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Abstract

We demonstrate cryogenic buffer-gas cooling of gas-phase methyltrioxorhenium (MTO). This
molecule is closely related to chiral organometallic molecules where the parity-violating energy
differences between enantiomers is measurable. The molecules are produced with a rotational
temperature of approximately 6 K by laser ablation of an MTO pellet inside a cryogenic helium buffer
gas cell. Facilitated by the low temperature, we demonstrate absorption spectroscopy of the 10.2 yum
antisymmetric Re=0 stretching mode of MTO with a resolution of 8 MHz and a frequency accuracy
of 30 MHz. We partially resolve the hyperfine structure and measure the nuclear quadrupole coupling
of the excited vibrational state. Our ability to produce dense samples of complex molecules of this type
atlow temperatures represents a key step towards a precision measurement of parity violation in a
chiral species.

1. Introduction

There is a demand for precise spectroscopy of increasingly complex molecules. Precise knowledge of molecular
constants is required for modeling our atmosphere [1, 2], interpreting astrophysical and planetary spectra [3],
studying collision physics [4, 5], and testing fundamental physics, including tests of fundamental symmetries
[6-10], and measurements of fundamental constants [11, 12] and their possible variation [13—16].

One such test is the measurement of energy differences between chiral enantiomers induced by parity
violation, an idea that dates back to the 1970s [17, 18]. A precise measurement could contribute to the
determination of several parameters of the standard model of particle physics [ 19], calibrate relativistic quantum
chemistry calculations [20, 21], and shed light on the question of biomolecular homochirality [22]. We are
constructing a Ramsey interferometer to compare the vibrational frequencies of the two enantiomers of a chiral
molecule [8, 20]. For this work, a cold, slow-moving, intense beam of these molecules is desirable to increase the
resolution and statistical precision, and to reduce systematic uncertainties relating to the beam velocity. Buffer-
gas-cooled beams can provide the low temperature, low speed, and high intensity needed [23, 24].

To form a buffer-gas-cooled beam, hot molecules are introduced into a cell cooled to ~4 K, where they cool
through collisions with helium gas and then flow out of an exit hole. Various methods have been demonstrated
for loading molecules into the cell, including capillary injection [25], direct loading from an oven or beam [26],
and laser ablation [23, 27, 28]. The methods were first developed for diatomic molecules, but more recently
buffer-gas cooling of more complex molecules has been demonstrated. Organic molecules with high volatility
have been introduced via direct gas flow [29] or from an oven or beam [30-34]. Various spectroscopic
techniques have been applied to these cooled molecules, taking advantage of the narrow linewidths, larger
signals and simplified spectra that result from the cooling. These include Fourier transform microwave
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Figure 1. The experimental setup. QCL: quantum cascade laser. MTO: methyltrioxorhenium pellet.

spectroscopy [26, 30—32], visible and ultra-violet light induced fluorescence [29, 33], cavity ring-down
spectroscopy around 1.5 gm [35], and cavity-enhanced frequency comb spectroscopy around 3 pm [34]. These
techniques have enabled the exploration of atom—molecule and molecule-molecule collisions [29, 30, 33, 34],
measurements of rotational and vibrational relaxation cross-sections at low temperature [30], the elucidation of
rovibrational structures and determination of molecular parameters [34], and the demonstration of a novel
chiral analysis method for measuring enantiomeric excess [31, 32].

Here, we report the buffer-gas cooling of the first organo-metallic species, methyltrioxorhenium (MTO,
CH;Re03), a far less volatile polyatomic molecule and an achiral precursor of molecules of interest for parity
violation measurements in chiral molecules [36]. We report a number of advances. (1) We extend buffer-gas
cooling to a new class of molecules, and we introduce them into the cell by laser ablation, previously used only
for diatomic molecules. We show that this species survives the ablation process and that the translational and
rotational degrees of freedom cool efficiently through collisions with helium. MTO can also be brought into the
gas phase by heating, but many other polyatomic molecules have little vapour pressure at easily accessible
temperatures, so the ability to introduce them by laser ablation is important. (2) We demonstrate the first precise
spectroscopic measurements of buffer-gas-cooled molecules in the mid-infrared region around 10 pm,
obtaining rotational and hyperfine-resolved absorption spectra in the Re=O stretching region of MTO. This
demonstrates the potential for very high resolution spectroscopic measurements of these cooled molecules in
the fingerprint region, at ro-vibrational temperatures that allow for unambiguous assignment of transitions.

(3) We determine the nuclear quadrupole coupling of the excited vibrational state, which is unprecedented for
such a complex molecule. Together, these advances demonstrate some of the methods needed for a
measurement of parity violation in chiral molecules. We note that MTO has also recently been injected into a
buffer-gas cell from a heated pulsed valve, and that broadband Fourier transform microwave spectroscopy of
these cooled molecules was performed [37]. We also note the recent high-resolution microwave spectroscopy of
a chiral oxorhenium compound [38] which is complementary to the vibrational spectroscopy technique

used here.

