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Hydrogen cyanide this cooling technique.

We describe an instrument that uses continuous-wave (CW) cavity-ringdown spectroscopy to measure the
translational and rotational temperature of buffer-gas cooled molecules and demonstrate its use on hydrogen
cyanide. This instrument can access the near-infrared region around 1.5 pm—a rich spectral region that features
the rotationally resolved first overtone of the C-H stretch for many astrophysically relevant molecules. Molecules
are probed directly inside the buffer-gas cell, further enabling quantitative measurements of the effectiveness of

1. Introduction

Complex organic molecules (COMs) play a central role in the
chemistry of the interstellar medium (ISM). These chemical species have
been detected in a variety of interstellar and planetary environments
and are likely a key ingredient in the formation of prebiotic molecules in
space. To aid in molecular detection efforts and the interpretation of
astrochemical spectra, laboratory spectroscopic characterization of
COMs at high resolution is necessary. Until recently, spectral congestion
seriously hindered the spectral analysis of larger (>10 atoms) molecules
at any resolution [1]. Buffer-gas cooling offers a solution—a molecule’s
translational and rotational energy can be reduced through collisions
with a cold buffer gas [2], reducing the number of occupied states and
simplifying spectral analysis. The spectra can then be characterized in a
more straightforward manner with high resolution. Unlike supersonic
expansion techniques, buffer-gas cooling generates translationally
colder molecules and requires a much lower pressure differential,
resulting in greater ease of measurements and less pumping infrastruc-
ture [3]. The coupling of buffer-gas cooling with cavity-enhanced
spectroscopy techniques allows for the high-resolution and low-noise
measurement of cold molecules [4,5]. When compared with single-
pass direct-absorption measurements, cavity enhancement enables the
measurement of lower concentrations of the molecule of interest or
smaller probe volumes—important when dealing with rare, highly
reactive, or low-vapor-pressure species.

Cavity-enhanced measurements have been made on buffer-gas
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cooled molecules such as vinyl bromide [6], acetylene [7], Ceo [8],
and others of atmospheric or astrophysical relevance. In these cases,
measurements are made within the buffer-gas cell itself. Acetylene has
also been studied using this combination of techniques, but with mea-
surements taken after the molecule exited the buffer-gas cell in the form
of a molecular beam [4]. Cavity-ringdown spectroscopy (CRDS) is used
in the present work for the collection of high-sensitivity, high-resolution
spectral data. CRDS grants us the ability to measure the translational and
rotational temperatures of the molecule of interest in the buffer-gas cell,
even though that molecule is present at low number density and in a
relatively small volume.

In this work we present the design and first results for our cryogenic
buffer-gas beam (CBGB) instrument with CRDS detection capabilities
passing directly through the buffer-gas cell. A molecular beam is created
from the buffer-gas-cooled molecules, which will be used in later trap-
ping and kinetics studies. Hydrogen cyanide (HCN), which has previ-
ously been studied at low temperatures in the microwave region using
helium nanodroplet isolation [9,10] and buffer-gas cooling [11] is used
as a test molecule, due to its well-studied nature in the near-infrared
region [12-14], its wide detection in a variety of interstellar environ-
ments [15-17], and its significant relevance to many astrochemical
models of COM formation in the ISM [18]. CRDS is used to characterize
HCN in the buffer-gas cell, and to determine the degree of translational
and rotational cooling achieved using the buffer-gas cooling method at
temperatures from 300 to 150 K.
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Fig. 1. Block diagram for the CW-CRDS-CBGB spectrometer. The red line traces the path of the near-infrared laser, while black lines indicate electrical connections.
The blue and orange sections indicate components that are mounted on optical tables that are not in physical contact with the scaffolding that holds the vacuum
chamber. The inset displays a cross sectional view (not to scale) of the geometry of the buffer-gas cell.

2. Experimental methods

Experiments were conducted in a new buffer-gas cooling apparatus
equipped with a high-resolution cavity-enhanced detection system (CW-
CRDS-CBGB, shown schematically in Fig. 1) at the University of
Maryland.

