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ABSTRACT: We explore the quantum dynamics of nuclear spin
relaxation in cold collisions of 1Σ+ molecules with structureless
atoms in an external magnetic field. To this end, we develop a
rigorous coupled-channel methodology, which accounts for
rotational and nuclear spin degrees of freedom of 1Σ+ molecules
and their interaction with an external magnetic field as well as
anisotropic atom−molecule interactions. We apply the method-
ology to study the collisional relaxation of the nuclear spin
sublevels of 13CO molecules immersed in a cold buffer gas of 4He
atoms. We find that nuclear spin relaxation in the ground
rotational manifold (N = 0) of 13CO occurs extremely slowly due
to the absence of direct couplings between the nuclear spin sublevels. The rates of collisional transitions between the rotationally
excited (N = 1) nuclear spin states of 13CO are generally much higher due to the direct nuclear spin−rotation coupling between the
states. These transitions obey selection rules, which depend on the values of space-fixed projections of rotational and nuclear spin
angular momenta (MN and MI) for the initial and final molecular states. For some initial states, we also observe a strong magnetic
field dependence, which can be understood by using the first Born approximation. We use our calculated nuclear spin relaxation rates
to investigate the thermalization of a single nuclear spin state of 13CO(N = 0) immersed in a cold buffer gas of 4He. The calculated
nuclear spin relaxation times (T1 ≃ 1 s at T = 1 K at a He density of 10−14 cm−3) display a steep temperature dependence decreasing
rapidly at elevated temperatures due to the increased population of rotationally excited states, which undergo nuclear spin relaxation
at a much faster rate. Thus, long relaxation times of N = 0 nuclear spin states in cold collisions with buffer gas atoms can be
maintained only at sufficiently low temperatures (kBT ≪ 2Be), where Be is the rotational constant.

1. INTRODUCTION
Cold and ultracold molecular gases prepared in single
rovibrational and spin quantum states can be efficiently
controlled with external electromagnetic fields,1,2 thereby
forming a unique platform for exploring fundamental concepts
of gas-phase reaction dynamics such as long-lived complex
formation, universal dynamics, external field control, and the
role of quantum chaos in chemical reactivity.3−5 Ultracold
polar molecules also hold promise for quantum information
science, precision spectroscopy, and searches for new physics
beyond the standard model.1,5,6 The experimental realization
of these proposals demands dense, cold, and long-lived
molecular ensembles. As such, understanding low-temperature
collisions within these ensembles, which limit both the
maximum achievable density and lifetime, has long been a
major thrust in the field.3−5

Atom−molecule and molecule−molecule collisions can have
beneficial as well as detrimental effects on the stability of cold
molecular gases. While elastic collisions are a main driving
force behind sympathetic and evaporative cooling,1,7,8 inelastic
collisions lead to heating and/or trap loss. In particular,

inelastic collisions can flip the orientation of molecular electron
spins, leading to spin relaxation (also known as spin
depolarization).8−10 As collisional spin relaxation is a primary
loss mechanism for magnetically trapped molecules, it has been
the subject of much experimental and theoretical work (e.g.,
refs 8−20 and references therein). Volpi and Bohn9 and Krems
and Dalgarno10 performed the first rigorous coupled-channel
calculations of cold collisions between open-shell molecules
and atoms in the presence of an external magnetic field. This
work has since been extended to a variety of ultracold atom−
molecule and molecule−molecule systems and has generated
theoretical predictions of their low-temperature collisional
properties.8,18−21
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By comparison, collisional relaxation of nuclear spins has
drawn much less attention. Nuclear spin-flipping collisions are
responsible for the stability of the nuclear spin states of
molecules immersed in a cold inert buffer gas (such as He or
Ne). These systems can be realized experimentally using
cryogenic buffer gas cooling,11,22−34 and they are interesting
for a variety of reasons. First, preparing molecules in a single
nuclear spin (or hyperfine) state enhances the sensitivity of
spectroscopic measurements25−34 and is essential for the
initialization steps of molecule-based quantum information
processing protocols. One example is hyperpolarized nuclear
magnetic resonance (NMR), which relies on driving
populations of nuclear spin states out of thermal equilibrium
as a means to enhance the sensitivity of conventional (thermal)
NMR.35−38 Because nuclear spins interact weakly with their
environment, they could be an ideal platform for long-term
quantum information storage.39,40 Our ability to use buffer-gas-
cooled molecules for these applications is currently hindered
by the lack of knowledge of collisional nuclear spin relaxation
rates. Indeed, if these rates turn out to be large, then collisional
thermalization would lead to rapid decoherence of the nuclear
spin superposition states, making them unsuitable for quantum
information processing.
Nuclear spins can affect molecular collisions and chemical

reactions through several mechanisms. First, nuclear spin
statistics restrict the number of available reactants and/or
product states. As a prime example, only odd partial waves are
allowed for collisions of identical Fermions in the same internal
states, leading to a suppression of the ultracold chemical
reaction KRb + KRb → K2 + Rb2.

41,42 Homonuclear diatomic
molecules can exist in the form of different nuclear spin
isomers, such as ortho- and para-H2, which can exhibit
dramatically different chemical reactivity at ultralow temper-
atures, as seen in theoretical calculations.4,43 Nuclear spin
isomers of polyatomic molecules such as methylene (CH2)
have been predicted to have markedly different spin relaxation
rates in cold collisions with He atoms,44 and ortho- and para-
water molecules have different reactivity toward trapped
diazenylium ions.45 Second, because nuclear spins are weakly
coupled to the other degrees of freedom, it is expected that the
total nuclear spin of the collision complex should be conserved,
which leads to nuclear spin selection rules.46 These selection
rules have recently been observed experimentally for the
ultracold chemical reaction KRb + KRb → K2 + Rb2, which
populates only even (odd) rotational states of K2 (Rb2)

47 when
the reactants are prepared in single, well-defined nuclear spin
states. Finally, hyperfine interactions between the nuclear spins
and the other degrees of freedom (such as the electron spins in
open-shell atoms and molecules) play a crucial role in low-
temperature atomic and molecular collisions,48−52 being
largely responsible for the occurrence of magnetic Feshbach
resonances in ultracold atom−atom collisions.53 However,
rigorous theoretical studies of nuclear spin effects in ultracold
molecular collisions have been largely limited to hyperfine
interactions in open-shell molecule−atom collisions.7,49,50

Quemeńeŕ et al. recently proposed a simple state decom-
position model54 to describe the effects of nuclear spin
conservation and external magnetic fields on the product state
distributions of the ultracold chemical reaction KRb + KRb →
K2 + Rb2. While the model describes these effects remarkably
well, it makes a number of assumptions, such as neglecting the
rotational structure of the reactants and products. Model
calculations on ultracold RbCs + RbCs,55 Li + CaH,51 and Na

+ NaLi collisions52 used severely limited basis sets, which did
not produce converged results when hyperfine degrees of
freedom were included.
Here, we develop a rigorous quantum mechanical theory of

nuclear spin relaxation in collisions of 1Σ+molecules with
structureless atoms in the presence of an external magnetic
field. We apply the theory to calculate numerically converged
cross sections and rate coefficients for transitions between the
different rotational and nuclear spin sublevels of 13CO
molecules in low-temperature collisions with 4He atoms and
to explore their dependence on the collision energy and
magnetic field. Our calculations show that such transitions
follow distinct selection rules. For example, nuclear spin-
flipping transitions occur very slowly in the ground rotational
state manifold, leading to nuclear spin relaxation (T1) times on
the order of 1 s at a buffer-gas density of 10−14 cm−3 and T = 1
K. The long relaxation times of the nuclear spin sublevels of
the ground rotational state imply their potential utility for
precision spectroscopy and quantum information storage. The
long T1 times are maintained as long as the buffer gas
temperature is much lower than the spacing between the
ground and the first excited rotational levels.
The rest of this article is structured as follows. In Section 2,

we present the quantum scattering methodology for atom−
molecule collisions in a magnetic field, which explicitly
includes the nuclear spin degrees of freedom of 1Σ+ molecules.
We then apply the methodology to obtain converged cross
sections for nuclear spin transitions in cold He + CO collisions.
The relevant computational details are given at the end of
Section 2. In Section 3, we present and analyze the cross
sections and rate constants for nuclear spin relaxation in cold
He + CO collisions. In Section 3.4, we consider the dynamics
of nuclear spin sublevels of CO molecules immersed in a cold
buffer gas of He. Section 4 summarizes the main results of this
work.