2. Apparatus

The experimental setup is shown schematically in figure 1. The cryogenic apparatus [28] consists of a closed
copper cell with a cubic internal void of 30 mm side length attached to the cold stage of a closed-cycle cryocooler.
The cell has a measured temperature of 6 K. Windows are indium-sealed onto three sides of the cell to provide
optical access, and a narrow tube fills the cell with helium gas. We find that the ablation process (see below) alters
the pressure in the cell. During operation, the pressure measured at the room-temperature end of the tube is

1 x 1072 mbar, which corresponds to a time-averaged helium density inside the cell of approximately

4 x 10" cm . The cell is surrounded by aluminium radiation shields at a temperature of about 40 K, and is
housed in a vacuum chamber ata pressure of 4 x 1077 mbar.

Inside the cell, mounted on one face, is a pellet made from 98% purity MTO (Strem Chemical Inc.) that has
been ground in a mortar, mixed with a few percent of graphite to help make it opaque at 1064 nm, and then
pressed for several minutes in a 2 ton pneumatic press. MTO molecules are injected into the cell by ablating this
pellet with pulses of light from a Nd:YAG laser with wavelength 1064 nm, energy 30 mJ, duration 8 ns, and spot
size ~ 150 pm. These molecules thermalize with the helium buffer gas and are detected by laser absorption
spectroscopy of the Re=0 antisymmetric stretching mode at about 976 cm ~!. The probe laser is a free-running
continuous-wave single-mode distributed-feedback quantum cascade laser (QCL) with an estimated linewidth
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Figure 2. Laser absorption in the cell as a function of time after the ablation pulse, which defines t = 0. Average of 25 consecutive
shots.

ofabout 1 MHzat 1 s (which is the typical timescale for a measurement at a single frequency; see later). When
cooled to 263 K it delivers about 40 mW oflightat ~10.25 gm. About 1 W of this light, in a beam with a
diameter of ~3 mm, is sent through the cell via Zn:Se windows mounted on stand off tubes to minimize
contamination by ablated material. The transmitted power is measured on a liquid nitrogen cooled HgCdTe
detector. The laser frequency can be changed by stepping the supply current. The relative frequency is
monitored by measuring the intensity transmitted through one of a pair of temperature-stabilized solid
germanium etalons with free spectral ranges of 1450 and 490 MHz. Absolute laser frequencies are determined by
measuring the transmission through a pair of reference cells containing methanol and ethene respectively ata
pressure of approximately 3 mbar. The absorption line frequencies of these species are listed in the HITRAN
database [39, 40].

3. Results

In each ‘shot’ of the experiment the probe laser has a fixed frequency and the intensities transmitted through the
cryogenic cell, the etalon and the reference gas cells are recorded as a function of time ¢ for 10 ms after an ablation
pulse. Figure 2 shows MTO absorption as a function of time, averaged over 25 successive shots. With the laser on
resonance with a strong transition, and under optimized conditions, we see a rapid rise in absorption to a peak of
afew percent followed by a slower, roughly exponential, decay. This decay is due to diffusion to the cell walls,
and the timescale of a few milliseconds is similar to that of diatomic molecules produced by laser ablation in
similar-sized cells [23, 27, 41]. The peak absorption amplitude is relatively constant between successive shots but
decreases slightly over a few minutes, which we attribute to a gradual reduction in ablation efficiency caused by
modification of the pellet surface by the ablation process. The decay time of the absorption signal decreases
much more significantly over this time, which we suggest is the result of changing helium density inside the
cell—we observe that the MTO pellet adsorbs helium at low temperatures and speculate that a diminishing
amount of this is liberated by successive ablation pulses.

At each laser frequency we average the data from 25 shots of the experiment. By using a repetition rate of
12.5 Hz, phase-locked to the 50 Hz mains frequency, we suppress electronic noise and ensure that the shots are
equally sampled over the vibrations induced by the 1 Hz mechanical motion of the cryocooler. In the time-
dependent absorption profiles such as the one in figure 2, we find that the peak absorption is more stable than the
integrated absorption, and that the baseline varies greatly between shots primarily due to fringing effects caused
by the windows which vibrate with the cooler. For these reasons, we determine the absorption at a given laser
frequency by taking the standard deviation of the ordinate values in the averaged absorption signal.

