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ABSTRACT: We explore the quantum dynamics of nuclear spin
relaxation in cold collisions of 'E* 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 'I* 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 *CO molecules immersed in a cold buffer gas of *He
atoms. We find that nuclear spin relaxation in the ground
rotational manifold (N = 0) of "*CO 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 "*CO 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 (My and M;) 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 "*CO(N = 0) immersed in a cold buffer gas of “He. The calculated
nuclear spin relaxation times (T; =~ 1 s at T = 1 K at a He density of 10™'* cm™>) 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 (kzT << 2B,), where B, 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,"”” 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.” > Ultracold
polar molecules also hold promise for quantum information
science, precision spectroscopy, and searches for new physics
beyond the standard model."”® 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.*~>

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,"”* inelastic
collisions lead to heating and/or trap loss. In particular,
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inelastic collisions can flip the orientation of molecular electron
spins, leading to spin relaxation (also known as spin
depolarization).* "% 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 Bohn” and Krems
and Dalgarno'® 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
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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,'**~>* 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 measurements™> >* 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.*7** Because nuclear spins interact weakly with their
environment, they could be an ideal platform for long-term
quantum information storage.””*’ 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 — K, + Rb,.*""** Homonuclear diatomic
molecules can exist in the form of different nuclear spin
isomers, such as ortho- and para-H,, which can exhibit
dramatically different chemical reactivity at ultralow temper-
atures, as seen in theoretical calculations.”** Nuclear spin
isomers of polyatomic molecules such as methylene (CH,)
have been predicted to have markedly different spin relaxation
rates in cold collisions with He atoms,** and ortho- and para-
water molecules have different reactivity toward trapped
diazenylium ions.*> 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.”® These selection
rules have recently been observed experimentally for the
ultracold chemical reaction KRb + KRb — K, + Rb,, which
populates only even (odd) rotational states of K, (Rb,)*” 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,**™** being
largely responsible for the occurrence of magnetic Feshbach
resonances in ultracold atom—atom collisions.”> 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.”*”°
Queménér et al. recently proposed a simple state decom-
position model®* to describe the effects of nuclear spin
conservation and external magnetic fields on the product state
distributions of the ultracold chemical reaction KRb + KRb —
K, + Rb,. 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,” Li + CaH,*" and Na
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+ NalLi collisions>* 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 'T*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 *CO
molecules in low-temperature collisions with *He 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 (T,) times on
the order of 1 s at a buffer-gas density of 107'* cm™ 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 T, 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 '* 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 'E* molecules bearing a single nuclear spin
(such as *C'Q) 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 *He + BC0('Z*) collisions.

The Hamiltonian of the atom—molecule collision complex
may be written as

2
L N A

+ ﬁ + V(R, r, 9) + H, 0
where the orbital angular momentum operator L describes the
orbital motion of the colliding particles, y = M, M,/ (M, +
M,,1) is the reduced mass of the complex, and V represents the
atom—molecule interaction potential in Jacobi coordinates (R,
r, 0), where r = Irl is the internuclear distance in the diatomic
molecule, R = [Rl is the separation vector from the atom to the
center of mass of the molecule, and 8 is the angle between R
and r. Here, we consider collisions of *C'®O molecules with
structureless atoms (such as “He), and hence the atomic
Hamiltonian can be omitted from eq 1. The interaction
potential V(R, r, ) approaches zero as R — 0.

The effective Hamiltonian of the 'X* molecule in its ground
electronic and vibrational states®®*”

https://doi.org/10.1021/acs.jpca.2c08646
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where B, is the rotational constant, D, is the centrifugal
distortion constant, N is the rotational angular momentum
operator, I is the nuclear spin operator, A is the nuclear spin—
rotation interaction constant, gy is the rotational g factor, g is
the nuclear g factor, py is the nuclear magneton, B is the
magnetic field, Doqz(w) is a Wigner D function of the Euler
angles @, which determine the position of the molecular axis in
the spagc;e-ﬁxed frame, and qu(;() is the magnetic susceptibility
tensor.”