2. THEORY
In this section, we will develop the quantum theory of
collisions between 1Σ+ molecules bearing a single nuclear spin
(such as 13C16O) and structureless S-state atoms in an external
magnetic field. We will next apply the theory to calculate the
cross sections and rates for nuclear-spin-changing transitions in
cold 4He + 13C16O(1Σ+) collisions.
The Hamiltonian of the atom−molecule collision complex

may be written as

= + + +H
R R

R
L

R
V R r H

1
2 2

( , , )
2

2

2

2 mol
(1)

where the orbital angular momentum operator L̂ describes the
orbital motion of the colliding particles, μ = MatMmol/(Mat +
Mmol) is the reduced mass of the complex, and V̂ represents the
atom−molecule interaction potential in Jacobi coordinates (R,
r, θ), where r = |r| is the internuclear distance in the diatomic
molecule, R = |R| is the separation vector from the atom to the
center of mass of the molecule, and θ is the angle between R
and r. Here, we consider collisions of 13C16O molecules with
structureless atoms (such as 4He), and hence the atomic
Hamiltonian can be omitted from eq 1. The interaction
potential V(R, r, θ) approaches zero as R → ∞.
The effective Hamiltonian of the 1Σ+ molecule in its ground

electronic and vibrational states56,57
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= + +H H H Hmol rot hf Z (2)

can be decomposed into the rotational, hyperfine, and Zeeman
terms

=

= ·

= *

H B D

H A

H g N B g I B B D T

N N

I N

1
6

( ) ( )

e v

Z N N z I N z
q

q q

rot
2 4

hf

2
0

2 2

(3)

where Be is the rotational constant, Dv is the centrifugal
distortion constant, N̂ is the rotational angular momentum
operator, I ̂ is the nuclear spin operator, A is the nuclear spin−
rotation interaction constant, gN is the rotational g factor, gI is
the nuclear g factor, μN is the nuclear magneton, B is the
magnetic field, D0q

2(ω) is a Wigner D function of the Euler
angles ω, which determine the position of the molecular axis in
the space-fixed frame, and T̂q

2(χ) is the magnetic susceptibility
tensor.57

The hyperfine structure of 13CO arises from the nuclear spin
of 13C (I = 1/2) and includes the nuclear spin−rotation
interaction defined by Ĥhf in eq 3. The Zeeman term ĤZ
accounts for the interaction of the external magnetic field with
the molecular rotational angular momentum, nuclear spin, and
diamagnetic susceptibility56 represented by the first, second,
and third terms, respectively, in the third line of eq 3.
We assume that the external magnetic field B is directed

along the space-fixed (SF) quantization axis, z. The
Hamiltonian in eq 3 employs the rigid rotor approximation
with a correction for centrifugal distortion. This effectively
neglects the vibrational motion of the molecule, which is
known to be a good approximation for collisions with weakly
perturbing buffer gas atoms (such as 4He) at low temper-
atures.4,58

To solve the quantum scattering problem for the atom−
molecule collision system, we expand the total wave function
of the system in a complete set of uncoupled basis functions in
the SF frame

| = | | |
R

F R NM IM LM
1

( )
N M M L M

NM IM LM
M

N I L
, ,N I L

N I L

(4)

where MN, MI, and ML indicate the projections of N̂, I ̂ and L̂
onto the SF z axis. The basis set used in eq 4 is similar to the
one used in the previous work of Volpi and Bohn9 and Krems
and Dalgarno10 for open-shell 2Σ and 3Σ molecules colliding
with structureless atoms. The only difference is that our basis
functions |IMI⟩ describe the nuclear spin degrees of freedom in
1Σ molecules rather than the electron spins of 2Σ and 3Σ
molecules.
The projection of the total angular momentum M = MN +

MI + ML, unlike the total angular momentum itself, is
conserved for collisions in a magnetic field. Substituting eq 4
into the time-independent Schrödinger equation, Ĥ|Ψ⟩ = E|Ψ⟩,
where E is the total energy, we obtain a system of coupled-
channel (CC) equations for the expansion coefficients
FMNMdNIM dILMdL

(omitting the initial quantum numbers Ni, MNdi
,

Ii, MIdi
, Li, and MLdi

for simplicity)
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mol

N I L
N I L
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where the summation is carried out over all of the channels
included in the basis set. The CC values in eq 5 are
parametrized by the matrix elements of the molecular
Hamiltonian and of the interaction potential in the direct-
product basis (eq 4). Below we describe the evaluation of these
matrix elements.
We begin with the matrix elements of the Hamiltonian of an

isolated 1Σ molecule (eq 3). Because the rotational
Hamiltonian is independent of the nuclear spin and orbital
degrees of freedom, it is diagonal in MI, L, and ML:

| | =

[ + + ]

NM IM LM H N M IM L M

B N N D N N( 1) ( 1)
N I L N I L

N N M M M M L L M M e v

rot

, , , , ,
2 2

N N I I L L (6)

The matrix elements of the hyperfine Hamiltonian Ĥhf are
obtained by expanding the spin−rotation interaction AI·̂N̂ in
terms of the raising and lowering operators I±̂ and N̂±

59
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where = + ±±C j j m m( 1) ( 1)j m, . The matrix elements of
the Zeeman interaction are diagonal in the uncoupled basis
since the basis states |IMI⟩ are eigenstates of I2̂ and Iẑ

| | =
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+

NM IM LM H N M IM L M
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N
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, , , , ,
2

2

N N L L I I

N N L L I I

(8)

where the matrix elements of the diamagnetic Zeeman
interaction are proportional to the difference between χ∥ and
χ⊥, the parallel and perpendicular components of the
diamagnetic susceptibility tensor of CO (see eq (8.140) of
ref 56.). Test calculations show that the diamagnetic Zeeman
interaction becomes noticeable only at high magnetic fields (B
> 1 T).
The atom−molecule interaction potential is rotationally

invariant and independent of the nuclear spin. Hence, its
matrix elements are diagonal in the total angular momentum
projection M and in the nuclear spin projection MI

10
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where the Legendre coefficients Vλ(R) are obtained by
expanding the interaction potential energy surface (PES) in
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Legendre polynomials V(R, θ) = ∑λVλ(R) Pλ(cos θ) (see
Section 2.1 for details).
To obtain the full state-to-state reactance (K) and scattering

(S) matrices, we match the asymptotic solutions of CC eq 5 to
the standard asymptotic form given by linear combinations of
the Riccati-Bessel and Neumann functions at large R.60

The state-to-state scattering cross sections are related to the
S matrix elements at a given collision energy E

= | |E
k

S( )
M LM L M

LM L M LM L M
M

2 , ,
2

L L

L L L L

(10)

where γ and γ′ refer to the eigenstates of the isolated
molecule’s Hamiltonian (eq 3) in the presence of a magnetic
field, |γ⟩ = ∑NM dNMdI

Cγ,NMdNMdI
(B)|NMN⟩|IMI⟩, and kγ = (2μE)1/2 is

the collision wavevector. The matrix of solutions of CC
equations is transformed to the eigenstate basis before the
application of scattering boundary conditions.10

The thermal state-to-state rate coefficients at temperature T
are obtained by averaging the cross sections over the Maxwell−
Boltzmann velocity distribution61

i
k
jjjjj

y
{
zzzzz

i
k
jjjjj

y
{
zzzzz=K T

k T
E E E

k T
E( )

8
( ) exp d

B
3 3

1/2

0 B

(11)

where kB is the Boltzmann constant and T is the temperature.
2.1. Computational Details. We use the following

spectroscopic constants of 13C16O to parametrize the
Hamiltonian in eq 3: Be = 55.101 GHz,62 Dv = 1.676 × 10−4