Spectra are obtained by linearly stepping the laser current, Incp, recording the 25 shots at each frequency. At
regular intervals we carry out wide scans covering up to 10 GHz to reconstruct a frequency scale. We divide up
the etalon transmission signal into sections, typically 1-2 fringes wide, and fit Airy functions A [ f (Inc)] to each
section, where f (Iqcr) is a polynomial function. These fits establish the relationship between Icy, and the
relative frequency, giving a linear frequency scale with a relative uncertainty of a few MHz. These wide scans
include a number of absorption lines from the reference cells which we use to establish the absolute frequency
with an accuracy of about 30 MHz. The accuracy and the relative uncertainty of the frequency scale are mainly
limited by residual long-term thermal drifts of the etalon length which can be reduced with an improved
temperature stabilization. We use this periodically recalibrated frequency scale to carry out high-resolution
scans over smaller regions that contain specific MTO absorption features of interest.
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Figure 3. Linear absorption spectrum of the Q branch of the antisymmetric Re=O stretching mode of the '*”Re isotopologue of MTO.
The height of the central peak corresponds to a few percent of absorption. The dashed (red) curve is a fit to the data (see text) from
which a rotational temperature of 6 & 3 Kisinferred. Transitions are labeled using the notation AKQ(J, K), and lines corresponding
to different values of ] are unresolved.
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Figure 4. Linear absorption spectra in the P branch of the antisymmetric Re=0 stretching mode of both MTO isotopologues. The
highest peaks correspond to a few percent absorption. The observed lines are labeled with transition assignment/rhenium atomic
mass number. The dashed (red) curve is a fit to the data that takes into account the hyperfine structure in the lower and upper
vibrational levels of the 187 isotoplogue. The bar spectrum indicates the positions and relative intensities of the fitted hyperfine
components. The model spectrum does not include the 185 isotopologue, for which the hyperfine structure is not sufficiently
resolved.

Figure 3 shows an example spectrum. The observed structure corresponds to the rovibrational contour of
the Qbranch of the 1, antisymmetric Re=O stretching mode [42] of the '*’Re isotopologue of MTO centered
around 976 cm ™', Near its centre, this 1, perpendicular band consists of a series of "Q(J, K ) and *Q(J, K)
branches for which Kis fixed. In this notation, K is the quantum number for the projection of the total orbital
angular momentum onto the molecular symmetry axis, and the superscripts P and R refer to transitions with
AK = —1land AK = +1respectively. Each branch is composed of a number of lines which are unresolved in
the spectrum shown, each corresponding to a different value of J (the total orbital angular momentum quantum
number), with J > K. The figure also shows a fit of the data to a model calculated using a bar spectrum
convolved with Lorentzian profiles. In this model, the line centers and intensities are found from an analysis of
this vibrational mode of MTO that combines microwave, millimeter-wave and infrared data, as well as the data
presented in this paper [43]. We use PGOPHER [44] to simulate spectra and fit the overall shape of the
experimental data. Once the line centers and relative intensities are fixed, the remaining free parameters are a
vertical scaling, the rotational temperature, T;,, and the width of the individual Lorentzian profiles. We find
Trot = 6 = 3 K. Here, the uncertainty is dominated by a correlation between the vertical scaling factor and T,
and it is determined from the deviation in T, values found after various modifications in the fitting procedure
(choice of initial parameter guesses, convolution with a Lorentzian or a Gaussian). Spectra acquired in various
time windows following ablation indicate that T;, has reached its final value within 440 ys.

Further to the red of the Q branch, several Plines of both the '*°Re and '*"Re isotopologues of MTO were
also probed. Figure 4 shows four of these spectra exhibiting both Pp(J, K)and ®P(J, K) lines. Here, the splitting in
Jis far bigger, and isolated rovibrational lines can thus be observed. Using these data, we measure the absolute
frequencies of a number of transitions, as listed in table 1. The quantum number assignments are determined
with the help of data from Asselin et al [43]. In the data shown in figure 4, we resolve neighbouring rovibrational
lines of the "*’Re and '*"Re isotopologues of MTO. The observed relative line intensities are consistent with the
natural isotopic abundances, allowing unambiguous assignments. This improves on two previous spectroscopic
studies of supersonic jet-cooled MTO where the resolutions were 150 MHz (Fourier transform infrared
spectroscopy [42]) and 120 MHz (laser absorption spectroscopy [43]). Thus, our data improves the accuracy of
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Table 1. Centre frequencies of assigned rovibrational
lines. The isotopologue is identified by the rhenium
atomic mass number. Unresolved lines are assigned
the same frequency. The 30 MHz uncertainty on
transition frequencies is dominated by the long term
drift of the reference etalon (see text).

Transition Isotopologue Frequency (THz)

P9, 6) 185 29.219696(30)

Pp(6, 3) 187 29.219788(30)

Pp9,9) 185 29.221909(30)

Pp(6, 6) 187 29.222026(30)

Rp(8,0) 185 29.222090(30)

Rp(5,0) 187

> 29.224478(30)
P(8,3) 185

Pp(s, 8) 185 29.228220(30)

Pp(s, 5) 187 29.228315(30)

Rp(4,0) 187

> 29.231475(30)
P(7,3) 185

Pp7,7) 185 29.234375(30)

Pp(4, 4) 187 29.234450(30)

some of the spectroscopic constants when used in a combined analysis with other datasets at various resolutions
[43]. Here, we focus on an analysis of the hyperfine structure, which is partially resolved in our spectra.

The hyperfine structure is dominated by the interaction between the rhenium nuclear quadrupole moment
and the gradient of the electric field at the nucleus. The spin-rotation interaction between the magnetic field
induced by the molecular rotation and the magnetic moment of the rhenium nucleus is much smaller, but large
enough that we include it in our analysis [42, 43]. Smaller magnetic hyperfine structure resulting from the spins
of hydrogen nuclei can be neglected. We also neglect matrix elements of the electric quadrupole Hamiltonian
that are off-diagonal in ], since their inclusion shifts the transition hyperfine components by less than 170 kHz.

