometer fully operating down to 4 K. 
This was enabled by uniformly cooling, not only the sample, but the entire 
cavity. Our approach isolates the cavity from external noise and cryocooler 
vibrations. We demonstrate the capabilities of our cavity-enhanced 
spectrometer by performing measurements in the deep cryogenic 
regime: an accurate test of quantum electrodynamics for molecules; the 
realization of the primary standards of the International System of Units 
for temperature, concentration and pressure; a measurement of the 
dihydrogen phase diagram; and the determination of the ortho-to-para 
spin-isomer conversion rate.
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Cavity-enhanced spectroscopy has revolutionized various fields of 
research by providing unprecedented sensitivity and precision1. It has 
been instrumental in atmospheric studies, as it enables the detection 
of pollutants and greenhouse gases2 at parts-per-trillion levels and 
subpermille accuracies3. This technique has enabled the realization 
of standards for ultralow humidity4 and carbon isotope ratios5 and has 
been used to test quantum electrodynamics (QED)6. Even more sensi-
tive, noise-immune cavity-enhanced optical heterodyne molecular 
spectroscopy7 has become invaluable in fundamental physics8. New 
developments have extended cavity-enhanced spectroscopy to study 
fast processes, large molecules and multispecies samples by com-
bining it with optical frequency combs9. Accuracy has further been 
improved with rapid scanning10 and purely frequency-based methods11.

Molecular spectroscopy benefits in many respects from operat-
ing in the deep cryogenic regime, often far below 77 K. In this regime, 
Doppler broadening is reduced, peak absorption is enhanced, the 
Boltzmann distribution of rotational states is narrowed, all unwanted 
molecular species disturbing the spectra12 are frozen out and the 
dense spectra of complex polyatomic molecules become easier to 
assign13. Accurate spectroscopy at low temperatures is also important 
for testing state-of-the-art ab initio quantum-chemical calculations, 
especially the interactions between atoms and molecules for both 
bound14 and scattering15 states. The quantum-scattering phenomena 
(collision-induced line-shape effects) are particularly interesting in the 
deep cryogenic regime (below 50 K), where fundamental discrepancies 
between experimental results and ab initio calculations have been 
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molecules: an accurate test of QED for molecules, optical realization 
of three SI units in the deep cryogenic regime, measurement of the H2 
phase diagram and measurement of the ortho-to-para spin-isomer 
conversion rate.

The cryogenic spectrometer is shown in Fig. 1. The greatest advan-
tage of this spectrometer is that it allows nearly perfect thermalization 
of the entire gas sample down to 4 K. We uniformly cool not only the H2 
molecules but also the entire inner cryogenic vacuum chamber, cavity 
spacer, mirrors and mirror position actuator. This feature is critical for 
accurate H2-based optical metrology, as temperature non-uniformity 
distorts the shape of an optical molecular resonance and, hence, intro-
duces systematic uncertainties. The second important feature of this 
set-up is the system of heavy copper blocks and layers suspended on 
thin titanium rods and thermally linked by flexible copper connec-
tors. This structure strongly attenuates vibrations and noise from 
the cryocooler and vacuum pumps as well as from external sources. 
Additionally, it suppresses the temperature fluctuations typical when 
operating the second stage of the cryocooler, such that the fluctuations 
at the cryogenic vacuum chamber are below 1 mK.

One of the cavity mirrors is installed on a position actuator (see 
the inset under the vacuum chamber in Fig. 1), which allows the cavity 
length to be tuned by a few wavelengths. The actuator is designed to 
operate over a wide temperature range from room temperature down 
to 4 K (ref. 31). A key feature of the actuator design is that it does not 
become misaligned when the temperature is cycled between 4 K and 
300 K (we initially align the optical cavity at room temperature and it 

reported for many molecular species16 but without any way to resolve 
the discrepancies. Cryogenic spectroscopy is also important for provid-
ing reference molecular data for astrophysical studies, particularly for 
studying the atmospheres of planets and exoplanets17.

A typical approach to optical spectroscopy at cryogenic tem-
peratures is based on Fourier spectrometers18,19. The Grenoble group 
developed a cavity ring-down spectrometer with a gas sample kept at 
temperatures down to 77 K (ref. 20). A phase-shift cavity ring-down 
spectrometer operating at 105 K was demonstrated in ref. 21. Optical 
cavities have also been combined with buffer-gas-cooled molecu-
lar samples13,22,23 and molecular beams24,25. Recently, high-resolution 
cryogenic cavity-enhanced spectrometers have been developed by 
the Hefei26 and Amsterdam8 groups. In the Hefei spectrometer, the 
cavity mirrors are kept at room temperature while cryogenic gas 
flows through the cell26. In the Amsterdam spectrometer, the entire 
optical cavity is uniformly cooled to 72 K (ref. 8). Cryogenic optical 
cavities (operating at T = 1.7 K to 10 K) are also used as state-of-the-art 
short-term frequency references27–30.