GHz,62 A = 3.27 × 10−5 GHz,57 gN = −0.2595,57 gI =
1.40482,63 and the diamagnetic susceptibility anisotropy
(χ∥−χ⊥) = −6.85829 × 10−14 cm−1/T2.57

We use the log-derivative approach60,64 to numerically
integrate the CC (eq 5) for He + 13C16O collisions on a radial
grid from Rmin = 3.0 a0 to Rmax = 110.0 a0 with a constant grid
step of 0.02 a0). While here we are interested only in
transitions between the Zeeman states in the first two
rotational manifolds (N = 0 and 1), the CC basis must
include closed channels to ensure numerical convergence of
the calculated cross sections. We found that it is necessary to
include the 11 lowest rotational states of CO in our
calculations. For collision energies below (above) 2 K, we
include all partial waves with L ≤ 10 (L ≤ 13), which results in
a total of 288 (450) coupled channels.
To calculate collision rates, we averaged the calculated cross

sections according to eq 11 on a grid of collision energies from
1.44 × 10−6 to 14.4 K with 102 grid points fitted with cubic
splines. In doing so, we found that calculating the upward
excitation rates (e.g., for the |2⟩ → |3⟩ transition) is challenging
because excitation transitions are energetically forbidden at
collision energies below the N = 1 threshold (5.3 K), and their
cross sections increase sharply from zero to a finite value above
the threshold. As this behavior is very hard to fit, we use the
principle of detailed balance

= ( )k T

k T
e

( )

( )
f i

i f

E E k T/f i B

(12)

to obtain the desired excitation rates, where Ei and Ef are the
energies of the initial and final molecular states involved in the
transition.

We use an accurate ab initio PES for He-CO developed by
Heijmen et al.65 using a symmetry-adapted perturbation theory
approach.66 This PES was used in several quantum scattering
calculations by Balakrishnan et al.58 and by Wang et al.,61

which focused on rovibrational transitions in 12C16O induced
by ultracold collisions with He atoms. Low-energy scattering
resonances in He + CO collisions were observed in a merged
beam experiment and compared to theoretical calculations
using several PESs.67 We compare our results against the
previous calculations58,61 in Appendix B to test our He + CO
scattering code. The He-CO PES is weakly anisotropic, with a
single minimum of −23.734 cm−1 located at R = 6.53 a0, θ =
48.4°, and r = 2.132 a0 (the equilibrium bond length of CO).
We expand the θ dependence of the PES in 12 Legendre
polynomials.
The previous calculations did not account for the nuclear

spin of the 13C16O isotopologue, which is the subject of
interest here. Because the original He-CO PES was defined in
the Jacobi coordinate system with its origin at the center of
mass of 12C16O, we need to rescale the PES to account for the
shift of the center of mass. The rescaling procedure is
described in Appendix C.

3. RESULTS AND DISCUSSION
In this section, we apply the theory developed above to study
the nuclear spin dynamics in cold collisions of 13C16O
molecules with 4He atoms. We will present state-to-state
scattering cross sections and collision rates for all initial
Zeeman levels of 13C16O (N = 0, 1) in collisions with 4He
atoms. We also calculate the magnetic field dependence of
inelastic collision rates and explain it using a simple model.
Finally, we use the computed collision rates to explore the
thermalization dynamics of a single nuclear spin state of
13C16O immersed in a cold buffer gas of 4He, and we estimate
the nuclear spin relaxation times.

3.1. Energy Levels of 13C16O. Figure 1 displays the
Zeeman levels of 13C16O as a function of the magnetic field.
The electronic spin of 13C16O is zero, and the energy splittings
are determined by an interplay between the hyperfine (spin−

Figure 1. Zeeman energy levels of 13C16O as a function of the
magnetic field. Each level is labeled by the quantum numbers j (in the
low-field limit) and N, MN, and MI (in the high-field limit) and by its
state index (SI). 1 K = 0.695 cm−1. Top and bottom panels show the
levels in rotational manifolds N = 1 and N = 0, respectively.
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rotation) interaction due to the nuclear spin of 13C (I = 1/2)
and the Zeeman interaction given by eq 8. Throughout the rest
of this article, we will consider only the 13C16O isotope and
hence will omit the isotope labels.
The largest splitting of the energy levels is due to the

rotational structure, which gives rise to two manifolds of
rotational states labeled N = 0 and 1 separated by 3.6761 cm−1,
approximately twice the rotational constant of CO. At zero
magnetic field, the nuclear spin−rotation interaction splits all
N ≥ 1 energy levels into doublets with j = N − 1/2, N + 1/2,
where j = |N + I| is the total angular momentum of the
molecule. Note that j is a good quantum number at a zero field.
The splitting between the j = 1/2 and j = 3/2 levels in the N =
1 manifold is (3/2)A or 2.4 × 10−6 cm−1.
At high magnetic fields, the Zeeman interaction overcomes

the hyperfine interaction, j is no longer conserved, and the
energy levels approach the eigenstates of the Zeeman
Hamiltonian (eq 8) |NMN⟩|IMI⟩ with the good quantum
numbers N, MN, and MI indicated in Figure 1. In the N = 0
manifold, the nuclear spin−rotation interaction vanishes, and
there are two Zeeman levels with MI = ±1/2 as shown in the
bottom panel of Figure 1. The N = 1 manifold contains six
Zeeman levels |N, MN, MI⟩ with N = 1, MN = −1, 0, + 1, and
MI = ±1/2. To facilitate the following discussion, we will
assign a state index (SI) to each Zeeman energy level, as shown
in Figure 1 in order of increasing energy. It is worth noting that
the states |3⟩, |4⟩, and |5⟩ cross at B ≃ 0.01 T, where the
nuclear spin−rotation interaction becomes comparable to the
Zeeman interaction. The crossings are not avoided because the
states have different values of m, the projection of j on the
magnetic field axis, which is a good quantum number for a
molecule in an external magnetic field.
3.2. Nuclear Spin Dynamics in Cold He−CO Colli-

sions: Cross Sections and Rate Constants. We begin by
considering the transitions between the two lowest nuclear
spin levels of CO, |N = 0, MI = ± 1/2⟩ induced by cold
collisions with He atoms. Figure 2 shows the cross sections for
transitions out of the ground (|MI = −1/2⟩) and the first
excited (|MI = 1/2⟩) Zeeman levels labeled as 1 and 2 in Figure
1. The elastic cross sections σ1→1 and σ2→2 are on the order of
100−104 Å2 between 10 and 10 K, as is typical for cold atom−
molecule collisions. The inelastic cross sections for nuclear
spin-changing transitions within the N = 0 manifold |MI = 1/2⟩
↔ |MI = −1/2⟩ are extremely small, reaching values below
10−15 Å2 at 10 mK.
Similarly to electron spin relaxation in collisions of 2Σ

molecules with atoms,68,69 nuclear spin relaxation in cold
atom−molecule collisions (E < 2Be) proceeds indirectly via a
three-step process. First, the molecule is temporarily excited to
a closed-channel N = 1 state due to the coupling with the
incident N = 0 channel induced by the anisotropy of the
interaction potential. In the rotationally excited state, the
nuclear spin is flipped by the nuclear spin−rotation interaction
(eq 7). Finally, the molecule is de-excited to the ground N = 0
state through the interaction anisotropy coupling. Because the
nuclear spin−rotation interaction is 2 to 3 orders of magnitude
weaker than the electron spin−rotation interaction in 2Σ
molecules, nuclear spin relaxation will be suppressed by a
factor of ≃(A/γsr)2 (i.e., by an additional 4−6 orders of
magnitude) compared to the electron spin relaxation mediated
by the electron spin−rotation interaction γsrN·S.10,68
At collision energies exceeding the rotational spacing (E ≥