Both rhenium isotopes have nuclear spin I = 5/2, so each of the rovibrational levels corresponding to the
transitions in figure 4 is split into six F components, where Fis the quantum number of the operator F = J + 1.
The electric quadrupole interaction of vibrational state v is characterized by the quadrupole coupling constant
eQq’. For asymmetric top like MTO, the first-order energy shift is [45]

2
AEy = eQq'|3——— — 1|f U, L, F),
¢ qu( JU+ 1 ]f(] )
where
fU,I,F) = 0.75C(C+ 1) -Id+DJJ+ D
2020 - DT~ D@ + 3)
and

C=FF+D—-Id+1)—-JU+D.

The centrifugal distortion induced modification of the electric field gradient leads to a dependence of the
quadrupole coupling constant on Jand K [46]

eQq’ = eQq) + eQqJ*J(UJ + 1) — K?).

The energy shift due to the nuclear spin-rotation magnetic interaction in the vibrational state v is characterized
by the spin-rotation parameters C,, and C};, (because of the Cs, symmetry of MTO, Cy, = CY)and is given by
[45]
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KZ
AEg = | Cpp + (Cy — Cy )—)C.
SR [ bb bb)7 J+ D
The experimental spectra of the "P(6, 3), *P(6, 6), " P(5, 5) and *P(4, 4) lines of the '*’Re MTO isotopologue
displayed in figure 4 have been fitted by a bar spectrum convolved with Lorentzian profiles. Each of these
transitions has six strong AF = AJ = —1hyperfine components and nine weaker AF = 0, +1 components.
Their relative intensities, proportional to the square of the dipole moment matrix elements, are [47]

]1 Fl I 2
2F' 4+ 1)(2F° + 1 ,
QF + DQF + ){FO 1 1}

where F¥ and J" are the quantum numbers in the lower (v = 0) and upper (v = 1) states. There are two sets of
constants eQq,, eQqJ”, C,, and Cp), for thelower (v = 0) and the upper (v = 1) rovibrational levels. Those in
v = 0 are fixed to the values extracted primarily from microwave and millimeter-wave spectroscopy [43]. The
spin-rotation parameters in the excited state are too small for us to determine and so we fix them to their values
inv=0(CL = C2and Cl, = G). The centrifugal distortion parameter in the excited state, eQqJ", is also too
small to determine, and we set it to zero. This leaves only the excited state quadrupole coupling constant

eQq' = qu(; which we float in the fitting procedure. Other adjustable parameters were, for each rovibrational
line, the baseline offset, and the central frequency and width (identical for all the hyperfine components of a
given line) of the Lorentzian. The four lines are fitted together as a single data set to obtain the best estimate of
eQq'. In these fits, we assign identical error bars to each point of a spectrum, deduced from the standard
deviation of values measured in spectral regions where no signal is present.

Figure 4 shows the satisfactory agreement between the data and the fit. Note that the additional lines in
figure 4 are signals from the '**Re isotopologue and are irrelevant to this discussion. We obtain eQq' = 716(3)
MHz, to be compared to eQq° = 716.573(3) MHz in the ground vibrational state [43], and conclude that there
is little variation of the quadrupole coupling constant with vibrational quantum number. We compare these
results to those of ammonia, one of the few species whose hyperfine structure is known in both the ground and
excited vibrational states. The eQq parameter depends on the product of the nuclear electric quadrupole
moment and the electric field gradient at the nucleus. The value of eQq in ammonia is a factor of 160 smaller than
in MTO [48, 49]. The quadrupole moment of the '*N nucleus is about 100 times smaller than that of the '**Re or
'¥7Re nuclei. Thus, the difference in the eQq parameters can be attributed mainly to the difference in quadrupole
moments, implying that the electric field gradient at the N nucleus of ammonia is very similar to the field
gradient at the Re nucleus of MTO. In ammonia, there is a 1%—10% variation of eQq depending on the
vibrational state considered [48, 49]. In MTO, eQq is the same to within 0.4% in the two vibrational states we
studied, showing that the electric field gradient at the Re nucleus is the same for the two vibrational states at this
level of accuracy. Its variation is in fact calculated to be about 0.5% [50], at the level of our experimental
uncertainty. Note that the parameter uncertainty on eQq' reported by the fitting procedure is 1 MHz. We
estimate a more conservative uncertainty from the range of values obtained after various modifications in the
fitting procedure, including convolution with a Lorentzian or a Gaussian, fits with single or multiple spectra of
the same line, and fits of only three among the four groups of lines.