The hyperfine structure of *CO arises from the nuclear spin
of BC (I = 1/2) and _includes the nuclear spin—rotation
interaction defined by H,; in eq 3. The Zeeman term H,
accounts for the interaction of the external magnetic field with
the molecular rotational anfgular momentum, nuclear spin, and
diamagnetic susceptibility™® 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 “He) at low temper-
atures.™®

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

) == X X Y B RNMILILM,)

NMy M, LM,

(4)

where My, M, and M; indicate the projections of N,1and L
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 Bohn” and Krems
and Dalgarno'® for open-shell *Z and 3% molecules colliding
with structureless atoms. The only difference is that our basis
functions [IM;) describe the nuclear spin degrees of freedom in
'Y molecules rather than the electron spins of *X and *%
molecules.

The projection of the total angular momentum M = My +
M; + M;, unlike the total angular momentum itself, is
conserved for collisions in a magnetic field. Substituting eq 4
into the time-independent Schrédinger equation, HIW) = EI¥),
where E is the total energy, we obtain a system of coupled-
channel (CC) equations for the expansion coefficients
P pvn, (omitting the initial quantum numbers N, My,

I, Mj, L, and M, for simplicity)

N',Mj,Mj L'Mf,

3 MMM\ EM
+ Hp ol N'MyI MILML>FN’M,’\,1M,’L’M’L(R) (5)

where the summation is carried out over all of the channels
included in the basis set. The CC values in eq S 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 'Y molecule (eq 3). Because the rotational
Hamiltonian is independent of the nuclear spin and orbital
degrees of freedom, it is diagonal in M}, L, and M;:

(NMyIMLM, A, |

N0y O 0L, 1O agy aay [BN(N + 1) — DN*(N + 1)’] (6)

IN'MIMLM}) =

The matrix elements of the hyperfine Hamiltonian I:I,\hf,\ are
obtained by expanding the spin—rotation interaction AI'N in
terms of the raising and lowering operators I, and N>’

(NMIM,LM; |H, IN'MyI'ML'M; ) =

! !
‘SL,L’(SML,M,:A ‘SMN,MA’,(SMI,MI’MNMI
+ L(crmic v 5
) + - M, M+1YMy,My—1

I,M] ~N, M,
+ CZ IC+ N5M,,M;—15MN,M1(,+1) (7)
where Ci’m = \/](] + 1) — m(m + 1). The matrix elements of

the Zeeman interaction are diagonal in the uncoupled basis
since the basis states [IM]) are eigenstates of I* and I,

(NMyIM,LM; |H,IN'My IM;L'M; ) =
5N,N’5MN,M;,5L,L’5ML,M£5M,,M,’(—gNﬂNMNB - gIﬂNMIB)
2
- N,N"SMN,MI;,&L,L’5ML,Mi5M,,M’B

3M> — N(N + 1)
3(2N — 1)(2N + 3) G -4

(8)

where the matrix elements of the diamagnetic Zeeman
interaction are proportional to the difference between y; and
x1, 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
>1T).

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 M;"°

(NMyIMLMIV (R, r, O)INMI'MLM;) = 8,y (= 1M

X [QL + 1)L + DE[RN + RN + D2 Y, \Q(R)[L A L/]
A

000

e ) Yy 1 N N 2 N’
-M, M, -M;, M {0 0 0f|\-My My—My My 9)
where the Legendre coefficients V;(R) are obtained by

expanding the interaction potential energy surface (PES) in

https://doi.org/10.1021/acs.jpca.2c08646
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Legendre polynomials V(R, 6) = Y,V,(R) P,(cos 0) (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 S to
the standard asymptotic form given by linear combinations of
the Riccati-Bessel and Neumann functions at large R.*°

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

M 2
2 X 2 Bu iy = S

M LM, I'Mj
(10)

where y and Y’ refer to the eigenstates of the isolated
molecule’s Hamiltonian (eq 3) in the presence of a magnetic
field, ly) = Y xaium,Coomntn,(B)INMMIIM, ), and k, = (2uE)"/? is
the collision wavevector. The matrix of solutions of CC
equations is transformed to the eigenstate basis before the
application of scattering boundary conditions."’

The thermal state-to-state rate coeflicients at temperature T
are obtained by averaging the cross sections over the Maxwell—
Boltzmann velocity distribution®!

e E
] [) o, (E)E eXP(_kB—T)dE
(11)

where kg is the Boltzmann constant and T is the temperature.