2Be ≃ 5.3 K for CO), N = 0 → 1 rotational excitation

transitions become energetically allowed, and the spin
relaxation cross sections σ2→1 and σ1→2 increase dramatically.
As in the case of electron spin relaxation,10,14,68,70 this occurs
because the N = 0 → 1 transitions can now populate the open
N = 1 states directly (rather than transiently).
The cross sections for nuclear spin-conserving rotational

excitation increase slightly with collision energy as shown in
Figure 2 and are the largest between spin-down energy levels
|1⟩ and |3−5⟩ or between spin-up energy levels |2⟩ and |6−8⟩.
On the other hand, the nuclear spin-flipping rotational
excitation transitions |1⟩ → |6−8⟩ and |2⟩ → |3−5⟩ are
suppressed by a factor of ≃100. This is an example of a nuclear
spin selection rule, discussed in more detail below. We observe
several Feshbach resonances in the collision energy depend-
ence of the cross sections σ1→2, σ1→8, σ2→1, and σ2→3 above 1
K.
In Figures 3 and 4, we show the cross sections for elastic

scattering and rotational relaxation in He + CO collisions with
CO molecules initially prepared in the different Zeeman
sublevels of the N = 1 excited rotational state. For the fully
spin-polarized initial states |8⟩ and |3⟩, we observe three groups
of transitions, as shown in Figure 3. The dominant relaxation
channels are |8⟩ → |2⟩ (|1, 1, 1/2⟩ → |0, 0, 1/2⟩), |8⟩ → |6⟩
(|1, 1, 1/2⟩ → |1, − 1, 1/2⟩), and |8⟩ → |7⟩ (|1, 1, 1/2⟩ →
|1, 0, 1/2⟩) (group I). All of these transitions conserve nuclear
spin projection MI but change either N or MN. The second
most probable are the nuclear spin-flipping transitions |8⟩ → |
4⟩ (|1, 1, 1/2⟩ → |1, 0, − 1/2⟩) and |8⟩ → |5⟩ (|1, 1, 1/2⟩ →
|1, 1, − 1/2⟩) (group II), which change MI but conserve N.
The cross sections in group II are ≃103 times smaller than
those in group I. In turn, the least probable transitions from
group III, |8⟩ → |1⟩ (|1, 1, 1/2⟩ → |0, 0, − 1/2⟩) and |8⟩ → |3⟩

Figure 2. State-to-state cross sections for He + CO collisions for the
initial Zeeman states in the N = 0 manifold: |MI = −1/2⟩ (a) and
|MI = 1/2⟩ (b) in a magnetic field of 0.05 T plotted as a function of
collision energy. The cross sections for the transitions |1⟩ → |2⟩, |8⟩
and |2⟩ → |1⟩, |3⟩ are multiplied by 106 for better visibility. Dashed
lines indicate the energy gap between the N = 0 and N = 1 levels
(≃5.3 K). The initial states are indicated in each panel. The various
color-coded symbols indicate the final state indices (SIs) specified in
Figure 1. The symbols do not represent the actual number of
calculated points, which is 20 per order of magnitude (i.e., 20 points
between 0.01 and 0.1 cm−1, etc.).
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(|1, 1, 1/2⟩ → |1, − 1, − 1/2⟩), are further suppressed by a
factor of ≃103 compared to group II transitions. The final
states in group III are also fully spin-polarized, with a maximal
difference between the initial and final values of MN and MI.
This suppression is expected because the fully spin-polarized
states do not experience the nuclear spin−rotation interaction

and thus the matrix elements of the interaction potential
connecting them are zero. The cross section for the |8⟩ → |3⟩
transition is extremely small at all collision energies as shown
in Figure 3(b). Similar trends are observed for the fully spin-
polarized initial state |3⟩ as well as in our recent calculations on
the electron spin relaxation of rotationally excited CaH
molecules in cold collisions with He atoms in a magnetic
field.71

For non-fully spin-polarized N = 1 initial states |4⟩ − |6⟩ and
|7⟩ (see Figures 4 and 3), we observe two distinct groups of
transitions, one of which (group I) has much larger cross
sections than the other (group II). Group I transitions
conserve MI but change either MN or N as in the fully
polarized case considered above. Group II transitions are
nuclear spin-flipping transitions that change MI and/or MN.
There are no strongly suppressed group III transitions for the
initial states |4> − |7> since these initial states are not fully
spin-polarized. We note that the nuclear spin-flipping
transitions in group III are forbidden in the first Born
approximation due to zero nuclear spin overlap between the
initial and final states. These transitions occur due to higher-
order couplings through intermediate rotationally excited
states mediated by the anisotropy of the interaction potential
(see above).10,68

The energy dependence of the cross sections shown in
Figures 3 and 4 displays a number of resonances. Four
substantial resonances occur in the cross sections for group III
transitions, such as |8⟩ → |3⟩, |1⟩ and |3⟩ → |8⟩, |2⟩ at 0.25, 2,
4, and 7.2 K, respectively. We have verified that these
resonances are Feshbach resonances, rather than shape
resonances, by calculating the partial wave decomposition of
the cross sections (eq 10) and finding that no single partial
wave dominates at the resonance energies. The likely reason
that Feshbach resonances are absent in the group I and, to a
lesser extent, group II transitions is the large magnitude of the
cross sections for these transitions, leading to an enhanced
decay width of the resonances. As a result, the resonance peaks
become suppressed.72

Typical temperatures used in 4He buffer gas cooling
experiments range from ≃1 to 4 K and higher, so it is
instructive to consider the thermally averaged collision rates.
The temperature dependence of the elastic and inelastic
collision rates is plotted in Figure 5. The resonances shown in
Figure 2 are narrow compared with the width of the Maxwell−
Boltzmann energy distribution. As a result, the resonances are
washed away by thermal averaging and the calculated rate
coefficients increase monotonously as a function of temper-
ature between 1 and 5 K for the transitions of |1⟩ → |1⟩, |2⟩
and |2⟩ → |1⟩, |2⟩. We observe that the rate coefficients for the
excitation transitions |1⟩, |2⟩ → |3⟩ − |8⟩ shown in the lower
panel of Figure 5 decay exponentially at lower temperatures
and remain nearly constant at higher temperatures. This is
because the rotationally excited final states become energeti-
cally closed at collision energies below 5.3 K, and their cross
sections vanish, as shown in Figure 2.
Nevertheless, it should be noted that the rates for rotational

excitation via the |2⟩ → |3⟩ − |8⟩ transitions are larger than
those for the |2⟩ → |1⟩ transition by several orders of
magnitude even at T = 0.5 K. This is due to the large
magnitude of the excitation cross sections at the high-energy
tail of the Maxwell−Boltzmann distribution above 5.3 K (see
Figure 2), which makes a significant contribution to the
thermal collision rates even though transitions to rotationally

Figure 3. State-to-state cross sections of He + CO collisions for the
initial Zeeman states |7⟩ and |8⟩ in the N = 1 manifold plotted as a
function of collision energy. The initial states are indicated in each
panel. The various color-coded symbols indicate the final state indices
(SIs) specified in Figure 1. The cross sections for the transitions |8⟩
→ |1⟩ and |8⟩ → |3⟩ are multiplied by 106 for better visibility. The
symbols do not represent the actual number of calculated points,
which is 20 per order of magnitude (i.e., 20 points between 0.01 and
0.1 cm−1, etc.).

Figure 4. State-to-state cross sections of He + CO collisions for the
initial Zeeman states |3⟩ − |6⟩ in the N = 1 manifold plotted as a
function of collision energy. The initial states are indicated in each
panel. The various color-coded symbols indicate the final state indices
(SIs) specified in Figure 1. The cross sections for group III transitions
|3⟩ → |2⟩ and |3⟩ → |8⟩ are negligibly small and hence not shown in
panel (a). The symbols do not represent the actual number of
calculated points, which is 20 per order of magnitude (i.e., 20 points
between 0.01 and 0.1 cm−1, etc.).
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excited closed channels are energetically forbidden below 5.3
K. As shown below, this causes a steep temperature
dependence of nuclear spin relaxation times of CO molecules
immersed in a cold buffer gas of He.
The thermally averaged rate coefficients for the transitions

out of the initial states in the N = 1 manifold are shown in
Figure 6. As before, we observe that the rate coefficients are

smooth functions of temperature, with the resonant structure
present in the energy-dependent cross sections being washed
away by thermal averaging. While all of the nuclear spin-
conserving (group I) transitions have similar transition rates on
the order of 10−11 cm3/s, the rates of nuclear spin-flipping
transitions (group II) are 3 orders of magnitude smaller.