From our fit, the full width at half maximum of individual hyperfine components is found tobe 8 = 2 MHz.
This linewidth is a combination of the Doppler width, residual laser frequency fluctuations, and collisional
broadening. The helium pressure and the He-MTO collision cross-section are not well known in this regime and
so the contribution from collisional broadening is difficult to estimate. We have observed that laser ablation of
pressed powder targets can liberate enough helium from the target to significantly alter the pressure in the cell,
and so the transient helium density following an ablation shot can be considerably larger than the time-averaged
density. For this reason, the helium pressure is particularly difficult to control. The laser linewidth is 1 MHz at
1 s, but the spectra take much longer to record than this. The uncertainty in the relative frequency scale,
determined using the data from the reference cells and the etalon, is typically a few MHz, and so probably makes
asignificant contribution to the observed linewidth. Based on previous measurements on buffer gas cooled
diatomic molecules, it is unlikely that the translational temperature could be higher than the rotational
temperature. Since the rotational temperature is consistent with the measured cell temperature, it is likely that
the translation temperature is also around 6 K. In this case, the Doppler broadening contributes around 3 MHz
to the measured linewidth.

4, Conclusion

We have demonstrated the vibrational spectroscopy of an organometallic molecule cooled to low temperature in
ahelium buffer gas cell. The signal-to-noise ratio of our spectroscopy is similar to that of other techniques (jet-
cooled Fourier transform infrared [42] or laser absorption fast-scan [43] spectroscopy), but has a resolution 20
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times higher. This allows studies of hyperfine structure in the excited vibrational state, which is only known for a
few polyatomic species and is certainly unprecedented for such a complex molecule. Higher resolution could be
reached using saturated absorption spectroscopy in the buffer-gas cell once the QCL is stabilized to an ultra-
stable mid-infrared or near-infrared frequency reference as we recently demonstrated [51, 52]. Higher sensitivity
could also be reached by increasing the effective interaction length of the light and the molecular absorbers with
an enhancement cavity. Similar ~ 10 MHz resolution and accuracy have for instance recently been obtained with
an 8.44 pm QCL-based cavity ring-down spectrometer coupled to a heated supersonic expansion [53]. The
present study used molecules inside the buffer-gas cell where the molecular density is highest, and we are now
working to extract a beam from the cell. Our work is a first step towards producing an intense, slow-moving
beam of cold chiral molecules for measurements of parity violation.

Acknowledgments

The authors thank A Amy-Klein, P Asselin, C] Bordé C Chardonnet, C Daussy, EA Hinds and TR Huet for
fruitful discussions and L Letouzé for the early characterization of the QCL. In France, this work was supported
by ANR (under grants no ANR 2010 BLAN 724 3, no ANR-12-ASTR-0028-03 and no ANR-15-CE30-0005-01,
and through Labex First-TF ANR 10 LABX 48 01), Région Ile-de-France (DIM Nano-K), CNRS, Université Paris
13 and AS GRAM. In the UK, the work was supported by EPSRC under grant EP /1012044 /1. The work was
made possible through the International Exchanges Programme run jointly by the Royal Society and CNRS.