2.1. Computational Details. We use the following
spectroscopic constants of BC%0 to parametrize the
Hamiltonian in eq 3: B, = 55.101 GHz,"* D, = 1.676 x 10~
GHz,” A = 327 X 107 GHz’ gy = —02595" g
140482, and the diamagnetic susceptibility anisotropy
(j—xL) = —6.85829 x 107 cm™/T2’

We use the log-derivative approach®®®* to numerically
integrate the CC (eq S) for He + *C'®O collisions on a radial
grid from R, = 3.0 g4 to R,,, = 110.0 g, with a constant grid
step of 0.02 ay). 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 X 107 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 12) — 13) 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

P
07—*7’(E) = F
7

8

K, (T)=|——
D)=

M — e(Ef_Ex)/kBT
ki (T) (12)
to obtain the desired excitation rates, where E; and E; are the
energies of the initial and final molecular states involved in the
transition.
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We use an accurate ab initio PES for He-CO developed by
Heijmen et al.>® using a symmetry-adapted perturbation theory
approach.® This PES was used in several quantum scatteriré%
calculations by Balakrishnan et al.>® and by Wang et al,
which focused on rovibrational transitions in '*C'®O 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.”” We compare our results against the
previous calculations®®®" 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™" located at R = 6.53 ay, 6 =
48.4° and r = 2.132 a, (the equilibrium bond length of CO).
We expand the € dependence of the PES in 12 Legendre
polynomials.

The previous calculations did not account for the nuclear
spin of the '*C'%O 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 2C'0, 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 '*C'°O
molecules with *He atoms. We will present state-to-state
scattering cross sections and collision rates for all initial
Zeeman levels of *C'%0 (N = 0, 1) in collisions with *He
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
BC!0 immersed in a cold buffer gas of “He, and we estimate
the nuclear spin relaxation times.

3.1. Energy Levels of '3C'®0. Figure 1 displays the
Zeeman levels of *C'®0 as a function of the magnetic field.
The electronic spin of *C'O is zero, and the energy splittings
are determined by an interplay between the hyperfine (spin—

5.2862+ j M M, SI
UN L ' — 1 128
8x10° [~ Ho0 127
7><]O>5 _—3/2 —_
< 6x10°[—1/2 —1-125
@ 5)(10-5__ —_ 0 —1/2 4
g 4><10-5 l L I L l L l L l L
&3 F —
210’ 40 122
1x10 ]
0 ]
-1x10” .
» d0-121
-2x10 [ T S T (R B S
0 002 004 006 008 0.1

Magnetic Field (T)

Figure 1. Zeeman energy levels of C'%O as a function of the
magnetic field. Each level is labeled by the quantum numbers j (in the
low-field limit) and N, My, and M; (in the high-field limit) and by its
state index (SI). 1 K = 0.695 cm™". 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 *C (I = 1/2)
and the Zeeman interaction given by eq 8. Throughout the rest
of this article, we will consider only the *C'O 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 ™,
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 = IN + Il 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 X 107 cm™".

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) INMy)IM;) with the good quantum
numbers N, My, and M; indicated in Figure 1. In the N = 0
manifold, the nuclear spin—rotation interaction vanishes, and
there are two Zeeman levels with M; = +1/2 as shown in the
bottom panel of Figure 1. The N = 1 manifold contains six
Zeeman levels IN, My, M;) with N =1, My = —1, 0, + 1, and
M; = +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 13), 14), and IS) 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, IN = 0, M; = + 1/2) induced by cold
collisions with He atoms. Figure 2 shows the cross sections for
transitions out of the ground (IM; = —1/2)) and the first
excited (IM; = 1/2)) Zeeman levels labeled as 1 and 2 in Figure
1. The elastic cross sections 0;_,; and 0,_,, are on the order of
100—10* A2 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 IM; = 1/2)
< IM; = —1/2) are extremely small, reaching values below
107" A* at 10 mK.

