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Using helium buffer-gas cooling, we have prepared dense samples of ground-state molecular
calcium monohydride (CaH X2Σ) at cryogenic temperatures. We have used optical pumping to
polarize the spin state of the CaH molecules and we have measured the inelastic collisions of
molecular CaH with atomic helium at temperatures from 2 to 7 K. The measured CaH electronic
spin depolarization rate coefficient increases rapidly with increasing temperature, increasing from
2×10−13 cm3 s−1 to over 10−11 cm3 s−1. The strong dependence of rate coefficient on temperature
is attributed to the CaH population in the first excited rotational state.
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1. INTRODUCTION

Inelastic collisions change the internal states of the
atoms and molecules. As interactions with external fields
are state-dependent, inelastic collisions are of great im-
portance for any experiment investigating the interac-
tion of molecules with fields. In addition, inelastic col-
lisions are of great consequence for sympathetic cooling
of molecules with atoms [1–3], for quantum state con-
trol of chemical reactions [4–7], quantum computing with
molecules [8], and experimental searches for the electric
dipole moment of the electron using molecules [9, 10].

Inelastic collisions are also of great importance for
magnetic trapping of molecules, as well as buffer-gas
loading of magnetic traps. In the first experiment
demonstrating buffer-gas loading of magnetic traps with
molecules, Bretislav Friedrich and collaborators success-
fully trapped CaH at 0.4 K [11]. The success of this ex-
periment depended on the nature of CaH–He collisions;
specifically it required a large ratio of the elastic colli-
sion cross-section to the cross-section for collisions that
change the Zeeman state (i.e. spin state) of the molecule.
The inelastic cross-section was found to be extremely
small: at 0.4 K, the X2Σ(v′′ = 0) ground state of CaH
has a rate coefficient of k = 10−17±1 cm3/s for inelastic
spin-changing collisions with 3He [11–13].

Subsequent theoretical work explained the physics of
spin-changing collisions in 2Σ molecules [14–16]. For
molecules in the N ′′ = 0 rotational state, the electronic
spin depolarization occurs predominantly through mix-
ing of the N ′′ = 0 and N ′′ = 1 states during a collision;
the spin-rotation coupling of the N ′′=1 state then allows
for spin-changing collisions. The cross-section of this pro-
cess is expected to scale as γ2sr/B

4, where γsr is the spin
rotation coupling constant and B is the rotational con-
stant [13, 15]. In CaH, the rotational splitting (B =
4.277 cm−1) is large compared to the spin rotation cou-
pling constant (γsr = 0.0415 cm−1). Consequently, CaH
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spin depolarization in the N ′′=0 rotational state occurs
with a cross-section many orders of magnitude smaller
than the elastic collision cross-section [11].

In subsequent work measuring inelastic collisions of
CaF X2Σ(v′′ = 0, N ′′ = 0) molecules with 3He at 2 K, a
much larger inelastic rate coefficient was measured, with
Zeeman relaxation collisions occurring with a rate coef-
ficient of k = (7.7 + 5.4/− 2.5) × 10−15 cm3/s, despite
CaF’s low value of γsr [13]. This large value of ΓZ was
attributed to the transfer of CaF population between the
ground and the first excited rotational states which oc-
curs in thermal equilibrium at 2 K. In excited rotational
states, spin changing collisions occur through the spin
rotation coupling and are expected to have a large cross-
section [13]. The rate coefficient for rotation-changing
collisions is generally expected to be large [14]; conse-
quently one would expect — at sufficiently high temper-
atures — the population in the excited rotational state
would mediate Zeeman relaxation in the ground rota-
tional state population.

If rotation-changing collisions are sufficiently fast, one
would expect the Zeeman relaxation rate coefficient for
the ground rotational state to have the form

k =
1

Z

∑
i=0,1,...

Γigie
−Ei/kBT (1)

where T is the temperature, Z is the partition function,
Γi is the Zeeman relaxation rate coefficient of the ith ro-
tational state, and gi and Ei are the degeneracy and en-
ergy of that state, respectively. As we expect Γi 6=0 � Γ0,
this rate coefficient should exhibit a very strong tem-
perature dependence at temperatures comparable to the
energy difference between the ground and first excited
state.