A custom-built buffer-gas cell, based on the planar-conical design of
Singh et al. [19] is mounted to the second stage of a closed-cycle helium
cryostat (Janis RDK-415D2) that is capable of cooling down to 4 K. The
temperature of the buffer-gas cell is maintained by a Lake Shore model
331 temperature controller through the use of a temperature diode and
resistive cartridge heater. Gas—composed mostly of helium—flows into
the buffer-gas cell through a 0.061" inner-diameter copper capillary tube
and is cooled through collisions with the cold cell walls. The capillary
tube is heated above the freezing point of HCN by a second resistive
heater. Gases exit the buffer-gas cell through a 0.09"-diameter exit
aperture on the conical side opposite from the entrance. The flow of
gases through the instrument is maintained by a mass flow controller
(Alicat) with an accuracy of 0.05 scem (1 scem = 4.5 x 1017 molecules
s™1), with typical residence times estimated to range from 2.5 to 15 ms.
Holes (0.156" diameter) are drilled into the side of the cell body
approximately 1” from the cell entrance to admit the laser beam used for
spectroscopic measurements. Radiation shielding is attached to the first
stage of the cryohead with appropriate apertures to allow gas flow in
and out of the buffer-gas cell, as well as laser access. The cold-cell as-
sembly is enclosed within a standard six-way 8" Conflat cross that is
continually pumped by a Leybold 90iX turbomolecular pump. The
pressure inside the chamber is typically on the order of 10~ Torr during

continuous-flow experiments.

Molecules inside the buffer-gas cell are probed using cavity-
ringdown spectroscopy, with the spectroscopic axis perpendicular to
the flow axis inside the buffer-gas cell. The 45-cm optical cavity is
formed by two high-reflectivity (HR) mirrors (LayerTec, 1550 nm,
99.994 % reflective, 1-m radius-of-curvature, 25 ps theoretical ring-
down time) in custom-built optics mounts that are mounted directly to
the six-way cross with vibration damping provided by edge-welded
bellows tubing. The cavity has a waist of 146 pm and a free spectral
range (FSR) of 333 MHz. The probe laser is a tunable diode laser with a
linewidth <10 kHz (Toptica CTL-1550) that is chopped by an acousto-
optic modulator (Brimrose) that is triggered when a resonant cavity
mode reaches a preset threshold voltage and monitored by a wavemeter
(Bristol, 228B). The beam is coupled into the optical cavity using a set of
three mode-matching lenses and resonance with the cavity is achieved
by continuously dithering a cylindrical piezoelectric actuator using a 10-
Hz triangle wave. Each ringdown event is collected by an InGaAs biased
photodetector (ThorLabs, DET10C2), recorded on a PC oscilloscope
(GaGe), and fit with an exponential decay function in a custom data-
acquisition program (LabView). The laser is tuned (0.001 nm step
size) across an absorption feature and an average of 100 ringdown
events is obtained at each wavelength. The absorption coefficient, a, is
extracted from the collected ringdown times z(v) as a function of fre-
quency v via the following relation (1)

L 1 1
=gl a) @

where c is the speed of light, 79 ~ 25 ps is the ringdown time for an empty
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Fig. 2. Room-temperature survey spectrum of the 2y, transition of HCN within
a portion of the frequency range accessible to our ringdown spectrometer.
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Fig. 3. An example of a fitted rotational-vibrational transition. This shows the
P(7) transition for the first overtone of the C-H stretch at 300 K relative to the
line center at 6498.03115 cm ™.

cavity, L is the distance between the cavity mirrors, and d is the length of
the buffer-gas cell. Reported spectra are the average of three indepen-
dent data sets.

Hydrogen cyanide was synthesized as described previously [20] by
reacting solid KCN with an excess of concentrated HoSO4 under active
vacuum and condensing/freezing HCN vapors in a liquid nitrogen trap
[21]. A stock cylinder was prepared by controlled evaporation of the
pure HCN solid with total pressure kept below the vapor pressure of
HCN. Custom mixtures of HCN in buffer gas (2 % HCN in ultrahigh-
purity helium) were prepared from stock manometrically in sample
cylinders. This preparation produces samples that are remarkably free
from water or carbon dioxide contamination, as confirmed by gas-phase
Fourier-transform infrared spectroscopy.
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Table 1
Measured gas-cell temperatures and corresponding observed translational and
rotational temperatures of the buffer-gas-cooled HCN (all reported in K).

Gas-Cell Temperature Translational Temperature Rotational Temperature

(K) (K) )

300 290 (+23) 308 (+15)
250 250 (+10) 250 (+21)
200 199 (+2) 220 (+43)
150 147 (£7) 140 (+3)

3. Results and discussion

In these experiments, data were obtained that enabled the mea-
surement of both the translational and rotational temperatures of HCN
as a function of buffer-gas cell temperature. While it was possible to
measure the entire rotationally resolved 2v; C-H stretch overtone band
(see Fig. 2), each scan takes about 18 h to complete. Both translational
and rotational temperatures could be measured accurately using a
smaller range of rotational-vibrational states, which take only about 30
min to complete. We selected the P(1) through P(10) lines of 2v; because
they are centered in the optimal range for both the high-reflectivity
mirrors and the laser. Each peak is identified by comparison to the
HITRAN database [22].