In this work, we demonstrate a cavity-enhanced spectrometer fully 
operating in the deep cryogenic regime down to 4 K. Not only the sam-
ple but also the entire cavity, including the mirrors and cavity-length 
actuator, are uniformly cooled, which ensures the thermodynamic 
equilibrium of a gas sample. The cavity is well isolated from external 
noise and cryocooler vibrations. This instrument enables a variety 
of fundamental and practical applications. We demonstrate a few 
examples based on the accurate spectroscopy of cryogenic hydrogen 
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Fig. 1 | Spectrometer based on a cryogenic high-finesse cavity. Left: illustration 
of the cryogenic part of the set-up. The entire cavity, including the mirror 
position actuator, is placed inside a cryogenic copper vacuum chamber (yellow) 
that can be cooled to 4 K to ensure the highly homogeneous thermodynamic 
equilibrium of the entire gas sample. The outer copper layers (orange), kept at 
approximately 40 K, block room-temperature thermal radiation. The entire 
system is placed inside a room-temperature vacuum system (grey) to maintain 
cryogenic conditions. The inner cryogenic and outer room-temperature vacuum 
chambers are independent; hence, the cryogenic chamber can be independently 
filled with H2 gas. The inner cryogenic vacuum chamber is suspended on thin 
titanium rods (not shown here) to eliminate thermal links and attenuate 
vibrations. The cryogenic mirror position actuator31 is shown in detail in the small 
inset below the vacuum chamber. Right: simplified scheme of the experimental 
set-up. We use an OPO to access the H2 fundamental-band transition with an idler 

beam operating at 2.2 μm. The idler beam is tightly locked to the cryogenic 
high-finesse cavity via a Pound–Drever–Hall lock33. The absolute frequency after 
idler frequency-doubling is determined by referring to an optical frequency 
comb at 1.1 μm. The length of the cryogenic cavity is actively stabilized by 
referring to the optical frequency comb. Both the comb repetition rate and the 
offset frequency are stabilized to the radio frequency from the hydrogen maser 
(H maser), which is integrated with the local representation of UTC at the 
Astrogeodynamic Observatory in Borowiec43. The plot in the right bottom corner 
shows a typical ring-down event acquired at 4 K, where τ and ℱ  are the photon 
lifetime and cavity finesse, respectively. AOS, Astrogeodynamic Observatory; 
PBS, polarizing beam splitter; PD, photodetector; PDH, Pound–Drever–Hall; 
SHG, second-harmonic generation; ECDL, external-cavity diode laser; AOM, 
acousto-optic modulator; EOM, electro-optic modulator.
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remains aligned after the temperature is tuned within this range). The 
cavity has a length of 69 cm (free spectral range of 217 MHz) and finesse 
of 35,000 (photon lifetime of 26 μs). It is composed of two dielectric 
concave mirrors with a radius of curvature of 1 m. The length of the 
cavity is actively stabilized by locking the frequency of one of the cav-
ity resonances to an optical frequency comb; see the cavity-length 
feedback line in Fig. 1.

To fully demonstrate the capabilities of this experimental plat-
form, we consider the hydrogen molecule, which is the molecule with 
the highest equilibrium vapour pressure at deep cryogenic tempera-
tures. To access the strongest band of H2 (the fundamental band at 
2.2–2.4 μm), we developed a laser system (like the one recently reported 
in ref. 32) based on a continuous-wave (CW) optical parametric oscilla-
tor (OPO); see the right-hand panel in Fig. 1. A spectrally narrow (10 kHz) 
CW seed laser operating at 1,064 nm after amplification to 10 W pumps 
an OPO cavity. In this work, we focus on the 1 - 0 S(0) transition at 
2.22 μm, which is covered by the tuning range of the OPO idler beam. 
In contrast to the signal beam, whose frequency is fixed by the OPO 
cavity, the idler beam inherits the frequency modulation of the seed 
laser. This allows us to tightly lock the idler beam to the high-finesse 
cryogenic cavity using the Pound–Drever–Hall technique33 with the 
Pound–Drever–Hall feedback signal being directly sent to the seed 
laser (Fig. 1). The absolute frequency of the idler beam is determined 
by referring to the optical frequency comb after doubling the idler 
frequency in a second-harmonic-generation crystal. This also allows 
stabilization of the cavity length.

In the bottom right corner of Fig. 1, we show the cavity photon life-
time recorded at 4 K. The high finesse is preserved when the tempera-
ture of the entire cavity is cycled between 4 K and room temperature. 
Molecular hydrogen ice is deposited at deep cryogenic temperatures on 
all inner surfaces (including mirrors); however, we did not observe any 
deterioration of the mirror reflectivity (the finesse remains the same). 
Figure 2 shows an example of the cavity ring-down spectra recorded 
with our instrument, the 1 - 0 S(0) line of the H2 molecule at 2.22 μm. 
The wide dynamic range of the absorption coefficient (four orders of 
magnitude has already been demonstrated in this work, with much 
room for improvement) allows us to record a clear spectrum even below 
5 K, far below the H2 boiling and melting points. To our knowledge, 
this is the lowest temperature for high-resolution cavity-enhanced 
spectroscopy at thermal equilibrium. In the following four sections, 
we present several examples of the applications of this instrument 
that address scientific and technological challenges in different fields.