The rates of group III transitions involving the fully spin-
polarized initial and final states |8⟩, |3⟩, |2⟩, and |1⟩ are further
suppressed compared to those of group II transitions by several
orders of magnitude, reflecting the trend discussed above for
the cross sections. As shown in Figure 6(a) and (f), the
transition |8⟩ ↔ |3⟩ is particularly strongly suppressed. This is
because the initial and final states are fully spin-polarized, and
hence they are not coupled by the spin−rotation interaction,
just like the |1⟩ and |2⟩ states in the N = 0 manifold. This
remarkable suppression of collisional transitions is similar to
the electron and nuclear spin selection rules in spectroscopy
(ΔS = 0 and ΔI = 073). A similar suppression was observed for
the transitions between the fully electron-spin-polarized N = 1
Zeeman states of CaH(2Σ+) molecules in cold collisions with
He atoms.71

The dominant relaxation and excitation pathways between
the Zeeman sublevels of CO(N = 0, 1) in cold collisions with
He are summarized in Figure 7. The most prominent group I

transitions, indicated by solid arrows, conserve the nuclear spin
projection. These transitions occur between spin-up Zeeman
levels (|2⟩ ↔ |6−8⟩, |6⟩ ↔ |7⟩, |7⟩ ↔ |8⟩ and |6⟩ ↔ |8⟩) or
between spin-down Zeeman levels (|1⟩ ↔ |3−5⟩, |3⟩ ↔ |4⟩, |4⟩
↔ |5⟩, and |3⟩ ↔ |5⟩).
The next most efficient are the nuclear spin-flipping

transitions from group II marked by dashed arrows in Figure
7. Such transitions include |1⟩ ↔ |6−7⟩, |2⟩ ↔ |4−5⟩, |3⟩ ↔
|6−7⟩, and |4−5⟩ ↔ |6−7⟩. The group III spin-flipping
transitions involving the nuclear spin-stretched states |1⟩, |2⟩,
|3⟩, and |8⟩ have extremely small rate coefficients. These
forbidden transitions are not shown in Figure 7.

3.3. Magnetic Field Dependence. In this section, we
consider the magnetic field dependence of the state-to-state He
+ CO cross sections. This dependence is depicted in Figure 8
(see also Appendix D) at E = 0.014, 0.251, and 2 K and the
initial states |7⟩ and |8⟩. We note that at these energies, the
cross sections for transitions between the N = 0 Zeeman states
|1⟩ and |2⟩ (not shown in Figure 8) are field-independent.
For the fully spin-stretched initial state |8⟩, we observe three

groups of transitions as shown in panels a, c, and e of Figure 8,
with group III transitions to the fully spin polarized states |3⟩
and |1⟩ having extremely small cross sections, which are
independent of the magnetic field (see above). Transitions to
the final states |2⟩, |7⟩, and |6⟩ belong to group I. These
transitions have large cross sections and display no dependence
on the magnetic field because both the initial and final states

Figure 5. Thermally averaged rate coefficients for He + CO collisions
plotted as a function of temperature for the initial hyperfine Zeeman
states |1⟩ and |2⟩ of CO. The magnetic field is 0.05 T. The initial
states are indicated in each panel. The various color-coded symbols
indicate the final state indices (SIs) specified in Figure 1.

Figure 6. Thermally averaged rate coefficients for He + CO collisions
for the rotationally excited initial states |3⟩ − |8⟩ in a magnetic field of
0.05 T. The initial states are indicated in each panel. The various
color-coded symbols indicate the final state indices (SIs) specified in
Figure 1.

Figure 7. Schematic diagram of relaxation and excitation transitions
among the eight lowest Zeeman levels of CO in cold collisions with
He atoms. The most likely nuclear spin-conserving (group I)
transitions are marked by solid arrows. Nuclear spin-flipping (group
II) transitions are marked with dashed arrows. Group III transitions
are forbidden and hence not shown.
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have the same nuclear spin projections. These transitions are
similar to purely rotational transitions, which conserve the
nuclear spin.

Importantly, group II transitions |8⟩ → |4⟩ and |8⟩ → |5⟩
show a pronounced magnetic field dependence. These
transitions change the nuclear spin projection, and the final
states are superpositions of basis states |NMNMI⟩ with different
MN and MI mixed by the nuclear spin−rotation interaction.
In Figure 8(b), (d), and (f), we observe similar trends in the

magnetic field dependence of the transitions originating from
the initial state |7⟩, except that there are no group III
transitions as state |7⟩ is not fully spin-polarized. As many as
four transitions out of this state display a marked magnetic
field dependence, and the final states populated by these
transitions (|1⟩, |3⟩, |4⟩, and |5⟩) have the opposite nuclear spin
projection to the initial state, state |7⟩.
The magnetic field dependence can be explained by

examining the initial and final Zeeman states involved in
these group II transitions. At any finite magnetic field and N >
0, MN and MI are generally not good quantum numbers
because of the nuclear spin−rotation interaction mixing. The
molecular eigenstates |4⟩, |5⟩, |6⟩, and |7⟩ can be written as a
superposition of two uncoupled basis states |N, MN, MI⟩

| = | = + | =c N M M c N M M1, , 1, ,N I N I;1 ;2 (13)

To obtain the mixing coefficients consider the representa-
tion of the molecular Hamiltonian (eq 3) in the basis {|1, MN,
MI⟩, |1, MN′, MI′⟩}

i

k

jjjjjjjjj

y

{

zzzzzzzzz
=

+ + + +

+ + + +
H

B B g M g M AM M A M M M M

A M M M M B B g M g M AM M

2 ( ) 2 ( 1) 3/4 ( 1)

2 ( 1) 3/4 ( 1) 2 ( )

e I I I N N N I N N I I

N N I I e I I I N N N I

0

0 (14)

The diagonal matrix elements are composed of the rotational,

Zeeman, and spin−rotation contributions, whereas the off-

diagonal elements are due to the spin−rotation interaction.
To be specific, we chose to examine the magnetic field

dependence of eigenstates |5⟩ and |7⟩ composed of the basis

states |1, 0, 1/2⟩ and |1, 1, −1/2⟩. In the basis of these states

the matrix (eq 14) takes the form (in units of cm−1)

i

k
jjjjjjj

y

{
zzzzzzz=

+ ×

× +
H

B

B

3.675940 (0.0001785) 8.209 10

8.209 10 3.67594056 ( 0.0001126)

7

7

(15)

At low magnetic fields, the diagonal matrix elements are nearly

degenerate, and hence the uncoupled basis states are strongly

mixed by the off-diagonal spin−rotation interaction terms. As

the field increases, the degeneracy is lifted, and the eigenstates

of the Hamiltonian become progressively closer to the bare

uncoupled states |1, MN, MI⟩.
We can see this more directly by looking at the eigenvectors

of our model 2 × 2 Hamiltonian (eq 14)

i

k
jjjjjj

y

{
zzzzzz

| = | + |

| = | + |

=
+B g g

7 cos( /2) 1, 0, 1/2 sin( /2) 1, 1, 1/2

5 sin( /2) 1, 0, 1/2 cos( /2) 1, 1, 1/2

tan
2

( )N I 2

(16)

where the amplitudes ( )cos
2

and ( )sin
2

approximate the
coefficients cγ;1 and cγ;2 in eq 13. In the strong magnetic field
limit, the argument = +( )x B g g2 / ( )N I 2

is small.
Replacing tan(x) → x, we obtain θ ≃ C/B, where

=C g g2 / ( )N I .
In the inset of Figure 9, we plot the eigenvector components

of the eigenstate |5⟩ vs the magnetic field. We see that as the
field increases, the spin-up component of state |5⟩ decreases
and the eigenstate approaches the bare state |1, 1, −1/2⟩. This
numerical result agrees with eq 16, which predicts |5⟩ →
|1, 1, −1/2⟩ at large B, where θ ≃ C/B → 0.
Having discussed the magnetic field dependence of the

