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Measurement of Doppler effects in a cryogenic buffer-gas cell
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Buffer-gas cooling is a universal cooling technique for molecules and used for various purposes. One of its ap-
plications is using molecules inside a buffer-gas cell for low-temperature spectroscopy. Although a high-intensity
signal is expected in the cell, complex molecular dynamics is a drawback for precise spectroscopy. In this study,
we performed high-resolution absorption spectroscopy of low-J transitions in the Ã 2�(0, 0, 0)-X̃ 2�+(0, 0, 0)
band of calcium monohydroxide (CaOH). CaOH molecules were produced by laser ablation in a copper cell
and cooled to ∼5 K using helium buffer gas. We probed the Doppler effects in a buffer-gas cell by injecting
counterpropagating lasers inside the cell. The time evolutions of the Doppler width and shift were simulated
using a dedicated Monte Carlo simulation and compared with data.

DOI: 10.1103/PhysRevA.107.043114

I. INTRODUCTION

Cold molecules are used in wide-ranging sciences, such
as cold chemistry [1,2], high-precision measurements in
fundamental physics [3–5], and also proposed to quantum
computing [6,7]. While several possible methods generate
cold molecules, buffer-gas cooling is a universal technique for
producing high-density cold molecules, that can be applied
to many species [8,9]. In this method, hot target molecules
are introduced in a cryogenically cooled cell and thermalized
by a collision with ultracold buffer gas, such as helium and
neon. The molecules are cooled down to a few degrees Kelvin
and are usually extracted from the aperture of the cell. The
extracted molecules are used directly as a beam [10,11] or can
be further cooled for trapping by laser cooling [12–14] and
other techniques [15,16].

One application of buffer-gas cooling is to use the pro-
duced molecules for low-temperature spectroscopy [17–19].
Cooling down molecules to ultracold temperatures reduces
the Doppler width and enable high-resolution spectroscopy.
Molecules inside and outside a cell can be used. However,
the major advantage of probing molecules inside a cell in
spectroscopy is the generation of high-intensity signals owing
to a higher molecule density inside a cell than that outside
it. Thus far, many molecular species have been studied in
cells [10,18,20–24]. In our group, spectroscopies of calcium
monohydroxide molecules (40Ca 16O 1H) [23] and free-base
phthalocyanin [24] have been conducted inside a cell. In these
studies, helium was used as the buffer gas, and the target
molecules were provided by laser ablation. Although a higher
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molecular density is expected in a cell, one drawback is the
complex dynamics possibly caused by the helium flow after
it thermalizes the target molecules. The complex dynamics
affects observed spectra, resulting in a systematic uncertainty
as observed in Ref. [23]. Therefore, careful treatment of this
effect is required for precision spectroscopy. Reference [25]
reported the time evolutions of the rotational temperature and
Doppler width of YbF in a buffer-gas cell. In this reference,
the mechanism of the time evolution was discussed and the
importance of the heating of helium was highlighted.

Studying the temperature evolution is helpful to under-
stand how molecules are cooled in a buffer-gas cell, which
is important to reach more effective buffer-gas cooling in the
future. It is also important to verify the model in Ref. [25]
with different molecules. In this study, we performed high-
resolution absorption spectroscopy of low-J transitions in the
Ã 2�(0, 0, 0)-X̃ 2�+(0, 0, 0) band of calcium monohydroxide
(CaOH) in a buffer-gas cell. Absorption spectra were ob-
tained by injecting counterpropagating lasers inside the cell.
Millisecond-scale time evolutions of both the Doppler width
and shift were observed in these spectra. In addition, we per-
formed a Monte Carlo simulation of CaOH cooling based on
the thermalization model proposed in Ref. [25]. The Doppler
width was reproduced well, whereas the shift could not. These
results suggested complex helium flows in buffer-gas cells.