Precision tests of QED for molecules
Accurate spectroscopy of simple atomic and molecular systems, whose 
structure can be calculated from first principles with quantum theory, 
allows one not only to test the QED sector of the standard model at 
high precision6 but also to search for new physics beyond the standard 
model34. An important example of such systems is molecular hydrogen, 
for which the accuracy of ab initio calculations of the energies of the 
ro-vibrational transitions reaches 10 significant digits35. The present 
accuracy of the leading (non-relativistic) contribution reaches 13 sig-
nificant digits36, which paves the way for further substantial progress.

In this section, we present complementary experimental results 
for the 1 - 0 S(0) transition of the H2 molecule. The experiment was car-
ried out at T = 7.8 K, at which the vapour pressure was high enough to 
reach a high signal-to-noise ratio. We benefited from operating under 
deep cryogenic conditions in several ways. Compared with room tem-
perature, at T = 7.8 K, the Doppler broadening is 6.2 times smaller and 
the peak absorption is 47.7 = 6.2 × 7.7 times larger, with the 6.2 factor 
being due to the smaller Doppler broadening and the 7.7 factor being 
due to the collapse of the entire Boltzmann distribution to the ground 
rotational state; compare the blue and red curves in the left-hand 
panel in Fig. 3a. Overall, the higher and narrower resonance potentially 
increases the accuracy of the line position determination at T = 7.8 K by 

a factor of nearly 300 compared with room temperature. Furthermore, 
at low temperatures, all unwanted molecular species with strong dipole 
transitions that would disturb the spectrum12 are frozen out.

We acquired the spectra at three pressures, 0.98 Pa, 3.8 Pa and 
10.8 Pa, and extrapolated the pressure-perturbed line position to the 
zero-pressure limit; see the black points and grey line in the left-hand 
panel in Fig. 3a. The details of the experimental conditions, spectral 
analysis and uncertainty budget are given in Methods. Our ultimate 
determination of the 1 - 0 S(0) transition frequency is

ν0 = 134,841,805.102(15)stat(6)sys MHz.

This value includes the recoil shift. The measured photons are 
blueshifted; hence, we subtracted the recoil shift, which is 20.02 kHz 
in this case, from the measured zero-pressure value. We improved the 
previous best measurement of this line37 by three orders of magnitude; 
see the right-hand panel in Fig. 3a. The most recent theoretical value35 is

ν0 = 134,841,805.19(38)MHz.

The deviation between our measurement and this theoretical value 
is as small as 88 kHz, with a total combined uncertainty of 380 kHz, 
which corresponds to validating the quantum theory for molecules 
at the tenth significant digit, among the most accurate validations of 
QED for four-body systems35.

Our accuracy of ν0 is higher than those of previous Doppler-limited 
measurements of homonuclear isotopologues of molecular 
hydrogen6,38,39 and that for Doppler-limited measurements of the HD 
isotopologue20,40, the dipole line intensities of which are much larger 
than those of the quadrupole line considered here.

Realization of the primary SI units at deep 
cryogenic temperatures
The redefinition of the SI unit system in 201941 revolutionized metrol-
ogy at the fundamental level. Instead of referring to unit artefacts, 
the SI units are defined based on several recently fixed constants 
(such as the Boltzmann and Planck constants), and the only remain-
ing measurable reference is the hyperfine transition frequency of 
caesium atoms. This opens exciting possibilities for accurate metro
logy and the open-access dissemination of SI unit primary standards 
but also poses new scientific and technological challenges regarding 
the actual physical realization of the redefined units, especially under 
difficult-to-access conditions such as the deep cryogenic regime. 
We address this problem for the SI units of temperature (kelvin), 
amount of substance per unit volume (moles per metre cubed) and 
pressure (pascal). We demonstrate that optical methods can be 
used to realize these SI units in the difficult-to-access 4-K to 20-K 
temperature regime.

The thermodynamic temperature T can be spectroscopically 
determined by measuring the Doppler component ΓD of the broaden-
ing of a molecular line42

T = 1
2ln2 (

c2

kB
) (

mH2

ν20
)Γ 2

D , (1)

where c, kB and mH2  are the speed of light, Boltzmann constant and 
mass of H2, respectively. ΓD is the half-width at half-maximum of the 
Doppler broadening. The first parentheses contain fixed constants 
defining the SI units. The second parentheses contain quantities deter-
mined experimentally, but their combined relative uncertainty is less 
than 10−9; hence, they can also be treated as an exact number. The only 
quantity that needs to be measured is the frequency span ΓD, which we 
do using the primary time standard (the local representation of the 
Coordinated Universal Time (UTC) at the Astrogeodynamic Observa-
tory in Borowiec43). This method provides the kelvin unit based only 
on the primary time standard and physical constants; hence, it can be 
regarded as a primary temperature standard41 (it does not require any 
calibration to other temperature standards).
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We demonstrate the optical realization of the kelvin unit at T = 
4.9 K to 7.8 K based on the spectra shown in Fig. 2. In the left-hand panel 
of Fig. 3b, we show the optically determined temperature Topt against a 
reference temperature Tref measured with a commercial silicon diode 
temperature sensor; see Table 1 for exact values of Topt and Tref and 
their uncertainties. The uncertainty in Topt depends on temperature. For 
the two lowest temperatures, the H2 vapour pressure decreases to a level 
at which it clearly limits the signal-to-noise ratio of the spectra; hence, 
the statistical contribution dominates the uncertainty in Topt, which 
reaches 180 mK at the lowest temperature and decreases to below 20 mK 
at T > 6 K. The optically determined temperature agrees with the refer-
ence diode-sensor measurements within the estimated total combined 
uncertainty σ for all the data points except the highest temperature, at 
which the deviation is 4σ. We do not know whether the 4σ discrepancy is 
caused by our optical method or the reference diode sensor.