References

[1] Guinet M, Mondelain D, Janssen C and Camy-Peyret C 2010 Laser spectroscopic study of ozone in the 100 «— 000 band for the SWIFT
instrument J. Quant. Spectrosc. Radiat. Transfer 111 96172
[2] Harrison]J, Bernath P F and Kirchengast G 2011 Spectroscopic requirements for ACCURATE, a microwave and infrared-laser
occultation satellite mission J. Quant. Spectrosc. Radiat. Transfer 112 2347-54
[3] Coudert L H and Roueff E 2006 Linelists for NH3;, NH,D, ND,H, and ND; with quadrupole coupling hyperfine components Astron.
Astrophys. 449 855-9
[4] Hartmann J-M, Boulet C and Robert D 2008 Collisional Effects on Molecular Spectra: Laboratory Experiments and Models, Consequences
for Applications (Amsterdam: Elsevier)
[5] BuldyrevaJ, Lavrentieva N and Starikov V 2011 Collisional Line Broadening and Shifting of Atmospheric Gases (London: Imperial College
Press)
[6] Daussy C, Marrel T, Amy-Klein A, Nguyen C T, Bordé CJ and Chardonnet C 1999 Limit on the parity nonconserving energy difference
between the enantiomers of a chiral molecule by laser spectroscopy Phys. Rev. Lett. 83 1554—7
[7] Hudson ] J, KaraD M, Smallman I ], Sauer B E, Tarbutt M R and Hinds E A 2011 Improved measurement of the shape of the electron
Nature473 493
[8] Tokunaga SK, Stoeffler C, Auguste F, Shelkovnikov A, Daussy C, Amy-Klein A, Chardonnet C and Darquié B 2013 Probing weak force-
induced parity violation by high-resolution mid-infrared molecular spectroscopy Mol. Phys. 111 236373
[9] Baron ] etal2014 Order of magnitude smaller limit on the electric dipole moment of the electron Science 343 26972
[10] CahnSB, Ammon]J, KirilovE, Gurevich Y V, Murphree D, Paolino R, Rahmlow D A, Kozlov M G and DeMille D 2014 Zeeman-tuned
rotational level-crossing spectroscopy in a diatomic free radical Phys. Rev. Lett. 112 163002
[11] MejriS, Sow P L T, Kozlova O, Ayari C, Tokunaga S K, Chardonnet C, Briaudeau S, Darquié B, Rohart F and Daussy C 2015 Measuring
the Boltzmann constant by mid-infrared laser spectroscopy of ammonia Metrologia 52 S314
[12] Biesheuvel ], Karr J, Hilico L, Eikema K S E, Ubachs W and Koelemeij ] CJ 2016 Probing QED and fundamental constants through laser
spectroscopy of vibrational transitions in HD™ Nat. Commun. 7 10385
[13] Hudson E R, Lewandowski H J, Sawyer B C and Ye J 2006 Cold molecule spectroscopy for constraining the evolution of the fine
structure constant Phys. Rev. Lett. 96 143004
[14] Shelkovnikov A, Butcher RJ, Chardonnet C and Amy-Klein A 2008 Stability of the proton-to-electron mass ratio Phys. Rev. Lett. 100
150801
[15] Truppe S, Hendricks RJ, Tokunaga S K, Lewandowski H J, Kozlov M G, Henkel C, Hinds E A and Tarbutt M R 2013 A search for
varying fundamental constants using hertz-level frequency measurements of cold CH molecules Nat. Commun. 4 2600
[16] Jansen P, Bethlem H L and Ubachs W 2014 Perspective: tipping the scales: search for drifting constants from molecular spectra J. Chem.
Phys. 140 10901
[17] Rein D W 1974 Some remarks on parity violating effects of intramolecular interactions J. Mol. Evol. 4 15-22
[18] LetokhovV S 1975 Difference of energy-levels of left and right molecules due to weak interactions Phys. Lett. A 53 275—6
[19] Bouchiat M A and Bouchiat C C 1997 Parity violation in atoms Rep. Prog. Phys. 60 1351-96
[20] Darquié B et al 2010 Progress toward the first observation of parity violation in chiral molecules by high-resolution laser spectroscopy
Chirality 22 87084
[21] QuackM, Stohner J and Willeke M 2008 High-resolution spectroscopic studies and theory of parity violation in chiral molecules Annu.
Rev. Phys. Chem. 59 741-69
[22] Viedma Cand Cintas P 2011 On the chiral homogeneity of nature: from atoms to small molecules Isr. J. Chem. 51 997—1006
[23] Hutzler N R, Parsons M, Gurevich Y V, Hess P W, Petrik E, Spaun B, Vutha A C, DeMille D, Gabrielse G and Doyle J M 2011 A
cryogenic beam of refractory, chemically reactive molecules with expansion cooling Phys. Chem. Chem. Phys. 13 18976-85
[24] Hutzler N R, Lu HIand Doyle ] M 2012 The buffer gas beam: an intense, cold, and slow source for atoms and molecules Cherm. Rev. 112
4803-27
[25] Patterson D and Doyle ] M 2007 Bright, guided molecular beam with hydrodynamic enhancement J. Cher. Phys. 126 1-6
[26] Patterson D and Doyle ] M 2015 A slow, continuous beam of cold benzonitrile Phys. Chem. Chem. Phys. 17 5372—5



https://doi.org/10.1016/j.jqsrt.2010.01.011
https://doi.org/10.1016/j.jqsrt.2010.01.011
https://doi.org/10.1016/j.jqsrt.2010.01.011
https://doi.org/10.1016/j.jqsrt.2011.06.003
https://doi.org/10.1016/j.jqsrt.2011.06.003
https://doi.org/10.1016/j.jqsrt.2011.06.003
https://doi.org/10.1051/0004-6361:20054136
https://doi.org/10.1051/0004-6361:20054136
https://doi.org/10.1051/0004-6361:20054136
https://doi.org/10.1103/PhysRevLett.83.1554
https://doi.org/10.1103/PhysRevLett.83.1554
https://doi.org/10.1103/PhysRevLett.83.1554
https://doi.org/10.1038/nature10104
https://doi.org/10.1080/00268976.2013.821186
https://doi.org/10.1080/00268976.2013.821186
https://doi.org/10.1080/00268976.2013.821186
https://doi.org/10.1126/science.1248213
https://doi.org/10.1126/science.1248213
https://doi.org/10.1126/science.1248213
https://doi.org/10.1103/PhysRevLett.112.163002
https://doi.org/10.1088/0026-1394/52/5/S314
https://doi.org/10.1103/PhysRevLett.96.143004
https://doi.org/10.1103/PhysRevLett.100.150801
https://doi.org/10.1103/PhysRevLett.100.150801
https://doi.org/10.1038/ncomms3600
https://doi.org/10.1063/1.4853735
https://doi.org/10.1007/BF01732768
https://doi.org/10.1007/BF01732768
https://doi.org/10.1007/BF01732768
https://doi.org/10.1016/0375-9601(75)90064-X
https://doi.org/10.1016/0375-9601(75)90064-X
https://doi.org/10.1016/0375-9601(75)90064-X
https://doi.org/10.1088/0034-4885/60/11/004
https://doi.org/10.1088/0034-4885/60/11/004
https://doi.org/10.1088/0034-4885/60/11/004
https://doi.org/10.1002/chir.20911
https://doi.org/10.1002/chir.20911
https://doi.org/10.1002/chir.20911
https://doi.org/10.1146/annurev.physchem.58.032806.104511
https://doi.org/10.1146/annurev.physchem.58.032806.104511
https://doi.org/10.1146/annurev.physchem.58.032806.104511
https://doi.org/10.1002/ijch.201100031
https://doi.org/10.1002/ijch.201100031
https://doi.org/10.1002/ijch.201100031
https://doi.org/10.1039/c1cp20901a
https://doi.org/10.1039/c1cp20901a
https://doi.org/10.1039/c1cp20901a
https://doi.org/10.1021/cr200362u
https://doi.org/10.1021/cr200362u
https://doi.org/10.1021/cr200362u
https://doi.org/10.1021/cr200362u
https://doi.org/10.1063/1.2717178
https://doi.org/10.1063/1.2717178
https://doi.org/10.1063/1.2717178
https://doi.org/10.1039/C4CP03818E
https://doi.org/10.1039/C4CP03818E
https://doi.org/10.1039/C4CP03818E