II. EXPERIMENTAL SETUP

The buffer-gas cell used in this study was the same as used
in Ref. [23], to which we added counterpropagating probe
lasers. Figure 1 shows our measurement setup. The buffer-gas
cell is made of a copper block and has a cylindrical cavity
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FIG. 1. Experimental setup: Ablated CaOH molecules are cooled
by collision with helium buffer gas in a cylindrical copper cell
and extracted through the aperture. Counterpropagating lasers are
injected inside the cell perpendicular to the expected molecular flow.

that is 5 cm long and 2.5 cm in diameter. The cell is attached
to a 4-K stage of a pulse tube refrigerator (Sumitomo Heavy
Industies SRP-062B) and held at ∼5 K. Helium buffer gas is
introduced from an inlet tube at the back of the cell. The inlet
tube is also thermally anchored to the 4-K stage for precooling
of helium to ∼5 K before entering the cell. The precooled
helium hits a diffuser made of a copper plate, located 3 mm
from the gas inlet, and then flows into the cell through holes
of the diffuser for good thermalization with the cell wall. The
typical flow rate of helium is 15 standard cubic centimeters
per minute (sccm), and the cold helium collides with ablated
CaOH molecules. The CaOH molecules are rapidly thermal-
ized with helium and eventually exit the cell through the exit
aperture, which is 5 mm in diameter. Although we changed
the helium flow rate from 5 to 30 sccm, a difference was not
observed in the results at the current measurement precision.

An ablation laser beam located 2.5 cm from the exit aper-
ture is sent through a hole at the center of the cell. A pulsed
532-nm light from an Nd:YAG laser with ∼10 ns width and
∼20 mJ energy is used as the ablation laser. The ablation pulse
is incident on a solid Ca(OH)2 powder target inside the cell
and produces CaOH molecules. With the current precision,
the position where in the target the ablation laser points also
does not change the results below.

Another hole with 5-mm-diameter windows located 1 cm
from the exit aperture provides optical access to the absorption
probe lasers. A ring-cavity dye laser (Coherent 899 dye laser,
output power ∼500 mW, bandwidth ∼1 MHz) is used to ex-
cite the A-X transition of CaOH at approximately 625 nm.
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FIG. 2. Example of transmittance trace (inset) and observed
spectra of Doppler-limited absorption of CaOH Q1(3/2) transition
probed by counterpropagating lasers at 0.3 ms after ablation. Dashed
lines correspond to Gaussian fitting results.

The wavelength is monitored by a wave meter (HighFinesse,
WS6-200) with ∼200 MHz absolute accuracy, which is not
important in this measurement. Two counterpropagating ab-
sorption lasers with diameters of ∼1 mm are injected parallel
with the ablation laser. As shown in Fig. 1, the laser along
the ablation laser is represented by laser1, and the opposite-
direction laser is denoted by laser2. Laser1 and laser2 have
powers of 20 and 10 µW, respectively.

We measured Q1(J = 1/2) and Q1(3/2) transitions. The
strong Q1(3/2) transition showed a good signal-to-noise ratio;
however, it overlapped with the R12(1/2) transition owing to
the spin-rotation interaction. In contrast, the Q1(1/2) transi-
tion appeared as an isolated peak. Therefore, the following
sections mainly focus on the results of Q1(3/2), with those of
Q1(1/2) being used for crosschecking.

Based on Fig. 1, two photodetectors are used to measure
the probe laser signals, and another photodetector is placed
to monitor the laser power before the laser enters the cell.
The photodetector outputs were recorded by a four-channel
oscilloscope (Tektronix, MSO64). The time trace of the laser
transmittance over 20 ms was recorded at a 250 kHz sampling
rate. Spectra were obtained by sweeping the probe laser fre-
quency by ∼1.0 GHz in 15 s. The trigger of the oscilloscope
was synchronized to the ablation laser at 10 Hz.

III. RESULTS

The inset in Fig. 2 shows an example transmittance trace
over 20 ms. The time origin corresponds to the ablation pulse
timing. An absorbance spectrum was obtained by integrating
the transmittance trace over 100 ns at a certain delay time from
ablation followed by normalization using the power monitor
intensity. Figure 2 shows the spectra of the J = 3/2 transition
measured using the two counterpropagating lasers at a 0.3 ms
delay. The spectra were Gaussian fitted, and the width and
peak frequency of each spectrum were obtained. The transla-
tional temperature of CaOH was estimated from the widths of
the spectra. In Fig. 2, both spectra have consistent widths that
correspond to ∼38 K. However, the peak frequencies show
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FIG. 3. Time evolution of CaOH translational temperature es-
timated from the Doppler width of absorption spectra of Q1(3/2)
transition. The error bar on each data point corresponds to the
standard error of multiple scan results. The solid area shows the sim-
ulated result assuming that the helium temperature evolution follows
the fit parameters obtained from the data. The right axis corresponds
to the square of the full width at half maximum of the spectra.

clear deviations, where the laser1 peak frequency is approxi-
mately 40 MHz higher than the laser2 peak frequency. Here,
40 MHz is a typical value, and the laser1 and laser2 peaks
show anticorrelation over multiple data sets. This result indi-
cates a Doppler shift, and that CaOH molecules have velocity
components in the same direction as the laser1 propagation in
the case of Fig. 2.