The amount of substance per unit volume n (mol m−3) is propor-
tional to the line area A (which has a unit of m−1s−1; see the areas under 
the red curves in Fig. 2),

n = 15
4π4 (

c6

NAℏ4
) (

α3m4
e

ν30
) ξ−1A, (2)

where NA, ℏ, α and me are the Avogadro constant, reduced Planck con-
stant. fine-structure constant and electron mass, respectively. This 
relation has the same structure as equation (1), in that it links the SI 
unit (mol m−3) to a spectroscopically determined quantity A, which is 
based only on the time unit (the m−1 s−1 unit is linked to the s−2 unit via the 
fixed value of the speed of light). Like equation (1), the first and second 
parentheses contain, respectively, the fixed constants defining the SI 
units and quantities determined experimentally with negligibly small 
uncertainties. Equation (2) also includes a dimensionless factor ξ for 
the transition moment. It comes from ab initio calculations (as H2 is the 
simplest neutral molecule, the corresponding ξ factor can be calculated 
with high accuracy, ξ = 6.124(6) × 10−3; ref. 44). Equation (2) should also 
contain the Boltzmann distribution; however, the populations of H2 rota-
tional excited states are completely negligible. In the right-hand panel 
of Fig. 3b, we show the optically determined amount of gas per volume 
nopt against its reference value nref (see Methods for nref). The optical 
method allows us to reach, in the difficult-to-access cryogenic regime, 
an exceptionally small uncertainty of the mol m−3 unit that is far below 
1%, which is two orders of magnitude better than the values obtained 
from the previous best p(T) dependence in ref. 45. Root-mean-square 
temperature fluctuations in our experimental cryogenic chamber are 

at the level of 0.5 mK, which at the vapour pressure condition translates 
to concentration fluctuations of 0.08% at T = 7.8 K.

Hydrogen phase diagram
The simultaneous optical realization of the SI units of temperature 
and amount of substance per volume unit, Topt and nopt, as described 
in ‘Realization of the primary SI units at deep cryogenic temperatures’, 
also automatically gives the SI unit of pressure via the equation of state 
of a gas, which in the relevant low-pressure regime is popt = kBNAnoptTopt; 
based on the second virial coefficient from ref. 46, we estimated the 
correction to the ideal gas (for 11 Pa and 7.8 K) as 10−4, which is negligible 
in our case. Note that Topt and nopt are multiplied only by the exact SI 
defining constants; hence, this optical realization of the pascal unit can 
be regarded as a primary SI standard (it does not require any calibration 
to other intermediate pressure standards). This allowed us to measure a 
part of the phase diagram of molecular hydrogen with the purely optical 
method (Fig. 3c). This experimental demonstration covers more than 
three orders of magnitude of pressure and considerably improves the 
accuracy of the previous best p(T) curve45 in this range (Methods). This 
measurement was done for purely para H2 many days after cooling the 
sample. The phase diagram for a normal para–ortho distribution can 
be obtained with the same methodology but with frequent replacing 
of the H2 sample; see ‘Conversion between H2 spin isomers’ for details. 
One of the highly promising applications that could be realized with 
this technology is an accurate purely optical determination of the H2 
triple point, which not only is an important anchor point for calibrating 
cryogenic temperature sensors but also has recently gained interest 
from the perspective of its first-principles determination47.

Conversion between H2 spin isomers
Molecular hydrogen exists in two distinct isomeric states, referred 
to as para- and ortho-H2, which differ by the symmetry of the nuclear 
wavefunction and are related to the total nuclear spin I (I = 0 and 1 for 
para- and ortho-H2, respectively). Although the energy of the inter-
action between nuclear spins is extremely small (far below 1 mK), the 
Pauli exclusion principle, which leads to a relation between the sym-
metries of the nuclear and rotational wavefunctions, means that an 
even rotational quantum number j is allowed only for para-H2 and an 
odd j is allowed only for ortho-H2, resulting in a large energy differ-
ence between the para and ortho isomers (above 170 K). On the one 
hand, this makes the ortho-to-para H2 conversion a highly exother-
mic process (the heat released exceeds the evaporation heat). On 
the other hand, the ortho-to-para transition requires a nuclear spin 
flip, making the conversion process inherently slow. These features 
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correction57 included). Note the log scale on the vertical axis. The pressures and 
temperatures indicated in this figure are the values determined optically. See 
sections ‘Realization of the primary SI units at deep cryogenic temperatures’ and 
‘Hydrogen phase diagram’ and Table 1.
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have important technological consequences, especially for liquid H2 
energy storage technologies48 and imply the necessity of developing 
efficient ortho-to-para catalysts. Research on the ortho-to-para con-
version is also important from a basic physics perspective, as it ena-
bles studies of the magnetic properties and structural composition 
of solid surfaces49, processes on the non-magnetic surfaces of noble 
metals50, and various physical properties of solid hydrogen51. Moreover, 
the ortho-to-para conversion is crucial for astrophysics52 and ab initio 
quantum calculations53.