Zeeman states, we can now calculate the inelastic cross
sections between these states in the first Born approximation
(here and throughout this work, we use atomic units, where ℏ
= 1)

Figure 8. Magnetic field dependence of state-to-state cross sections
for 13C16O−4He collisions. The collision energy and initial state index
are indicated in each panel. The cross sections σ8→1 and σ8→3 are
multiplied by 106 to aid visibility. The various color-coded symbols
indicate the final state indices (SIs) specified in Figure 1.
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= ·e V d RR
4

( )i j
B i

ij
q R

2

2
3

2

(17)

where q is the transferred momentum and Vij(R) is the matrix
element of the interaction potential between the eigenstates |i⟩
and |j⟩. Expanding our initial and final states in the bare state
basis |N, MN, MI⟩ defined above
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the cross sections in the Born approximation (eq 17) can be
written as
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The atom−molecule interaction PES is independent of the
nuclear spin and hence diagonal in MI. We can thus rewrite eq
19 as
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For simplicity, we will consider the case of the fully spin-
polarized initial Zeeman state such as |8⟩, where ci2 = 0, and eq
20 simplifies to
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where σ8→7 is the cross section for the nuclear spin-conserving
transition |8⟩ → |7⟩ and σ8→5 is the cross section for the
nuclear spin-flipping transition |8⟩ → |5⟩. The prefactors
cos2(θ/2) and sin2(θ/2) give the magnetic field scalings of the
inelastic cross sections.
The cross sections calculated using eq 21 are compared with

the accurate CC calculations in Figure 9. The cross section
σ8→5 decreases with an increasing magnetic field. This trend is
qualitatively reproduced by the Born approximation, which
makes clear that the decline of the cross section σ8→5 is caused
by the decreasing mixing between the different nuclear spin
components of the eigenstate |5⟩ in eq 21. As stated above, the
mixing angle scales as θ ≃ B−1 in the large B-field limit and
thus σ8→5 ≃ B−2.
In contrast, the cross section for the |8⟩ → |7⟩ transition

tends to a constant value in the high B-field limit due to the
mixing coefficient cos2(θ/2) in eq 21 approaching unity as θ →
0. At higher fields, the cross sections computed in the Born
approximation start to deviate from the accurate CC results.
This could be a consequence of multichannel effects, which
become more pronounced as the cross sections become
smaller at higher B fields. The Born approximation does,
however, capture the overall trend in the magnetic field
dependence of scattering cross sections observed in accurate
CC calculations.

3.4. Nuclear Spin Relaxation Dynamics of CO
Molecules Immersed in a Cold He Buffer Gas. In this
section, we examine the relaxation dynamics of CO molecules
prepared in a single N = 0 nuclear spin sublevel in cold
collisions with He atoms. To this end, we use the standard rate
equations,74−76 which describe the time evolution of
populations of the individual molecular eigenstates |m⟩

=t t W t W( ) ( ) ( )mm
n m

nn mn mm
n m

nm
(22)

where Wmn = Kn→mnHe are the rates for the transitions |n⟩ →
|m⟩ induced by collisions with helium atoms, nHe is the atomic
density (we assume that nHe ≫ nCO), and ρnn(t) is the diagonal
density matrix element (the population of state |n⟩) at time t.
The He + CO bimolecular transition rates are obtained from
rigorous CC calculations, as described above, and we take nHe
= 1014 cm−3.
Figure 10 shows the time evolution of populations of the

lowest nuclear spin states of CO molecules initially prepared in
the pure nuclear spin state |2⟩. These results are obtained by
solving the rate eq 22 numerically using a basis set including
the eight lowest hyperfine states of CO (see Figure 1). The
population of the initial state |2⟩ relaxes to equilibrium due to
collisions with buffer gas atoms. The equilibrium state is given
by the Boltzmann distribution ρij

eq = δije−Ei/kBT/Z, where Z is the
partition function. At T ≪ 2Be/kB, only the N = 0 nuclear spin
sublevels are thermally populated. The energy gap between the

Figure 9. Magnetic field dependence of He + CO state-to-state cross
sections for the initial state |8⟩ and final states |5⟩ and |7⟩ at a collision
energy of 2 K. Solid lines are cross sections calculated using the
accurate CC method. Dashed lines represent results obtained in the
Born approximation (BA). The inset shows the contribution of the
basis states |N, MN, MI⟩ to state |5⟩ as a function of the magnetic field.
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N = 0 nuclear spin sublevels of CO is extremely small
compared to kBT at T ≥ 1 mK and B < 0.1 T (see Figure 1), so
we expect ρ11

eq = ρ22
eq ≃ 1/2 as is indeed observed in Figure

10(a) and (b). At T = 2 K, a small fraction of the overall
population (<10%) ends up in N = 1 rotational states as this
temperature is no longer negligibly small compared to the
rotational spacing between the N = 0 and N = 1 levels (5.3 K).
The relaxation time scale is strongly temperature-dependent.

At T = 0.5 K, the relaxation is extremely slow, and thermal
equilibrium is reached only on the time scale of hundreds of
seconds. At higher temperatures, the relaxation occurs much
faster, taking ≃0.1 s at 2 K. Table 1 lists the nuclear spin
relaxation times of CO molecules obtained by fitting the time
dynamics of state populations in Figure 10 to an exponential
form = +t( ) (1 e )t T

22
1
2

/ 1 .

The drastic increase in the relaxation time of state |2⟩ at
lower temperatures can be explained by the extremely small
transition rates for the nuclear-spin-changing transitions |2⟩ ↔
|1⟩ (see Figure 5), which lead to equilibration of the nuclear
spin degrees of freedom. The opposite trend is observed at
higher temperatures, where the relaxation times decrease
dramatically due to the corresponding increase in the |2⟩ ↔ |1⟩
transition rates.
We finally note that the nuclear spin relaxation times of CO

molecules are moderately sensitive to the interaction PES (to
within a factor of 2), as shown in Appendix A.

4. SUMMARY AND CONCLUSIONS
We developed a rigorous CC methodology for quantum
nuclear spin dynamics in cold, weakly anisotropic collisions

between 1Σ+ molecules and structureless atoms in the presence
of an external magnetic field. As in all CC methods, the
solution of the time-independent Schrödinger equation is
expanded in a channel basis set. Here, we use a basis set
composed of direct products of rotational and nuclear spin
basis functions of the diatomic molecule. The theory is
conceptually similar to the one developed previously for
electron spin depolarization in cold atom−molecule colli-
sions9,10 in which the electron spin basis functions are replaced
by their nuclear spin counterparts. Nonetheless, our calcu-
lations show that nuclear spin relaxation occurs much more
slowly than electron spin relaxation due to the much weaker
interactions of nuclear spins with the rotational degrees of
freedom.
We apply our methodology to study transitions between the

different nuclear spin sublevels of 13C16O in cold collisions
with 4He buffer atoms. This system is experimentally relevant
as buffer-gas-cooled diatomic and polyatomic molecules have
been probed spectroscopically in a number of recent
experiments.25−34 We perform rigorous coupled-channel
quantum scattering calculations based on an accurate ab initio
potential energy surface of He-CO, focusing on transitions
between the nuclear spin sublevels of the ground (N = 0) and
the first excited (N = 1) rotational states.
Our calculations show that state-to-state transitions between

the nuclear spin sublevels of polar molecules (such as CO) in
cold collisions with buffer-gas atoms (such as He) are
governed by several selection rules. The transition probability
depends on (i) whether the nuclear spin projection of the
initial state changes in a collision and (ii) whether the initial
and final states are fully spin-polarized. The dominant
transitions that belong to group I conserve nuclear spin
projection MI but change either N or MN. Group II transitions,
which change MI and occur between nonfully polarized initial
and/or final Zeeman states, are 3 orders of magnitude slower.
Finally, the weakest group III transitions change MI and occur
between the fully polarized initial and final Zeeman states. This
hierarchy of transitions is expected: on the basis of the
weakness of the nuclear spin−rotation coupling between the
different Zeeman levels, one could predict that the strongest
transitions would be those that conserve MI. In addition,
similar propensity rules for electron spin-rotational transitions
were found in our previous work on cold 4He + 40CaH
collisions.71 However, because the Zeeman levels are coupled
in a nontrivial way by the anisotropy of the atom−molecule
interaction potential, only rigorous quantum scattering
calculations can provide quantitative insight into the hierarchy
of transitions.
We find that only group II transitions have a marked

magnetic field dependence. The origin of this dependence is
the field-induced mixing between the different spin-rotational
basis functions that compose the initial and final molecular
eigenstates. Specifically, as the magnetic field increases, the
eigenstates become more polarized; i.e., they acquire a definite
value of the nuclear spin projection MI. Because the atom−
molecule interaction potential is diagonal inMI, both the initial
and final states must have the same value of MI for the
transition to occur in the first order. As a result, the cross
sections for group II transitions originating from the fully spin-
polarized eigenstates are proportional to the overlap between
the nuclear spin components of the initial and final states. This
overlap is most strongly field-dependent when the initial and
final states have magnetic g factors of the opposite sign, such as