The dependences of the Doppler width and shift on the time
from the ablation are obtained by integrating the spectra at
different delay times. Figure 3 shows the time evolution of the
temperature measured from the Doppler width of the J = 3/2
transition. The spectrum was scanned approximately 20 times
for each transition. In the figure, the error bar on each data
point corresponds to the standard error of the multiple scan re-
sults. The Gaussian fit error of the spectrum is approximately
a few MHz and not included in the plot. A time variance is
clearly observable, where the temperature rapidly cools within
∼1 ms and gradually cools over a few milliseconds. Accord-
ing to Ref. [25], the temperature evolution in a buffer-gas cell
can be fitted with a double exponential function

T = Tc + T1e−t/τ1 + T2e−t/τ2 . (1)

The fitted results for J = 3/2 are Tc = 10 ± 1 K, T1 = 158 ±
44 K, T2 = 7 ± 1 K, τ1 = 0.13 ± 0.02 ms, and τ2 = 1.28 ±
0.46 ms. The J = 1/2 transition shows consistent results. Al-
though the R12(1/2) transition could broaden the Q1(3/2)
width, Q1(1/2) and Q1(3/2) widths were the same and the
broadening was not observable in this measurement. These
time constants are also consistent with those reported in
Ref. [25] with the YbF molecule. The model in Ref. [25]
suggests that helium is heated by the ablation pulse; therefore,
the temperature evolution in Fig. 3 refers to the temperature of
buffer-gas helium, which is dissipated with two different time
constants, τ1 and τ2.

To understand this time evolution process, we examined
the CaOH thermalization with helium by performing a simple

Monte Carlo simulation in the cell. Simulations on buffer-gas
cooling by other groups also can be found in Refs. [26,27].
The buffer-gas cell was constructed with the same dimensions
in the simulation, and the measurement was reproduced in the
following process.

(1) CaOH initial state: At the beginning of the simulation,
CaOH molecules are spread out isotropically. Their initial
velocity follows a Maxwell-Boltzmann distribution at 1000 K.

(2) Helium condition: CaOH interacts with helium after
passing through the mean free path l . Here, we assume l is
a constant expressed as l = 1/(

√
2nHeσ ), where nHe is the

helium density in the cell and σ is the collisional cross sec-
tion between CaOH and helium. Helium density is estimated
from the cell size and the typical flow (15 sccm) as nHe =
5 × 1015/cm3. The collisional cross section is assumed as
σ = 3 × 10−14 cm2 [27]. Here, no hydrodynamic calculation
is implemented, and the helium gas simply has a 10 m/s flow
towards the cell aperture. The helium temperature is changed
as follows the fitting result by Eq. (1).

(3) Collision: The hot CaOH molecules lose their energy
by elastic hard-sphere collisions with a cold helium buffer gas.
The calculation is performed similarly to the description in
Ref. [27]. The position and velocity of each CaOH molecule
are tracked until they hit the cell walls. In this simulation,
typically approximately 5% CaOH molecules reach the laser
interaction region.

(4) Extraction of observables: The temperature and the
Doppler shift are calculated from the three-dimensional ve-
locity of the CaOH molecules in the probe laser interaction
region.

If the CaOH molecules are thermalized with helium rapidly
within 0.1 ms and the temperature evolution we see in Fig. 3
is the change in helium temperature, the simulation result
shows that the CaOH temperature dissipates with the same
time constants as those for helium. The simulation result of the
temperature evolution is shown in the solid area in Fig. 3. Us-
ing the assumed helium density, CaOH molecules are rapidly
thermalized with helium in under 0.1 ms, and they cannot
be accessed by experiments due to the low signal-to-noise
ratio. In this simulation, we did not find any inconsistency
with the model in Ref. [25], and conversely, the simulation
with a constant helium temperature required to reduce the
helium density by two orders of magnitude to reproduce the
experimental results.