In this work, we demonstrate that using the experimental plat-
form shown in Fig. 1, we can precisely track (with fully optical methods) 
the composition of the H2 spin-isomer mixture. We use that the optical 
determination of the H2 concentration n, discussed in ‘Realization of 
the primary SI units at deep cryogenic temperatures’, is spin-isomer 
selective. We start the measurement process by filling the experimen-
tal cryogenic chamber with a new portion of H2 (taken directly from 
the room-temperature chamber), which immediately thermalizes 
with the cryogenic surfaces, but the rotational distribution remains 
separated between the para and ortho states, thus preserving the 
normal (1:3 ratio) para:ortho distribution. This sets the initial condi-
tions for our measurement, that is, 0.25 and 0.75 fractions of H2 occupy 

the j = 0 (para-H2) and j = 1 (ortho-H2) states, respectively; see the blue 
and red curves at t = 0 in Fig. 3d. The blue curve comes directly from 
our measurement of the spectral line area, and the red curve comes 
from the condition that the total number of H2 molecules in the cav-
ity is fixed. The temperature at which the conversion was measured 
(6.7 K) is much lower than the energy (divided by kB) of the j = 1 state 
(170.5 K); hence, the remaining ortho population (after isomer ther-
malization) is negligible, and the para and ortho fractions converge 
asymptomatically to 1 and 0, respectively. The ortho-to-para conver-
sion time measured in this work (the 1/e decay time) is 32.4(1.1) h. 
The conversion time of approximately 50 h from the literature54 indi-
cates that the residual magnetic properties of the components used 
to construct the cryogenic vacuum chamber and the optical cavity 
slightly enhanced the ortho-to-para conversion. Determining the 
ortho-to-para conversion rate for the specific combination of the 
geometry and material composition of our chamber is necessary for 
the optical metrology of pressure and concentration and for measur-
ing the phase diagram demonstrated in ‘Realization of the primary SI 
units at deep cryogenic temperatures’ and ‘Hydrogen phase diagram’. 
To determine the ortho-to-para conversion rate for a given material, 
one would need to introduce into the cryogenic chamber a material 
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Fig. 3 | Examples of demonstrated applications of the cryogenic cavity-
enhanced spectrometer. a, Accurate test of QED for molecules. Left: difference 
Δν0 between the position of the 1 - 0 S(0) line of H2 as a function of pressure popt 
(black points) and its extrapolation to the zero-pressure limit (grey line). The red 
and blue lines are the simulations of the line at the same H2 concentration but 
different temperatures, which illustrate the metrological gain due to operation 
in the deep cryogenic regime. Inset: the α and ν axes set the coordinate frame 
for the red and blue curves. Right: difference Δν0 between ν0 determined in 
this work (marked with the horizontal dashed line) compared with previous 
experimental results37,58–61 and the most recent theoretical value35. The better 
than 1-MHz agreement of Fink61 with our result is incidental; ref. 61 does not 
report uncertainty, but based on our knowledge of the experimental techniques 
available at that time, we estimate that their accuracy is not better than that of 
Bragg37. b, Optical realization of SI units in the deep cryogenic regime. Topt and 
nopt are the optically determined temperature (left-hand panel) and amount of 
substance per volume (right-hand panel), respectively, whereas Tref and nref are 

the same quantities simultaneously measured with independent techniques.  
The dashed lines indicate the expected ideal equivalences between the optical 
and reference measurements. Insets: ΓD and A are the Doppler broadening and 
line area, respectively. c, Measured H2 phase diagram. The black points are the 
results obtained in this work with the fully optical approach. The red lines are 
from ref. 45. d, Ortho-to-para H2 spin-isomer conversion on copper surfaces. The 
blue and red colours correspond, respectively, to the ortho and para symmetries 
of the nuclear wavefunction Ψnuc. The ortho-to-para conversion time measured 
in this work (the 1/e decay time) is denoted as τ. The blue line comes directly from 
our measurement, whereas the red line is determined based on the condition 
that the total number of molecules inside the cavity is fixed. The error bars in all 
the panels represent the 1σ standard combined uncertainties containing both 
statistical and systematic contributions. The lack of error bars in all the panels 
means that the uncertainties are too small to be visible at this scale, except for the 
first three points in the right-hand plot in a, for which the uncertainties are large 
but are not reported in refs. 58–61.
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sample with a well-defined geometry and measure the deviation from 
the nominal decay time.