Figure 10. Time dynamics of CO nuclear spin state populations in
cold collisions with He atoms at different temperatures: (a) T = 0.5 K,
(b) T = 1 K, and (c) T = 2 K, respectively. Panel (d) shows details of
short-time dynamics at T = 2 K. The red dots denote the exponential
fit (see the text).

Table 1. Nuclear Spin Relaxation Times of CO Molecules in
the Nuclear Spin State |2⟩ (|N = 0, MI = 1/2⟩) in Collisions
with He Atomsa

T(K) 0.5 1.0 2.0
T1(s) 205 1.12 0.098

aThe magnetic field is 0.05 T.
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states |8⟩ and |5⟩ in Figure 1. In this case, the overlap scales as
1/B, and the inelastic cross section scales as 1/B2.
In contrast, for group I transitions the nuclear spin overlap

factor depends on the magnetic field only weakly since both
the initial and final states have the same MI values. For group
III transitions, the nuclear spin overlap is zero at all magnetic
fields and transitions occur through an indirect mechanism
involving field-independent couplings to rotationally excited
states. We observe a number of Feshbach resonances in the
collision energy dependence of the integral cross sections,
which are particularly pronounced for group III transitions.
Finally, we explored the time dynamics of nuclear spin

relaxation of CO molecules immersed in a cold gas of He
atoms using rate equation simulations based on the CC
collision rates computed in this work. While the relaxation

times of the N = 0 nuclear spin sublevels are extremely long at
very low temperatures (T ≪ 2Be/kB), they decline sharply with
increasing temperature due to a dramatic increase in the
nuclear spin-flipping rates. Our simulations thus indicate that
preparing long-lived nuclear spin sublevels of diatomic
molecules in inert buffer gases would require cooling the
molecules to temperatures much lower than the spacing
between the N = 0 and N = 1 rotational states.
Because spin-flipping transitions in the N = 0 manifold

belong to group III (and hence, their cross sections are
extremely small), extremely long relaxation times might be
expected. However, the precise values of collision rates
responsible for the nuclear spin relaxation time scales cannot
be determined without performing the rigorous quantum
scattering calculations reported here.

Figure 11. State-to-state cross sections for He + CO collisions from the initial state |7⟩ as a function of collision energy. Each panel represents a
different final state starting from |1⟩ and ending with |8⟩. The magnetic field is 0.05 T.

Figure 12. State-to-state cross sections for He + CO collisions from the initial state |8⟩ as a function of collision energy. Each panel represents a
different final state starting from |1⟩ and ending with |8⟩. The magnetic field is 0.05 T.
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■ APPENDIX A: SENSITIVITY TO THE INTERACTION
POTENTIAL

In this section, we explore the sensitivity of 4He + 13C16O
collision cross sections, rate constants, and relaxation times to
small changes in the interaction potential. This is necessary
because low-temperature scattering observables are known to
be strongly affected by such changes,4,20 and the accuracy of ab
initio interaction potentials, such as the He-CO potential used
in this work, is limited. To vary the interaction potential, we
multiply it by a constant scaling factor λ as done in previous
theoretical work.20 As the He-CO scattering calculations are
computationally intensive, we choose two values of the scaling
parameter, λ = 1.02 and 0.98, to explore the range of
uncertainty in the He-CO interaction potential of ±2%.
Figures 11 and 12 show the cross sections for the initial

states |7⟩ and |8⟩ to all final states calculated for the unscaled
(λ = 1) and scaled interaction potentials. We observe that
altering the potential changes the background values of
scattering cross sections and shifts the positions of scattering
resonances. This is expected as the scaling changes the
positions of the last bound states of the He-CO collision
complex, which are responsible for Feshbach resonances. The
changes are particularly pronounced in the s-wave regime
below 0.1 K.
Table 2 lists the state-to-state He-CO collision rates

calculated with unscaled (λ = 1) and scaled (λ = 0.98, 1.02)

interaction PESs. While the largest rates do not change
significantly upon PES scaling, the smaller rates that
correspond to group II and III transitions are more sensitive
to the PES. The most sensitive are group III transitions, whose
rates are the smallest and are most affected by scattering
resonances.
Finally, we explore the sensitivity of nuclear spin relaxation

dynamics to small changes in the He-CO interaction PES.
Figure 13 shows the time evolution of the populations of the
lowest nuclear spin states of CO initially prepared in the pure
nuclear spin state |2⟩ for unscaled (λ = 0) and scaled (λ = 0.98,
1.02) interaction potentials. We observe that although
changing the interaction potential has an impact on the details
of relaxation dynamics, the qualitative features of the dynamics
are not affected. This is because the relaxation time scales are
determined by many state-to-state transitions, and the overall
effect of the interaction PES on these transition rates tends to

average out. The nuclear spin relaxation times of CO
molecules in a buffer gas of He listed in Table 3 are seen to
change by a factor of 2 when the interaction PES is varied by
±2%.

■ APPENDIX B: COMPARISON WITH PREVIOUS HE +
CO CALCULATIONS

To test our newly developed quantum scattering code, we
calculated the cross sections for rotational relaxation in 4He +
12C16O collisions as a function of collision energy. The results
are compared in Figure 14 with the reference calculations
performed by Balakrishnan et al.58 and by Yang et al.61 Note
that the 12C16O isotope lacks the nuclear spin, so these
calculations do not account for it. In order to compare with the
previous results computed using a total angular momentum
basis,58,61 we averaged our MN-resolved cross sections over the
three degenerate MN components of the N = 1 initial state.
As shown in Figure 14, our cross sections are in good

agreement with the reference values at collision energies above
1 cm−1. In particular, the positions and widths of five scattering
resonances, which occur between 1 and 10 cm−1, agree closely.
We observe a significant discrepancy at the lowest-energy
resonance at E = 0.7 cm−1 and in the s-wave threshold regime,
where our results are above the reference values. We attribute
these discrepancies to small differences in the rotational
constants of CO, and in the reduced masses of He-CO used in
the present and the previous58,61 calculations. It is well
established that such small differences can have a large effect
on scattering observables at ultralow temperatures.4,20

■ APPENDIX C: PES SCALING
Here, we describe the scaling of the He-CO PES, which is
necessary to account for the shift of the center of mass of 13CO

Table 2. State-to-State He + CO Collision Rates Calculated
for the Unscaled PES (Last Column) and Scaled PESs (First
and Second Columns)a

transition +2% −2% unchanged

|1⟩ → |2⟩ 5.45 × 10−23 3.26 × 10−24 6.69 × 10−23

|1⟩ → |8⟩ 8.06 × 10−27 1.23 × 10−26 5.10 × 10−26

|2⟩ → |1⟩ 5.45 × 10−23 3.27 × 10−24 6.37 × 10−23

|2⟩ → |3⟩ 8.06 × 10−27 1.24 × 10−26 5.10 × 10−26

|3⟩ → |2⟩ 2.38 × 10−22 3.65 × 10−22 2.00 × 10−21

|3⟩ → |8⟩ 2.24 × 10−23 1.66 × 10−21 1.25 × 10−20

|6⟩ → |3⟩ 1.05 × 10−13 9.01 × 10−14 7.01 × 10−14

|8⟩ → |1⟩ 2.38 × 10−22 3.64 × 10−22 2.00 × 10−21

|8⟩ → |2⟩ 3.72 × 10−11 3.95 × 10−11 3.81 × 10−11

|8⟩ → |3⟩ 2.23 × 10−23 1.66 × 10−21 1.25 × 10−20

|8⟩ → |6⟩ 1.92 × 10−11 9.97 × 10−12 8.89 × 10−12

aThese transitions were calculated at 0.5 K. The magnetic field is 0.05
T.