10P Publishing

NewJ. Phys. 19 (2017) 053006 SK Tokunaga et al

[27] Barry] F, Shuman E Sand DeMille D 2011 A bright, slow cryogenic beam source for free radicals Phys. Chem. Chem. Phys. 13 18936

[28] Bulleid N E, Skoff SM, Hendricks R ], Sauer B E, Hinds E A and Tarbutt M R 2013 Characterization of a cryogenic beam source for
atoms and molecules Phys. Chem. Chem. Phys. 1512299

[29] Patterson D, Tsikata E and Doyle ] M 2010 Cooling and collisions of large gas phase molecules Phys. Chem. Chem. Phys. 12 9736—41

[30] Patterson D and Doyle ] M 2012 Cooling molecules in a cell for FTMW spectroscopy Mol. Phys. 110 1757-66

[31] Patterson D, Schnell M and Doyle ] M 2013 Enantiomer-specific detection of chiral molecules via microwave spectroscopy Nature 497
475-7

[32] Patterson D and Doyle ] M 2013 Sensitive chiral analysis via microwave three-wave mixing Phys. Rev. Lett. 111 23008

[33] PiskorskiJ, Patterson D, Eibenberger S and Doyle ] M 2014 Cooling, spectroscopy and non-sticking of trans-stilbene and nile red
Chem. Phys. Chem. 15 38004

[34] Spaun B, Changala P B, Patterson D, Bjork B J, Heckl O H, Doyle ] M and Ye ] 2016 Continuous probing of cold complex molecules
with infrared frequency comb spectroscopy Nature 533 517-20

[35] Santamaria L, Sarno D, De Natale P, De Rosa M, Inguscio M, Mosca S, Ricciardi I, Calonico D, Levi F and Maddaloni P 2016 Comb-
assisted cavity ring-down spectroscopy of a buffer-gas-cooled molecular beam Phys. Chem. Chem. Phys. 18 16715-20

[36] SalehN, Zrig S, Roisnel T, Guy L, Bast R, Saue T, Darquié B and Crassous ] 2013 A chiral rhenium complex with predicted high parity
violation effects: synthesis, stereochemical characterization by VCD spectroscopy and quantum chemical calculations Phys. Chem.
Chem. Phys. 15109529

[37] Drayna G K 2016 Novel applications of buffer-gas cooling to cold atoms, diatomic molecules, and large molecules PhD Thesis Harvard
University

[38] Medcraft C, Wolf R and Schnell M 2014 High-resolution spectroscopy of the chiral metal complex [CpRe(CH3)(CO)(NO)]: a potential
candidate for probing parity violation Angew. Chem., Int. Ed. Engl. 53 116569

[39] Rothman LS et al 2013 The HITRAN2012 molecular spectroscopic database J. Quant. Spectrosc. Radiat. Transfer 130 4-50

[40] The HITRAN database http://cfa-www.harvard.edu/HITRAN

[41] SkoffSM, Hendricks RJ, Sinclair CD J, Tarbutt M R, Hudson J ], Segal D M, Sauer B E and Hinds E A 2009 Doppler-free laser
spectroscopy of buffer-gas-cooled molecular radicals New J. Phys. 11 123026

[42] Stoeftler Cetal 2011 High resolution spectroscopy of methyltrioxorhenium: towards the observation of parity violation in chiral
molecules Phys. Chem. Chem. Phys. 13 854—63

[43] Asselin P, Berger Y, Huet T R, Margulés L, Motiyenko R, Hendricks R J, Tarbutt M R, Tokunaga S K and Darquié B 2017 Characterising
molecules for fundamental physics: an accurate spectroscopic model of methyltrioxorhenium derived from new infrared and
millimetre-wave measurements Phys. Chem. Chem. Phys. 19 457687