To examine the robustness of this simulation, we changed
several initial parameters. First, the CaOH initial temperature
was varied from 200 to 2000 K. This change did not affect
the simulation result, because the molecules were cooled suf-
ficiently fast. Second, the CaOH initial emission angle was
limited to forward (cos θ > 0.85), where θ is the angle be-
tween the emission direction and the axis perpendicular to the
cell wall. The effect of this variation was negligible because
the thermalization occurred spatially close to the ablation
position, and the velocity distribution of the CaOH molecules
became uniform direction after the thermalization. Finally, the
effect of the mean free path l was investigated. The value l
was calculated from l = 1/(

√
2nHeσ ), and we changed the

helium density nHe from 5 × 1014/cm3 to 1 × 1016/cm3 in the
simulation to vary the mean free path. This variation also cor-
responded to changing σ from 3 × 10−15 to 6 × 10−14 cm2. In
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FIG. 4. Time evolution of observed Doppler shift. Error bar on
data points and the solid area correspond to the standard error of the
multiple scan results and simulation result, respectively.

this range, the simulation results did not change. However, on
applying a much lower helium density, the thermalization time
constant increased depending on the other initial conditions.
Contrastingly, the CaOH molecules with longer mean free
paths collided with the cell walls more frequently; therefore,
the survival rate of the CaOH molecules was significantly
reduced in the simulation.

Figure 4 shows the data and simulation results of the time
evolution of the Doppler shift. Shifts in the data are obtained
from the half of difference between the peak frequencies of
laser1 and laser2. The shift depends on the delay time, par-
ticularly below 1 ms. Here, the error bar on the data point
and the solid area correspond to the standard error of the
multiple scan results and simulation result, respectively. The
standard deviation is much larger than the simple statistical
fluctuation because the Doppler shift varies with the data set.
Figure 5 shows examples of time evolution of the Doppler
shift before averaging over the entire data set. Each line cor-
responds to a single data set, and the data index is in order
of data acquisition. Although most data sets show shifts in
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FIG. 5. Time evolution of observed Doppler shift on multiple
data sets. The data index is in order of data acquisition.

the same direction, several scans present even opposite shift
trends. In addition, some neighboring data sets show similar
shift trends.

These results suggest that the velocity of CaOH changes
its direction on a timescale of a few minutes. Since our sim-
ulation in Fig. 3 and Ref. [25] suggests that the timescale of
the thermalization between helium and CaOH is much shorter
than ∼1 ms, the temperature of CaOH follows that of helium.
The change can be due to the complex flow of helium in the
cell, which gradually changes its velocity and direction. Be-
cause the present simulation does not include such a complex
flow, almost no Doppler shift occurs in the simulation results,
as shown in Fig. 4. The large deviations shown experimentally
can be explained by this gradually changing flow model. He-
lium can flow in the opposite direction than normal, in which
case the sign of the Doppler shift changes. The origin of this
flow may be the ablation position, flow due to the diffuser, or
leakage from the cell, although no specific answer is obtained.

IV. CONCLUSION

In this paper, we probed the Doppler effects in a buffer-
gas cell by high-resolution absorption spectroscopy of CaOH
molecules using two counterpropagating lasers. The transla-
tional temperature measured from the Doppler width showed
that the target molecules were cooled within 1 ms and grad-
ually dissipated in a few milliseconds. This behavior was
reproduced well in a Monte Carlo simulation using a previ-
ously proposed model, which included the effect of helium
temperature. The Doppler shift also showed time evolution,
which could not be explained by the model. We concluded
that the shift can be caused by the complex flow in the cell,
whose velocity and direction gradually vary; however, the
origin of the flow was unclear. This assumption may explain
the large variation in the Doppler shift experimentally ob-
served. The observed Doppler shift varied with the data set.
The observed shift was at most 20 MHz at 0.5 ms after the
ablation, and 10 MHz at 1 ms, although the averaged value is
much smaller. These 10-MHz order shifts cannot be ignored
in high-resolution spectroscopy and must be treated carefully.
The best way to achieve higher resolution is Doppler-free
spectroscopy. We also performed Doppler-free spectroscopy
in a similar setup. The estimated uncertainty in the Doppler-
free spectroscopy was around 10 MHz in our setup, which was
limited by statistical uncertainty and laser frequency uncer-
tainty. Although this method results in a small signal-to-noise
ratio, optimizing the cell design may solve this problem. More
details on the Doppler-free spectroscopy will be reported in
another paper.
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