Figure 13. Time dynamics of the nuclear spin state populations of
CO in cold collisions with He atoms at T = 0.5 K for the unscaled and
scaled He−CO interaction potentials. The dots denote the
exponential fits, which provide the T1 times.

Table 3. Nuclear Spin Relaxation Times of CO Molecules in
the Nuclear Spin State |2⟩ (|N = 0, MI = 1/2⟩) in Collisions
with He Atoms at T = 0.5 Ka

PES type unscaled λ = 1.02 λ = 0.98

T1(s) 205 111 137
aThe magnetic field is 0.05 T.
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compared to 12CO. To this end, we follow the procedure
described in ref 77. The transformation between the
He−13C16O Jacobi coordinates (R, r, θ) and the He−12C16O
Jacobi coordinates (R′, r′, θ′) is given by (assuming r = r′)

i
k
jjj y

{
zzz

= +

=

R R R R

R
R

1 ( / ) 2 /( cos )

arccos
cos

2

(23)

where Δ is the shift of the center-of-mass position between
13C16O and 12C16O.

■ APPENDIX D: MAGNETIC FIELD DEPENDENCE OF
HE + CO CROSS SECTIONS FOR THE INITIAL
STATES |3⟩, |4⟩, |5⟩, AND |6⟩

The magnetic field dependence of the cross sections for the
initial states |1⟩, |2⟩, |7⟩, and |8⟩ is discussed in the main text
(section 3.3). Here, we present additional results for the initial
states |3⟩, |4⟩, |5⟩, and |6⟩ (Figures 15 and 16).
In Figure 15(b), (d), and (f), we observe three groups of

transitions for the fully spin-stretched initial state |3⟩ in the N
= 1 manifold. As discussed in the main text, nuclear spin-
conserving (group I) transitions to the final states |1⟩, |4⟩, and
|5⟩ are magnetic field-independent. The nuclear spin-flipping
transitions involving the fully spin-polarized final states |2⟩ and
|8⟩ belong to group III and have the smallest cross sections,
which also show no magnetic field dependence. Only group II
transitions have a significant magnetic field dependence.
The initial state |4⟩ is not fully spin-polarized, so transitions

out of this state can belong to either group I or group II. In
panels (a), (c), and (e) of Figure 15, we show the cross
sections for these transitions. As before, nuclear spin-
conserving transitions to final states |1⟩, |3⟩, and |5⟩ (group I
transitions) are independent of the magnetic field. In contrast,
nuclear spin-flipping transitions from group II populating final
states |2⟩, |6⟩, |7⟩, and |8⟩ display a strong magnetic field
dependence.
Figure 16 shows the cross sections for the initial states |5⟩

and |6⟩. We observe very similar trends to those discussed
above for the initial states |3⟩ and |4⟩. The transitions can be

classified in two groups: group I (|5⟩ → |1⟩, |3⟩, |4⟩; |6⟩ → |2⟩, |
7⟩, |8⟩) and group II (|5⟩ → |2⟩, |6⟩, |7⟩, |8⟩; |6⟩ → |1⟩, |3⟩, |4⟩,
|5⟩).
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Figure 15. Magnetic field dependence of state-to-state cross sections
for 4He + 13C16O collisions. The collision energy and the initial state
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(77) Żuchowski, P. S.; Hutson, J. M. Low-energy collisions of NH3
and ND3 with ultracold Rb atoms. Phys. Rev. A 2009, 79, 062708.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.2c08646
J. Phys. Chem. A 2023, 127, 4511−4525

4525

https://doi.org/10.1038/s41377-021-00476-y
https://doi.org/10.1126/science.aal5066
https://doi.org/10.1126/science.aal5066
https://doi.org/10.1038/s41567-021-01328-7
https://doi.org/10.1126/science.1184121
https://doi.org/10.1126/science.1184121
https://doi.org/10.1038/nature08953
https://doi.org/10.1038/nature08953
https://doi.org/10.1088/1367-2630/17/6/065003
https://doi.org/10.1088/1367-2630/17/6/065003
https://doi.org/10.1063/1.4748258
https://doi.org/10.1063/1.4748258
https://doi.org/10.1063/1.4748258
https://doi.org/10.1038/s41467-018-04483-3
https://doi.org/10.1038/s41467-018-04483-3
https://doi.org/10.1016/j.jms.2004.08.015
https://doi.org/10.1016/j.jms.2004.08.015
https://doi.org/10.1038/s41557-020-00610-0
https://doi.org/10.1038/s41557-020-00610-0
https://doi.org/10.1103/PhysRevA.75.012704
https://doi.org/10.1103/PhysRevA.75.033416
https://doi.org/10.1103/PhysRevA.75.033416
https://doi.org/10.1103/PhysRevA.75.033416
https://doi.org/10.1103/PhysRevA.84.052706
https://doi.org/10.1103/PhysRevA.84.052706
https://doi.org/10.1103/PhysRevA.84.052706
https://doi.org/10.1103/PhysRevResearch.2.013117
https://doi.org/10.1103/PhysRevResearch.2.013117
https://doi.org/10.1103/PhysRevLett.127.103402
https://doi.org/10.1103/PhysRevLett.127.103402
https://doi.org/10.1103/PhysRevLett.127.103402
https://doi.org/10.1103/RevModPhys.82.1225
https://doi.org/10.1103/RevModPhys.82.1225
https://doi.org/10.1103/PhysRevA.104.052817
https://doi.org/10.1103/PhysRevA.104.052817
https://doi.org/10.1103/PhysRevA.89.032716
https://doi.org/10.1103/PhysRevA.89.032716
https://doi.org/10.1016/0301-0104(77)87016-X
https://doi.org/10.1016/0301-0104(77)87016-X
https://doi.org/10.1016/0301-0104(77)87016-X
https://doi.org/10.1063/1.481838
https://doi.org/10.1063/1.481838
https://doi.org/10.1016/0021-9991(73)90049-1
https://doi.org/10.1016/0021-9991(73)90049-1
https://doi.org/10.1063/1.2055267
https://doi.org/10.1063/1.2055267
https://doi.org/10.1063/1.2055267
https://doi.org/10.1006/jmsp.2000.8071
https://doi.org/10.1016/j.jmr.2005.08.013
https://doi.org/10.1016/j.jmr.2005.08.013
https://doi.org/10.1063/1.451472
https://doi.org/10.1063/1.451472
https://doi.org/10.1063/1.475290
https://doi.org/10.1063/1.475290
https://doi.org/10.1063/1.469644
https://doi.org/10.1063/1.469644
https://doi.org/10.1038/nchem.2204
https://doi.org/10.1038/nchem.2204
https://doi.org/10.1103/PhysRevA.67.060703
https://doi.org/10.1103/PhysRevA.67.060703
https://doi.org/10.1021/jp0488416?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0488416?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0488416?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.94.123002
https://doi.org/10.1103/PhysRevLett.94.123002
https://doi.org/10.1063/5.0074844
https://doi.org/10.1063/5.0074844
https://doi.org/10.1063/5.0074844
https://doi.org/10.1088/1367-2630/9/5/152
https://doi.org/10.1088/1367-2630/9/5/152
https://doi.org/10.1088/1367-2630/9/5/152
https://doi.org/10.1103/PhysRevLett.95.113001
https://doi.org/10.1103/PhysRevLett.95.113001
https://doi.org/10.1063/1.2130708
https://doi.org/10.1063/1.2130708
https://doi.org/10.1103/PhysRevA.79.062708
https://doi.org/10.1103/PhysRevA.79.062708
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.2c08646?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