Similarly to electron sg)in relaxation in collisions of
molecules with atoms,”*®” nuclear spin relaxation in cold
atom—molecule collisions (E < 2B,) 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 X
molecules, nuclear spin relaxation will be suppressed by a
factor of ~(A/y,)* (i.e, by an additional 4—6 orders of
magnitude) compared to the electron spin relaxation mediated
by the electron spin—rotation interaction y,N .§.1068

At collision energies exceeding the rotational spacing (E >
2B, ~ 5.3 K for CO), N = 0 — 1 rotational excitation
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Figure 2. State-to-state cross sections for He + CO collisions for the
initial Zeeman states in the N = 0 manifold: IM; = —1/2) (a) and
IM; = 1/2) (b) in a magnetic field of 0.05 T plotted as a function of
collision energy. The cross sections for the transitions 11) — [2), 18)
and 12) — 1), I3) are multiplied by 10° 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™, etc.).

transitions become energetically allowed, and the spin
relaxation cross sections o,_,; and o,_,, increase dramatically.
As in the case of electron spin relaxation,'”'***”° 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 13—5) or between spin-up energy levels |12) and 16—8).
On the other hand, the nuclear spin-flipping rotational
excitation transitions 11) — 16—8) and I2) — [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 o,_,,, 6,_4, 0,_,1, and 0,_,; 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 I18) and 13), we observe three groups
of transitions, as shown in Figure 3. The dominant relaxation
channels are 18) — 12) (1, 1, 1/2) — 10, 0, 1/2)), I8) — 16)
(I1, 1, 1/2) = 11, — 1, 1/2)), and 18) — 17) (11, 1, 1/2) —
11, 0, 1/2)) (group I). All of these transitions conserve nuclear
spin projection M; but change either N or My. The second
most probable are the nuclear spin-flipping transitions 18) — |
4y (11,1, 1/2y - 11,0, — 1/2)) and I18) — 15) (I1, 1, 1/2) —
11, 1, — 1/2)) (group II), which change M; but conserve N.
The cross sections in group II are ~10° times smaller than
those in group I In turn, the least probable transitions from
group 111, 18) — I11) (I1, 1, 1/2) - 10,0, — 1/2)) and I8) — 3)

https://doi.org/10.1021/acs.jpca.2c08646
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Figure 3. State-to-state cross sections of He + CO collisions for the
initial Zeeman states 17) and I8) in the N = 1 manifold plotted as a
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Figure 4. State-to-state cross sections of He + CO collisions for the
initial Zeeman states I3) — 16) 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
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panel (a). The symbols do not represent the actual number of
calculated points, which is 20 per order of magnitude (ie., 20 points
between 0.01 and 0.1 cm™), etc.).

(I, 1, 1/2) - 11, — 1, — 1/2)), are further suppressed by a
factor of ~10* 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 My and M.
This suppression is expected because the fully spin-polarized
states do not experience the nuclear spin—rotation interaction
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and thus the matrix elements of the interaction potential
connecting them are zero. The cross section for the 18) — 13)
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 13) 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.”"

For non-fully spin-polarized N = 1 initial states |4) — 16) and
I7) (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 M; but change either My or N as in the fully
polarized case considered above. Group II transitions are
nuclear spin-flipping transitions that change M; and/or My.
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).'**

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 I8) — 13), [1) and I13) — [8), 12) 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.””

Typical temperatures used in *He 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
coeflicients increase monotonously as a function of temper-
ature between 1 and S K for the transitions of I1) — 1), 2)
and 12) — 1), I12). We observe that the rate coefficients for the
excitation transitions [1), 12) — 13) — 18) 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 12) — I3) — I8) transitions are larger than
those for the 12) — I1) 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

https://doi.org/10.1021/acs.jpca.2c08646
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indicate the final state indices (SIs) specified in Figure 1.

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
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Figure 6. Thermally averaged rate coefficients for He + CO collisions
for the rotationally excited initial states 13) — I8) 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.

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™"" cm?/s, the rates of nuclear spin-flipping
transitions (group II) are 3 orders of magnitude smaller.
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The rates of group III transitions involving the fully spin-
polarized initial and final states I8), 13), I12), 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 18) < 13) 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 11) 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
(AS =0and AT = 07%). A similar suppression was observed for
the transitions between the fully electron-spin-polarized N = 1
Zeeman states of CaH(*Z*) molecules in cold collisions with
He atoms.”'