Future perspectives
There are many directions for further development of the instru-
ment. One direction is the implementation of the frequency-agile, 
rapid-scanning spectroscopy technique10, which will improve the 
signal-to-noise ratio of the measured spectra and further reduce 
systematic instrumental errors6. Another direction is to implement 
purely frequency-based spectroscopic methods11, which would further 
reduce systematic instrumental errors and extend the dynamic range 
to higher pressures, which would be particularly beneficial for access-
ing the H2 triple point. We also plan to benefit from the high power of 
the laser (the 3-W idler beam), which, together with the high finesse of 
the cavity, makes saturation of the H2 ro-vibrational lines and working 
in the Doppler-free regime feasible, as the cryogenic environment is 
beneficial (compared with room temperature), owing to the larger 
peak absorption, longer time of flight through the laser beam and bet-
ter control of the H2 pressure down to below millipascals, with all the 
other species perfectly frozen out.

This experimental platform opens a way to address many other 
challenges in various fields, such as accurate measurements of weakly 
bound molecular complexes, spectroscopy of buffer-cooled complex 
molecules (whose spectra are difficult to resolve at elevated tempera-
tures), acquisition of reference spectroscopic data for astrophysical 
applications and studies of the collisional effects at few-wavenumber 
collision energies.
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Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
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Methods
Cryogenic cavity design and the laser system
The large cryogenic vacuum chamber (with a length of 79 cm), whose 
temperature can be controlled down to 4 K, lies at the heart of the 
set-up; see the thick yellow layer in Fig. 1. The cryogenic vacuum cham-
ber is independent of the outer room-temperature vacuum chamber 
(the grey layers in Fig. 1), which allows us to fill the cryogenic chamber 
with a gas sample without introducing convection heat leaks between 
the cryogenic layers and the outer room-temperature chamber. The 
cryogenic high-finesse optical cavity (the thick brown cylinder with 
white mirrors at the ends in Fig. 1) is installed inside the cryogenic 
vacuum chamber. Both the cavity spacer and the cryogenic vacuum 
chamber are made of high-purity copper and annealed after machining 
to ensure high thermal conductivity and, hence, excellent temperature 
uniformity. Based on the thermal properties of the materials used in our 
set-up and the known heat loads and sinks, we estimated the tempera-
ture inhomogeneity inside the cavity spacer to be less than 1 mK. The 
exceptions are the central spots on the surfaces of the mirrors, which 
in the present configuration are heated by the laser to approximately 
13 mK above the other surfaces. This inhomogeneity influences only 
approximately 1% of the molecules. Hence, its influence on the opti-
cally determined temperature is smaller than 1 mK, which is negligible 
compared with the total combined uncertainty for Topt; see the Topt row 
in Table 1. For future developments, the temperature inhomogeneity 
along the mirror surfaces will be further reduced (by many orders of 
magnitude) by using sapphire mirror substrates whose thermal con-
ductivity is many orders of magnitude larger than those of fused silica.

The system can operate at any temperature in the range from 4 K 
to 300 K. For the first measurement campaign (presented in this work), 
we operated in the most challenging temperature range, which is from 
4 K to 20 K. The set-up can be switched to higher temperatures by using 
thermal links (between the cryocooler and the cryogenic vacuum 
chamber) with lower thermal conductivity. We used a low-vibration 
two-stage cryocooler (PT420-RM, Cryomech) with 1.8 W of cooling 
power at 4.2 K.

The large masses of the cryogenic vacuum chamber and the ther-
mal shields (130 kg and 200 kg, respectively), which are suspended on 
thin titanium and stainless steel rods, respectively, together with the 
high flexibility of the thermal connectors considerably attenuate the  
noise and vibrations. We did not observe any negative influence of 
the cryocooler vibrations on the operation of the optical cavity. Fur-
thermore, we observed that the large mechanical inertia of the heavy 
components of the vacuum and cryogenic systems made the optical 
cavity much more immune to external perturbations than typical 
room-temperature cavity-enhanced spectrometers.

In contrast to the previous design of the mirror position actuator 
reported in ref. 31, we did not glue the mirrors to the copper holders 
but used stainless steel springs that mechanically press the mirrors 
against the holders (Fig. 1). When the mirrors are glued, the mismatch 
of the thermal expansion between the copper mirror holder and the 
mirror substrate material leads to misalignment of the cavity at low 
temperatures, which is not the case when springs are used. The mirrors 
(FiveNine Optics) have dielectric coatings deposited on Corning 7979 
(infrared grade) fused silica substrates. The CW seed laser operating 
at 1,064 nm and CW OPO are the TOPTICA CTL and TOPTICA TOPO, 
respectively. We removed all unwanted reflections from the optical 
elements that form (together with the cavity mirror) unwanted etal-
ons, as these would perturb the spectral baseline with a structure of 
sine fringes.

Reference temperature and pressure determination
The reference temperature Tref was measured with a commercial diode 
sensor (the DT-670 diode in the CU-HT package from Lake Shore Cryo-
tronics, calibrated in the range from 1.4 K to 325 K) and read by a cryo-
genic temperature monitor (model 218S from the same manufacturer). 

The sensor is mounted directly on the copper cavity spacer (the inner-
most brown cylinder in Fig. 1). The uncertainty of Tref varied from 20 mK 
at 4.9 K to 8 mK at 7.8 K (Table 1).