Isolated data points with different molecules have been
shown to conform to this model [11, 13]; herein we fur-
ther test the model by measuring the spin depolarization
rate of a single species as a function of temperature, mea-
suring CaH collisions with 4He atoms from 2 to 7 K.
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2. EXPERIMENT

We produce cold molecular CaH by cryogenic helium
buffer gas cooling [17]. The experiment takes place in a
10 cm cubic copper cell, as described in references [18]
and [5]. For high-temperature data (& 5 K) the cell
is cooled by a commercial pulse tube cooler [18]. For
the low-temperature data (. 5 K) the cell is cryogeni-
cally cooled by a cryogen-free pumped-4He refrigerator,
which uses a commercial pulse tube cooler to condense
the circulating 4He [5, 19]. The cell temperature is mon-
itored by a ruthenium oxide resistor. The helium density
is determined from a room-temperature pressure gauge
connected to the cryogenic cell through a thin tube. We
correct for the thermomolecular pressure ratio with the
Weber-Schmidt equation [20]. The uncertainty in mea-
sured helium densities in this paper is approximately
±20%. Gas-phase CaH molecules are produced by laser
ablation of a solid target of 95% pure CaH2 using a
frequency-doubled pulsed Nd:YAG laser.

The ground state CaH molecules are detected on the
B 2Σ(v′ = 0, N ′ = 1, J ′ = 1

2 ) ← X 2Σ(v′′ = 0, N ′′ =

0, J ′′ = 1
2 ) transition at 634 nm [21, 22], using laser ab-

sorption spectroscopy. Typical probe powers are on the
order of a few µW, with a beam diameter of a few mm
[23]. The CaH population is monitored in terms of opti-
cal density (OD), with the definition that the transmis-
sion T ≡ e−OD. From our measured OD, we determine
that we are able to produce CaH densities as high as
nCaH = 108 cm−3, with ablation energies of tens of mJ
[24].

The translational temperature of the CaH molecules
is measured through absorption spectroscopy, and deter-
mined from the Doppler broadening of the transition.
Unfortunately, this technique is of limited sensitivity be-
low 3 K in our apparatus. Consequently, to measure
temperatures below 3 K, we ablate atomic lithium un-
der the same experimental conditions, and measure the
temperature from the Doppler broadening of the 6Li ab-
sorption spectrum. Under our experimental conditions
Doppler broadening is the dominant broadening mecha-
nism, and thermalization with the buffer-gas is expected
to occur within 1 ms.

3. MEASUREMENT OF INELASTIC
COLLISIONS

We polarize the spin state of the CaH molecules using
optical pumping. The optical pumping setup is shown in
Fig. 1. We use a pair of Helmholtz coils to generate a
magnetic field of ∼ 5 Gauss to split the degeneracies of
the spin states and define a polarization axis. Under our
experimental conditions, the temperature is very large
compared to the Zeeman splitting. In thermal equilib-
rium, the sample is essentially unpolarized.

To induce a polarization, we optically pump the
molecules with a pulse of circularly polarized (σ+) light

FIG. 1. (color online). Experimental setup for the electronic
spin polarization of the CaH, as described in the text. The
angle between pump and probe beams is exaggerated for clar-
ity.

along the magnetic field to optically pump the Zeeman
sub-levels (m′′F = +1) of the hyperfine states of the CaH
[25]. Typical pump laser beam powers are∼ 2.5 mW, and
the pumping beam is turned on and off using a mechan-
ical shutter. The CaH energy levels are shown in Fig.
2. The σ+ pump laser is tuned on resonance with the
F ′ = 1← F ′′ = 1 transition to pump the CaH molecules
into the m′′F = +1 dark state.

We measure the CaH spin polarization using a 3.5 µW
linearly polarized probe laser beam on resonance with the
F ′ = 1← F ′′ = 1 transition as shown in Fig 2. A quarter
wave (λ4 ) plate and a polarizing beam splitter (PBS) after
the cryogenic cell separate the σ+ and σ− components of
the probe light for detection on photodetectors PD1 and
PD2, respectively.