Fig. 3 shows a typical spectrum obtained at 300 K from a single scan
of the P(7) transition, with discrete data points plotted as black open
circles. The data were baseline subtracted and the peak was fit in IgorPro
using a Gaussian function (red solid line) and the residuals are plotted
above. The peak area and full-width at half-maximum (FWHM) for each
peak were evaluated as a function of temperature. The Doppler width
was used to obtain the translational temperature by solving for Tiapns in
the formula [23]

FWHM _ v |2Npks Tisans 2
2 c M

where v is the center frequency of the rotational transition in cm ™}, ¢ is
the speed of light in cm s™!, N, is Avogadro’s number, and M is the
molar mass of HCN in grams.

We obtained a translational temperature from each fitted peak
independently for each set of rotational-vibrational transitions
measured at a given buffer-gas cell temperature and computed an
average translational temperature. Table 1 reports the FWHM obtained
for each rotational-vibrational transition at each cell temperature, along
with the computed translational temperature. All fitting parameters and
errors are available in Appendix A. The error in Tians comes from the
random error in the FWHM obtained from the Gaussian fit. The
measured translational temperature is the same as that measured on the
buffer-gas cell body to within error for each temperature setting, indi-
cating that the thermal bath in the buffer-gas cell has efficiently cooled
the translational motion of HCN.

The HCN rotational temperature (T;ot) was obtained using the fitted
area for each rotational-vibrational peak in Eq. (3) [24]

ln( PeakArea ) __E 3)
DJ(J +J” + 1) n kBTrot

where v is the center frequency of the rotational state, J° is the upper
value of J for the transition, J°* is the lower value of J, kg is Boltzmann’s
constant, Ty is rotational temperature in Kelvin. The lower state energy
of the transition E; (in cm V) is defined as [25]

E,=BJ'(J'+1)-DJ?(J +1)* )
where B is the rotational constant and D is the centrifugal distortion
constant for HCN, which are obtained from the NIST Triatomic Spectral

Database [26-30]. Plotting In <%) as a function of E; yields a
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Fig. 4. Boltzmann plot of 2v; of HCN at various temperatures. The rotational
temperature is calculated using the slope obtained from a linear fit (colored
lines) which is equivalent to —1/kgTror.

linear “Boltzmann” plot with a slope of whence the rotational

_ﬁ’
temperature is extracted. Fig. 4 shows the linear dependence from the
measured peak areas extracted as a function of lower state energy for
several rotational-vibrational transitions, measured at several different
cell temperatures. The linear fits for each temperature are shown as
solid-colored lines. Table 1 reports the measured Ty, for each nominal
cell temperature, showing that the rotational degrees of freedom are
thermalized—within error—with the cell-wall temperature in all cases
except the lowest temperature.

These measurements demonstrate that collisions with buffer-gas
helium atoms are effective at cooling both translational and rotational
degrees of freedom of HCN. Both translational and rotational measure-
ments match the set temperature of the gas cell within error. Measure-
ment precision could be further increased by improvements to cavity
stability and increased number density of the target molecule, as
demonstrated by previous buffer-gas cell experiments [4,31]. Although
HCN is a volatile species its vapor pressure drops precipitously below
150 K [32] resulting in a large loss of molecules likely due to conden-
sation resulting from gas dynamics within the annular slit. This is further
compounded by the fact that it is estimated that only 20 % of target
molecules are entrained into the gas cell after leaving the capillary [33].
Modifications to the injection system will avoid this issue and increasing
the concentration as cell temperature decreases will mitigate this loss
and allow species of interest to be probed at lower temperatures.

4. Conclusions and outlook

We have constructed a new instrument at the University of Maryland
capable of preparing cold gaseous molecules by buffer-gas cooling
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techniques. We have demonstrated the ability to quantify the trans-
lational and rotational temperature achieved after cooling the molecule
of interest. This technique can be extended to other gas-phase molecules
and is a valuable tool to probe low-temperature molecules of astro-
physical interest. We showed—using HCN as a prototypical molecule-
—that the temperature of the cold cell equals the temperature of the
molecule down to cold-cell temperatures of 150 K. While the cold cell
can be cooled to temperatures as low as 15 K, the temperature lower
limit for the present study was the result of poor gas dynamics in the
annular slit compounded by the HCN vapor pressure dropping dramat-
ically near 150 K [32], resulting in the HCN concentration dropping
below our sensitivity limit. In the future, the sensitivity of this instru-
ment can be further improved by refining the method by which mole-
cules are injected into the buffer-gas cell and implementing an active
cavity locking system—such as the Pound-Drever-Hall scheme—poten-
tially enabling measurements to be made at lower temperatures.
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