The reference pressure pref was determined by combining Tref and 
the p(T) curve from ref. 45:

p(T) = exp (9.2458 − 92.61/T)T2.3794, (3)

where p and T are given in pascals and kelvins, respectively. This 
approach works in the vapour pressure regime. Hence, pref is reported 
only for the highest pressure at 7.7 K in Table 1. The uncertainty of 
p(T) for the temperature range relevant here is not reported in ref. 45. 
Based on the uncertainties of the neighbouring temperature ranges, 
we estimated the uncertainty of pref as 50%. Having the reference tem-
perature and pressure, we determined the reference amount of sub-
stance per unit volume nref and its uncertainty using the equation of 
state of a gas, which in the relevant low-pressure regime is the ideal 
gas equation.

Spectral simulations
Molecular hydrogen spectra are subjected to subtle collisional effects, 
such as the speed dependence of collisional broadening and shift and 
velocity-changing collisions that lead to notable Dicke narrowing62,63.

To account for these phenomena, all spectral simulations 
and analyses in this work use the speed-dependent hard-collision 
(SDHC) profile55,56:

ISDHC(ν) = Re [
̃I∗SDV(ν)

1 − (νropt + iνiopt)π ̃I∗SDV(ν)
] , (4)

where ̃I∗SDV(ν) is a complex speed-dependent Voigt profile:

̃I∗SDV(ν) =
1
π
∫d3v fm(v)

× 1
Γ(v) + iΔ(v) + νropt + iνiopt − i(ν − ν0 − νDvz/vm)

.
(5)

Here vz is the z component of the velocity v of an active molecule and 
fm(v) = (√πvm)

−3
e−(v/vm)

2
 is the Maxwellian velocity distribution, with 

vm = √2kBT/m  being the most probable speed of the absorbing  
molecule with mass m at temperature T.

The SDHC profile accounts for Doppler broadening through νD = 
ν0vm/c, which is related to the half-width at half-maximum of the Doppler 
profile through ΓD = √ln2νD. The profile is further defined by four col-
lisional parameters: the Lorentzian half-width at half-maximum and 
shift (Γ(v) and Δ (v)), which depend on the speed of the absorbing mol-
ecule, and the real and imaginary parts of the complex Dicke parameter 
(νropt and νiopt), which quantify the effects of velocity-changing collisions.

The ‘hard-collision’ component of SDHC assumes that any 
velocity-changing collision results in complete thermalization of the 
molecular velocity, regardless of its pre-collisional state64,65. Although 
sufficient for many systems, this approximation fails to capture the 
full dynamics of molecular hydrogen, which exhibits strong Dicke 
narrowing63. To account for this, we incorporated a simple analytical 
correction to SDHC that mimics the behaviour of a more physically 
justified description of the velocity-changing collisions57. The correc-
tion is made by replacing νropt in equations (4) and (5) with βα(χ)νropt, 
where βα(χ) is an analytical function of the absorber-to-perturber mass 
ratio, α (here α = 1), and the narrowing parameter, χ = νropt/ΓD  (see  
ref. 57 for details). The final model used in the analysis is, therefore, the 
β-corrected SDHC.

A key advantage of this model is that its parameters can be deter-
mined from first principles by connecting them to energy-dependent 
generalized spectroscopic cross sections σq

λ
(Ekin) (refs. 66,67). These 

relations are56,68
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Γ (v) + iΔ(v) = 1
2πc

p

kBT

2
√π ̄vpv

×
∞

∫
0

v2r e
−
v2 + v2r

v2p sinh 2vvr
̄v2p

σ20(vr)dvr,

νropt + iνiopt =
1
2πc

p⟨vr⟩
2kBT

×
∞

∫
0

xe−x [23 xσ
2
1 (xkBT) − σ20(xkBT)] dx.

(6)

Here p is the pressure, vr is the relative speed of the colliding molecules, 
〈vr〉 is its mean value at temperature T, ̄vp is the most probable speed of 
the perturber distribution (in the self-perturbed case ̄vp = vm), Ekin = μv2r /2 
is the relative collision energy, μ is the reduced mass of the colliding 
system and the integration variable is x = Ekin/kBT. The cross-sectional 
superscripts denote the rank of the transition (q = 2 for the S(0) quadru-
pole line), and the subscripts the type of cross section (λ = 0 for pressure 
broadening and shift and λ = 1 for the Dicke cross section). We determined 
the generalized cross sections from scattering S-matrix elements 
obtained from our quantum-scattering calculations66,67,69.

In this work, we computed the reference collisional line-shape 
parameters for the self-perturbed 1 - 0 S(0) transition in H2. We used the 
state-of-the-art six-dimensional (6D) H2–H2 potential energy surface 
(PES), which explicitly incorporates the dependence of the interac-
tion energy on the bond lengths of the two molecules17. The 6D PES is 
expanded in bispherical harmonics and averaged over the wavefunc-
tions of the isolated monomers (see equations (B.1)–(B.3) in ref. 17). 
Unlike our previous work on the room-temperature self-perturbed 
2 - 0 P(3) transition11, which uses the same PES, here we perform full 
6D quantum-scattering calculations, that is, we retain all possible 
combinations of coupling terms that enter equation (B.3) in ref. 17, 
including the full centrifugal distortion of the PES and vibrational 
coupling. Such a comprehensive treatment is crucial for realizing an 
accurate description of the collision dynamics at cryogenic conditions 
for two primary reasons. First, it correctly captures the resonant and 
near-resonant exchange of vibrational and rotational quanta between 
colliding partners70,71. Second, it allows for accurate modelling of quan-
tum interference effects that arise from the indistinguishability of col-
liding molecules; these become particularly prominent at low energies, 
where only a few partial waves contribute to scattering72.