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

SI (N My M)
8 a1 1 172

70 0 172) .
6 (1 -1 12) —H

5 a1 112 —

2 0 0 172)

1 O 0 -172)

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.

transitions, indicated by solid arrows, conserve the nuclear spin
projection. These transitions occur between spin-up Zeeman
levels (I2) < 16—8), 16) < 17), 17) < 18) and 16) < I8)) or
between spin-down Zeeman levels (1) < 13=5), 13) < [4), 14)
< 15), and 13) < 15)).

The next most efficient are the nuclear spin-flipping
transitions from group II marked by dashed arrows in Figure
7. Such transitions include 11) < 16—7), 12) < [4=5), I13) <
l6—7), and 14—5) < 16—7). The group III spin-flipping
transitions involving the nuclear spin-stretched states 1), 12),
I3), and I8) 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
I1) and I2) (not shown in Figure 8) are field-independent.

For the fully spin-stretched initial state 18), we observe three
groups of transitions as shown in panels a, ¢, and e of Figure 8,
with group III transitions to the fully spin polarized states 13)
and 1) having extremely small cross sections, which are
independent of the magnetic field (see above). Transitions to
the final states 12), 17), and 16) 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

https://doi.org/10.1021/acs.jpca.2c08646
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have the same nuclear spin projections. These transitions are
similar to purely rotational transitions, which conserve the
nuclear spin.

2B, + Bou (g M; + g My) + AMyM,
H=

AJ2 — M(My — 1) \/3/4 — M{(M;] + 1)

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 |S) and 17) composed of the basis
states |1, 0, 1/2) and 11, 1, —1/2). In the basis of these states
the matrix (eq 14) takes the form (in units of cm™")

3.675940 + B(0.0001785) 8.209 X 1077
H =

8209 x 1077 3.67594056 + B(—0.0001126)

(18)
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 11, My, M)).

We can see this more directly by looking at the eigenvectors

of our model 2 X 2 Hamiltonian (eq 14)
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Importantly, group II transitions I18) — 14) and 18) — I5)
show a pronounced magnetic field dependence. These
transitions change the nuclear spin projection, and the final
states are superpositions of basis states INMyM;) with different
My and M; 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 (I1), 13), 14), and IS)) 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, My and M; are generally not good quantum numbers
because of the nuclear spin—rotation interaction mixing. The
molecular eigenstates 14), 1S), 16), and |7) can be written as a
superposition of two uncoupled basis states IN, My, M;)

ly) = ¢, 1IN = 1, My, M) + ¢,,I[N = 1, My, M) (13)
To obtain the mixing coefficients consider the representa-

tion of the molecular Hamiltonian (eq 3) in the basis {1, My,
MI)) llr MNlr MI/>}

AJ2 — My(My + 1) {/3/4 — M(M; — 1)

2B, + Boyl(gIM; + gNMI’\,) + AMM;

(14)
17) = cos(0/2)I1, 0, 1/2) + sin(0/2)I1, 1, —1/2)
1S) = —sin(6/2)I1, 0, 1/2) + cos(0/2)11, 1, —1/2)
tan 6 = Ly
Bu(g, —g) + 3
(16)

where the amplitudes cos(g) and sin(g) approximate the
coefficients ¢,;; and ¢, in eq 13. In the strong magnetic field
limit, the argument x = 27/ (B/,t(gN - gI) + g) is small.

Replacing tan(x) — «x, we obtain & ~ C/B, where

C=2r/ulg, —g)-

In the inset of Figure 9, we plot the eigenvector components
of the eigenstate |S) vs the magnetic field. We see that as the
field increases, the spin-up component of state IS) decreases
and the eigenstate approaches the bare state |11, 1, —1/2). This
numerical result agrees with eq 16, which predicts 1S) —
11, 1, —1/2) at large B, where 8 ~ C/B — 0.

Having discussed the magnetic fleld 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 7

=1)
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5 2
B _ H
2

i—j T

feiq-RVij(R)dsR

4r

(17)

where q is the transferred momentum and Vij(R) is the matrix
element of the interaction potential between the eigenstates li)
and lj). Expanding our initial and final states in the bare state
basis IN, My, M,) defined above

li) = cyl1, My, 1/2) + c,l1, My, —1/2)

) = ¢ill, My, 1/2) + gy, My, =1/2). (18)

the cross sections in the Born approximation (eq 17) can be
written as

2
B _ H
_)j_47r2

+ cugpll, My, —1/2IVI1, My, 1/2)