The measured OD’s for the σ+ and σ− components of
the probe beam are shown as a function of time in Fig. 3.
During optical pumping, the CaH OD for σ+ decreases
because of optical pumping of the CaH molecules into the
dark state. When the optical pumping beam is turned
off, the CaH population starts to return to the thermal
equilibrium due to collisions of the CaH molecules with
4He buffer gas atoms [13, 15]. In thermal equilibrium the
populations of the m′′F levels are very nearly equal, and
the OD for σ+ light becomes nearly equal to that for σ−

light.
To measure the CaH electronic spin depolarization

rate, we calculate the ratio of the OD’s of σ+ and σ−

light as a function of time after optical pumping, and
fit it to A · e−t/τ + B (where t is the time and A and
B are constants). This fit is shown in Fig. 4. We de-
fine the exponential constant 1/τ as the electronic spin
depolarization rate.

In order to confirm that the spin depolarization is
due to collisions with 4He buffer gas, we have mea-
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FIG. 2. (color online). Transitions used to prepare and detect
the electronic spin polarization of CaH [21, 22, 26]. The small
dumbbells represent the F ′′ = 1 molecules pumped into the
m′′F = +1 dark state. Both pump and probe beams
are taken from a grating stabilized diode laser. The
exited electronic(B 2Σ) state lifetime is 58.1±1.9 ns
[24].
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FIG. 3. (color online). The CaH OD for σ+ and σ− light.
The ablation laser is fired at t = 0. The data is taken at a
helium density of 1.2×1015 cm−3 and a CaH temperature of
2 K. The shutter which controls the optical pumping beam
was open from 3 to 31 ms; the shutter takes 3 ms to fully
open and 1.2 ms to fully close.

sured the depolarization rate at 4He densities (nHe) from
1.2×10−15 to 6×10−15 cm−3. A plot of the CaH spin
depolarization rate as a function of nHe is shown in Fig.
5. The CaH spin depolarization rate increases linearly
with increase in nHe, as expected for inelastic collisions
with 4He. We note that there are small deviations from
this linear dependence at low density; this is likely due
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FIG. 4. (color online). Temporal evolution of ratio of the
CaH ODs for σ+ and σ− light from a linearly polarized
probe at a helium density of 1.2×1015 cm−3 and a CaH
temperature of 2 K.
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FIG. 5. (color online). A plot of the CaH spin depolarization
rate (1/τ) versus nHe. The data is taken at a temperature
of 2.5 ± 0.2 K and a constant ablation energy of 12 mJ. The
CaH spin depolarization rate increases linearly with increase
in nHe, as expected for CaH inelastic collisions with 4He.

to diffusion of molecules in and out of the pump beam
region [27].

From the CaH depolarization data, we calculate the
CaH spin depolarization rate coefficient k ≡ 1/(τ · nHe).
We have measured the CaH spin depolarization rate at
temperatures ranging from 2 to 7 K. The measurements
are plotted in Fig. 6. The CaH spin depolarization rate
coefficient shows a strong temperature dependence, vary-
ing over two orders of magnitude over this small temper-
ature range. We note that even at 2 K the CaH spin
depolarization rate coefficient is still very large compared



4

2

4

6

8
10

-12

2

4

6

8
10

-11

2

4
k
 (
c
m
3
/s
)

765432

T (K)

 Data
 Fit

FIG. 6. (color online). The CaH spin depolarization rate
coefficient (k) as a function of temperature. Going down in
temperature from 7 K to 2 K, the CaH rate coefficient is
reduced by two orders in magnitude. This strong dependence
of spin depolarization rate on temperature is attributed to the
CaH population in exited rotational states.

to its value at 0.4 K [11].