[44] PGOPHER, A Program for Simulating Rotational, Vibrational and Electronic Structure, http://pgopher.chm.bris.ac.uk University of
Bristol

[45] Townes C H and Schawlow A L 1955 Microwave Spectroscopy (New York: McGraw-Hill)

[46] Spirko V 1979 The inversional dependence of hyperfine quadrupole coupling in “*NH; Mol. Phys. 38 1761-6

[47] Thaddeus P, Krisher L Cand Loubser ] HN 1964 Hyperfine structure in the microwave spectrum of HDO, HDS, CH,0O, and CHDO:
Beam-Maser spectroscopy on Asymmetric-Top molecules J. Chem. Phys. 40 257-73

[48] Lemarchand C, Triki M, Darquié B, Bordé C ], Chardonnet C and Daussy C 2011 Progress towards an accurate determination of the
Boltzmann constant by Doppler spectroscopy New J. Phys. 13 073028

[49] Dietiker P, Miloglyadov E, Quack M, Schneider A and Seyfang G 2015 Infrared laser induced population transfer and parity selection in
YNHs: a proof of principle experiment towards detecting parity violation in chiral molecules J. Cherm. Phys. 143 244305

[50] SaueT 2017 private communication

[51] SowP LT, MejriS, Tokunaga SK, Lopez O, Goncharov A, Argence B, Chardonnet C, Amy-Klein A, Daussy C and Darquie B 2014 A
widely tunable 10-pm quantum cascade laser phase-locked to a state-of-the-art mid-infrared reference for precision molecular
spectroscopy Appl. Phys. Lett. 264101 2—5

[52] Argence B, Chanteau B, Lopez O, Nicolodi D, Abgrall M, Chardonnet C, Daussy C, Darquié B, Le Coq Y and Amy-Klein A 2015
Quantum cascade laser frequency stabilization at the sub-Hz level Nat. Photon. 9 456—60

[53] Brum BE, Stewart] T and McCall B ] 2012 Extending the limits of rotationally resolved absorption spectroscopy: pyrene J. Phys. Chem.
Lett. 31985-8



https://doi.org/10.1039/c1cp20335e
https://doi.org/10.1039/c3cp51553b
https://doi.org/10.1039/c002764b
https://doi.org/10.1039/c002764b
https://doi.org/10.1039/c002764b
https://doi.org/10.1080/00268976.2012.679632
https://doi.org/10.1080/00268976.2012.679632
https://doi.org/10.1080/00268976.2012.679632
https://doi.org/10.1038/nature12150
https://doi.org/10.1038/nature12150
https://doi.org/10.1038/nature12150
https://doi.org/10.1038/nature12150
https://doi.org/10.1103/PhysRevLett.111.023008
https://doi.org/10.1002/cphc.201402502
https://doi.org/10.1002/cphc.201402502
https://doi.org/10.1002/cphc.201402502
https://doi.org/10.1038/nature17440
https://doi.org/10.1038/nature17440
https://doi.org/10.1038/nature17440
https://doi.org/10.1039/C6CP02163H
https://doi.org/10.1039/C6CP02163H
https://doi.org/10.1039/C6CP02163H
https://doi.org/10.1039/c3cp50199j
https://doi.org/10.1039/c3cp50199j
https://doi.org/10.1039/c3cp50199j
https://doi.org/10.1002/anie.201406071
https://doi.org/10.1002/anie.201406071
https://doi.org/10.1002/anie.201406071
https://doi.org/10.1016/j.jqsrt.2013.07.002
https://doi.org/10.1016/j.jqsrt.2013.07.002
https://doi.org/10.1016/j.jqsrt.2013.07.002
http://cfa-www.harvard.edu/HITRAN
https://doi.org/10.1088/1367-2630/11/12/123026
https://doi.org/10.1039/C0CP01806F
https://doi.org/10.1039/C0CP01806F
https://doi.org/10.1039/C0CP01806F
https://doi.org/10.1039/C6CP08724H
https://doi.org/10.1039/C6CP08724H
https://doi.org/10.1039/C6CP08724H
http://pgopher.chm.bris.ac.uk
https://doi.org/10.1080/00268977900102841
https://doi.org/10.1080/00268977900102841
https://doi.org/10.1080/00268977900102841
https://doi.org/10.1063/1.1725107
https://doi.org/10.1063/1.1725107
https://doi.org/10.1063/1.1725107
https://doi.org/10.1088/1367-2630/13/7/073028
https://doi.org/10.1063/1.4936912
https://doi.org/10.1063/1.4886120
https://doi.org/10.1063/1.4886120
https://doi.org/10.1063/1.4886120
https://doi.org/10.1038/nphoton.2015.93
https://doi.org/10.1038/nphoton.2015.93
https://doi.org/10.1038/nphoton.2015.93
https://doi.org/10.1021/jz300769k
https://doi.org/10.1021/jz300769k
https://doi.org/10.1021/jz300769k

	1. Introduction
	2. Apparatus
	3. Results
	4. Conclusion
	Acknowledgments
	References