The explicit treatment of quantum indistinguishability in line- 
shape calculations has received little attention73–75. For self-perturbation,  
the colliding molecules are identical, meaning that resonant and inter-
ference contributions must be included along with the standard formu-
las for the generalized cross sections. For the 1 - 0 S(0) line considered 
in this work, S-matrix elements that couple the v = 0 and v = 1 vibrational 
levels are needed, making a full 6D calculation essential. This work fully 
accounts for quantum indistinguishability in the ab initio calculation 
of the spectral line shape.

The coupled-channel equations were solved using the renormal-
ized Numerov method76 implemented in our in-house BIGOS code77,78. 
To ensure convergence of the thermal averages in equation (6), calcula-
tions were performed on a dense grid of collision energies spanning 
nine orders of magnitude (from 10−6 cm−1 to 3 × 103 cm−1). The radial 
propagation extended from 2.5a0 to 100a0, with a0 being the Bohr 
radius. The channel basis set involved rotational levels j = 0, 2 and 4 for 
both the v = 0 and v = 1 vibrational manifolds, which was sufficient to 
converge the cross sections to within 1% in the relevant energy range.

Spectral analysis
In this work, we acquired the H2 spectra at five temperatures from 4.9 K 
to 7.8 K in the vapour pressure regime, which correspond to pressures 

from 4.68 mPa to 10.8 Pa (Table 1). At the highest temperature, T = 7.8 K, 
we acquired the spectra also at two lower pressures, 1 Pa and 3.8 Pa, 
which we used to extrapolate the position of the 1 - 0 S(0) H2 line to the 
zero-pressure limit. To increase the signal-to-noise ratio, we repeated 
the scans many times at each pressure–temperature point (Table 1).

The black points in Fig. 3a demonstrate the dependence of the 
line position on pressure. They were determined by performing a 
single-pressure fit of the β-corrected SDHC profile to the experimental 
spectra. The grey line is a linear extrapolation to the zero-pressure limit, 
ν0. It turns out, however, that ν0 can be more accurately determined 
when all the spectra at all the pressures are fitted simultaneously, with 
the constraint that the collision-induced shift and line-shape param-
eters are linear in pressure. Furthermore, to reduce the systematic 
uncertainties originating from numerical correlations between ν0 and 
the line-shift and line-shape parameters, we fixed the line-shape param-
eters to their theoretical ab initio values11. Following ref. 6, to estimate 
the systematic uncertainties related to the description of the shape of 
the measured line, we repeated all the fits but changed the values of the 
ab initio line-shape parameters by a conservative amount of 10%, which 
resulted in a line-shape contribution to the ν0 uncertainty of 6 kHz. The 
statistical contribution (1σ) to the uncertainty of ν0 is 15 kHz. Other 
components of the uncertainty budget are negligible at this level. The 
standard combined uncertainty for ν0 is 16 kHz.

The amount of substance per unit volume
Equation (2) is valid for the quadrupole electric transitions, such as the 
case considered in this work, the 1 - 0 S(0) transition. In this case, the 
theoretical dimensionless ξ factor is given by ξ = (|Qeg|/ea20)

2
. Here Qeg 

denotes the quadrupole moment function of the ground electronic 
1Σ+g  state of H2, Q(r) (ref. 44), averaged over the wavefunctions of the 
ground χg(r) and excited χe(r) ro-vibrational states of H2:

Qeg = ∫dr χg(r)Q(r)χe(r), (7)

where r is the internuclear distance in H2, and e and a0 denote the ele-
mentary charge and Bohr radius, respectively.

For electric dipole lines (important for the HD isotopologue), 
equation (2) takes the form:

n = 3
4π2 (

c2

NAℏ2
) (

αm2
e

ν0
) ξ−1A, (8)

with the dimensionless theoretical factor ξ = (|deg|/ea0)
2 . Here deg 

denotes the dipole moment function of the ground electronic 1Σ+ state 
of HD, d(r), averaged over the wavefunctions of the ground and excited 
ro-vibrational states of HD, as in equation (7).

H2 phase diagram
In this work, we improved the p(T) curve from ref. 45 by using our opti-
cally measured (p, T) points from the H2 phase diagram, the black points 
from Fig. 3c. We fitted the three numerical parameters from equation (3)  
to a combined set of the old (p, T) points used in ref. 45 and our much 
more accurate (p, T) points reported in this work, resulting in

p(T) = exp (9.5830 − 92.17/T)T2.2666. (9)

This p(T) curve is considerably more accurate than the one from ref. 45, 
especially in the 4.9 K to 7.7 K temperature range, where the 50% esti-
mated accuracy of equation (3) is improved to below 1% for equation (9).

Data availability
The data that support the plots within this paper and other findings 
of this study are publicly available in the Repository for Open Data79. 
Source data are available with this paper.
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