In thermal equilibrium, the CaH population in an
excited rotational state (Pe) relative to ground rotational
state population (Pg) is given by

Pe
Pg

=
2 ·N ′′e + 1

2 ·N ′′g + 1
· exp

(
−∆Erot
kBT

)
(2)

where ∆Erot is the energy splitting between excited (N ′′e )

and ground rotational (N ′′g ) states. The factor
2·N ′′

e + 1
2·N ′′

g + 1

accounts for the relative degeneracies of the excited and
ground rotational levels.

The rotational constant (B) of the v′′ = 0 vibrational
state of 2Σ electronic state of the CaH is 4.277 cm−1 [28].
The calculated fractions of CaH population in ground
(N ′′ = 0), first exited (N ′′ = 1), and second excited
(N ′′ = 2) rotational states as a function of temperature
are shown in Fig. 7. The population of excited rotational
states decreases exponentially with decrease in CaH tem-
perature and therefore the CaH spin depolarization rate
decreases exponentially with decrease in temperature, as
shown in Fig. 6.

We note that at higher temperatures, we are
able to directly measure the CaH population in
the ground (N ′′=0) and first exited (N ′′=1) rota-
tional states, and the rotational populations are
consistent with being in thermal equilibrium with
the translational temperature. At lower temper-
atures the CaH population in N ′′= 1 state is too
small to detect spectroscopically.
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FIG. 7. (color online). Calculated fractions of population of
the ground, first excited, and second excited rotational states
of CaH (in thermal equilibrium) as a function of tempera-
ture. In our temperature range (2 to 7 K) of measuring CaH–
4He inelastic collisions, CaH population is predominantly dis-
tributed over the ground (N ′′= 0) and first excited (N ′′= 1)
rotational states.

4. SPIN DEPOLARIZATION RATE
COEFFICIENTS FOR EXCITED ROTATIONAL

STATES

Following Maussang et. al. [13], we model the CaH
electronic spin changing collision rate coefficient for the
ground rotational state of CaH as follows:

k =
3A · e− 12.3 K

T

1 + 3 · e− 12.3 K
T

(3)

Fig. 6 shows our data fit to the functional form of Equa-
tion 3, with A as the single free parameter in the fit.

Equation 3 is obtained using the fact that the spin de-
polarization rate coefficient in the measured temperature
range is dominated by the CaH population in exited ro-
tational states [13]. We restrict our model to the first
excited rotational state (N ′′ = 1). As seen in Fig. 7, in
our temperature range the CaH population in higher ro-
tational states (N ′′>1) is sufficiently small compared to
that in N ′′ ≤ 1 rotational states that it is not expected to
make a significant contribution. The factor 12.3 K is the
energy splitting of N ′′ = 0 and N ′′ = 1 rotational states
of the CaH expressed as a temperature.

From the fit we have determined A = (7.2 ± 1.8) ×
10−11 cm3/s. The uncertainty in our measurement of
this factor is dominated by the uncertainty in the helium
density.

We note that the rate coefficient A would be ex-
pected to be equal to the electronic spin depolarization
rate coefficient of the N ′′ = 1 state in the limit that
rotation-changing collisions are very fast compared to
spin-changing collisions. Due to the large value of the
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rate coefficient, this is unlikely to be the case; this value
is within an order of magnitude of the Langevin rate co-
efficient for CaH–4He collisions [1, 29–32].

We observe that including spin depolarization
from the ground state in Equation 3 does not sig-
nificantly improve the fit, and the ground state
rate coefficient from the fit is consistent with zero.
Prior measurements indicate that the ground
state rate coefficient is on the order of 10−17 cm3/s
[13], which is negligible compared to the mea-
sured rate coefficients reported here.

5. CONCLUSIONS

We have measured electronic spin depolarization rate
coefficient of the CaH molecules in a temperature range

from 2 to 7 K. The spin depolarization rate coefficient
shows a strong dependence on temperature. This strong
temperature dependence is in excellent qualitative agree-
ment with a simple model that attributes the relax-
ation to the CaH population in first excited rotational
state [13]. We note that there are deviations between
the data and the model; this is not surprising, as colli-
sional cross-sections for individual rotational states (for
both rotation-changing collisions and spin-changing colli-
sions) are expected to change over this temperature range
[14, 15].
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