/e"‘*"‘(cilcﬂ(l, My, 1/2IV11, My, 1/2)

2

+ e, My, 1/2IVI1, My, ~1/2)
2
+ (1, My, —1/2IVI1, My, —1/2)) d&’R

(19)

The atom—molecule interaction PES is independent of the
nuclear spin and hence diagonal in M. We can thus rewrite eq
19 as

2
i
4’

f TR (ce(1, My, 1/2IVI1, My, 1/2)
2
+ cpcp(l, My, —1/2IVI1, My, —1/2)) &R
j ,

(20)
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For simplicity, we will consider the case of the fully spin-
polarized initial Zeeman state such as I8), where ¢, = 0, and eq
20 simplifies to

2 2
Gy = % Cosl(a/z)‘ [ema, 1, 12w, 0, 172) &R
JT

5 2
Oy = # Sinz(ﬁ/z)‘ / €T(1, 1, 1/2IV11, 0, 1/2) IR

(21)
where o3_,, is the cross section for the nuclear spin-conserving
transition 18) — 17) and oy_¢ is the cross section for the
nuclear spin-flipping transition 18) — 15). The prefactors
cos*(6/2) and sin*(0/2) 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
0g_,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 oy_, 5 is caused
by the decreasing mixing between the different nuclear spin
components of the eigenstate IS) in eq 21. As stated above, the
mixing angle scales as & ~ B! in the large B-field limit and
thus oy_,s ~ B~

In contrast, the cross section for the I8) — [7) transition
tends to a constant value in the high B-field limit due to the
mixing coefficient cos*(6/2) in eq 21 approaching unity as 6 —
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,”*”’® which describe the time evolution of
populations of the individual molecular eigenstates Im)

fon ) = X 2 (OWi = 0, (0) X W,

n#m n#Em

(22)

where W,,,, = K,_, iy, are the rates for the transitions In) —
Im) induced by collisions with helium atoms, ny, is the atomic
density (we assume that ny, > nco), and p,,,(t) is the diagonal
density matrix element (the population of state In)) at time ¢
The He + CO bimolecular transition rates are obtained from
rigorous CC calculations, as described above, and we take ny,
= 10" 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 12). 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 12) relaxes to equilibrium due to
collisions with buffer gas atoms. The equilibrium state is given
by the Boltzmann distribution pj1 = 5,e B/5T /7 where Z is the
partition function. At T << 2B,/kg, only the N = 0 nuclear spin
sublevels are thermally populated. The energy gap between the
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Figure 10. Time dynamics of CO nuclear spin state populations in
cold collisions with He atoms at different temperatures: (a) T=0.5K,
(b) T=1K, 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).

N = 0 nuclear spin sublevels of CO is extremely small
compared to kgT at T > 1 mK and B < 0.1 T (see Figure 1), so
we expect pi} = p33 ~ 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 pzz(t) = %(1 + e_t/Tl).

Table 1. Nuclear Spin Relaxation Times of CO Molecules in
the Nuclear Spin State 12) (IN = 0, M; = 1/2)) in Collisions
with He Atoms”

T(K) 0.5
T,(s) 205
“The magnetic field is 0.05 T.

1.0
1.12

2.0
0.098

The drastic increase in the relaxation time of state 12) at
lower temperatures can be explained by the extremely small
transition rates for the nuclear-spin-changing transitions [2) <
I1) (see Figure S), 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 12) < I1)
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
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between 'E* molecules and structureless atoms in the presence
of an external magnetic field. As in all CC methods, the
solution of the time-independent Schrodinger 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-
sions”' 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 *C'O in cold collisions
with *He 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.””>* 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 M; but change either N or My. Group II transitions,
which change M; and occur between nonfully polarized initial
and/or final Zeeman states, are 3 orders of magnitude slower.
Finally, the weakest group III transitions change M; 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 M. In addition,
similar propensity rules for electron spin-rotational transitions
were found in our previous work on cold “He + *CaH
collisions.”" 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 M;. Because the atom—
molecule interaction potential is diagonal in M}, both the initial
and final states must have the same value of M, 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
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states 18) and IS) 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 M; 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
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times of the N = 0 nuclear spin sublevels are extremely long at
very low temperatures (T < 2B,/kg), 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.
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B APPENDIX A: SENSITIVITY TO THE INTERACTION
POTENTIAL

In this section, we explore the sensitivity of “He + *C'°O
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,”* 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 A as done in previous
theoretical work.”” As the He-CO scattering calculations are
computationally intensive, we choose two values of the scaling
parameter, 4 = 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 17) and I8) to all final states calculated for the unscaled
(4 = 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 (A4 = 1) and scaled (1 = 0.98, 1.02)

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

transition +2% —2% unchanged
1) — 12) 5.45 x 1073 326 X 107 6.69 X 1073
1) — 18) 8.06 X 107 1.23 x 1072 5.10 X 1072
12) - I1) 5.45 x 1075 327 X 107% 637 X 1072
2) = 13) 8.06 X 107 1.24 x 1072 5.10 X 1072
13) = 12) 2.38 X 1072 3.65 X 1072 2.00 X 107!
13) — 18) 224 X 1073 1.66 x 107 125 x 107°
16) — 13) 1.05 x 10713 9.01 x 107 7.01 x 107
18) — I1) 2.38 X 1072 3.64 X 1072 2.00 X 1072
18) — 12) 3.72 x 1071 3.95 x 107! 3.81 x 107!
18) — 13) 223 X 1073 1.66 x 107 125 x 1072°
18) — 16) 192 x 107" 9.97 x 107" 8.89 X 1072

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

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 12) for unscaled (1 = 0) and scaled (4 = 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
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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%.

Table 3. Nuclear Spin Relaxation Times of CO Molecules in
the Nuclear Spin State 12) (IN = 0, M; = 1/2)) in Collisions
with He Atoms at T = 0.5 K*

A =102
111

A =098
137

PES type unscaled
T,(s) 205
“The magnetic field is 0.05 T.

B 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 *He +
2C'Q collisions as a function of collision energy. The results
are compared in Figure 14 with the reference calculations
performed by Balakrishnan et al.** and by Yang et al.’" Note
that the C'O 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,”°" we averaged our My-resolved cross sections over the
three degenerate My 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™". In particular, the positions and widths of five scattering
resonances, which occur between 1 and 10 cm™}, agree closely.
We observe a significant discrepancy at the lowest-energy
resonance at E = 0.7 cm™! 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 previous’®' calculations. It is well
established that such small differences can have a large effect
on scattering observables at ultralow temperatures.”*’

H 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 Bco
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line.

compared to '?CO. To this end, we follow the procedure
described in ref 77. The transformation between the
He—"3C'O Jacobi coordinates (R, r, §) and the He—"2C'°O
Jacobi coordinates (R’ ¥, 0') is given by (assuming r = )

R =Rl + (A/R)? — 2A/(R cos 0

) (23)

where A is the shift of the center-of-mass position between
BC60) and 2CL0.

R cos 0 — A

0= arccos(
R

B APPENDIX D: MAGNETIC FIELD DEPENDENCE OF
HE + CO CROSS SECTIONS FOR THE INITIAL
STATES 13), 14), I15), AND 16)

The magnetic field dependence of the cross sections for the
initial states I1), 12), 17), and I8) is discussed in the main text
(section 3.3). Here, we present additional results for the initial
states 13), 14), IS), and 16) (Figures 15 and 16).

In Figure 15(b), (d), and (f), we observe three groups of
transitions for the fully spin-stretched initial state I3) in the N
= 1 manifold. As discussed in the main text, nuclear spin-
conserving (group I) transitions to the final states I1), 14), and
IS) are magnetic field-independent. The nuclear spin-flipping
transitions involving the fully spin-polarized final states 12) and
I8) 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 14) is not fully spin-polarized, so transitions
out of this state can belong to either group I or group IL 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), 13), and IS) (group I
transitions) are independent of the magnetic field. In contrast,
nuclear spin-flipping transitions from group II populating final
states [2), 16), 17), and I8) display a strong magnetic field
dependence.

Figure 16 shows the cross sections for the initial states |5)
and 16). We observe very similar trends to those discussed
above for the initial states I13) and 14). The transitions can be
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classified in two groups: group I (IS) — I1), 13), 14); 16) — 12), |
7),18)) and group 11 (IS) — 12), 16), 17), 18); 16) — 11), 13), 14),
5)).
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