
Spin-Exchange Collisions in Optical Pumping of 129Xe: A Multiscale Simulation

Perttu Hilla,1 Marko Tuomela,1 Jyrki Rantaharju,1 and Juha Vaara1

1NMR Research Unit, P.O. Box 3000, FI-90014 University of Oulu, Finland∗

Xenon nuclei may be hyperpolarized through collisions with optically pumped rubidium, with
the Xe hyperfine coupling (HFC) between the unpaired Rb electron and xenon nucleus transferring
spin polarization from the Rb atom to Xe. We model the polarization transfer to 129Xe in short
binary collisions and long van der Waals (VDW) complexes between gaseous Rb and Xe. The sim-
ulations feature molecular dynamics of the Rb-Xe mixture, spin-Hamiltonian parameters extracted
from relativistic quantum chemistry, and explicit spin dynamics simulations of the Rb-Xe interac-
tion events on a novel Python code. Oscillation in the VDW bond-length R strongly modulates the
Xe HFC, imposing steps in the Xe polarization build-up. The Rb nucleus and the unpaired electron
constitute a strongly coupled two-spin system, with practically constant Rb HFC regardless of R.
Explicit numerical propagation of the time-dependent Schrödinger equation for a simplified model
VDW complex reveals that the spin system undergoes two simultaneous Rabi-like oscillations be-
tween the initial, fully spin-polarized state of the Rb atom, and two final states after the Xe spin flip,
one in each of the two branches of the hyperfine spectrum of the Rb atom. The simulations indicate
that incorporating the Rb HFC explicitly results in an overall reduction of the Xe polarization as
compared to the simple model, in which the Rb HFC is neglected. Slow oscillations between the
Rb spin states constitute an envelope on which the steps in the Xe polarization are superimposed,
and this determines the achievable Xe polarization in long-lived VDW events. A simple empirical
polarization transfer model based on the lifetime distribution of the VDW events and the Rabi tran-
sition probabilities reveals that, in the simulated conditions, a large part of the polarization transfer
takes place due to the transition between separate branches of the hyperfine states of the Rb atom.
This is due to the fact that maxima of the transition probability can, for this faster oscillation, be
reached within the lifetime of the VDW complexes. We expect that these findings will contribute
to the understanding of the spin-exchange optical pumping process and aid in its optimization.
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I. INTRODUCTION

The sensitivity in nuclear magnetic resonance spec-
troscopy and magnetometry is affected by the degree
of nuclear spin polarization, which is in normal experi-
mental conditions rendered small by thermal fluctuations
nearly equalizing the spin populations [1]. Spin-exchange
optical pumping (SEOP) [2–4] is one of the hyperpolar-
ization methods [5] that furnish nuclear spins polarized
beyond thermal equilibrium. In SEOP, large polarization
level of noble-gas nuclei, e.g., 129Xe, can be obtained via
interactions with alkali metal atoms in the gas phase, e.g.,
Rb. In the process, the atomic states of Rb are polar-
ized by continuous irradiation with circularly polarized
light. The polarization transfer to the Xe nucleus occurs
in gas-phase interaction events that range from short bi-
nary collisions [6–8] to long-lived van der Waals (VDW)
complexes [6, 9–13] of the Rb-Xe pair. The key inter-
action in the transfer is the hyperfine coupling (HFC)
between the unpaired electron of the Rb atom and the
spin-1/2 129Xe nucleus.

The roles played by the other microscopic interactions
in the polarization transfer have been studied theoreti-
cally and experimentally. They include the HFC to the
85/87Rb nucleus [14–16], which establishes the coupled
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spin-state system of the Rb atom, the spin-rotation inter-
actions of the unpaired electron [9, 11, 12, 15, 17–20] and
of the 129Xe nucleus [21], thought to mainly affect relax-
ation of the electron and nuclear spins, respectively, para-
magnetic interactions with the impurities in the polariza-
tion cell walls [22] (also causing xenon relaxation [21]),
nuclear quadrupole coupling (NQC) interaction, and nu-
clear spin-spin interactions. In the NQC context, hyper-
polarization of the quadrupolar 131Xe nucleus (spin 3/2)
has been demonstrated [23].

While theoretical models of SEOP dynamics [6, 12,
13, 24] and macroscopic modeling of the physics within
the polarization cell [25–31] have been presented, simu-
lations have not yet been widely used to account for the
microscopic details of the polarization transfer. Ref. 32
applied a coarse-grained, stochastic many-body method
to investigate the coupled dynamics of the alkali atom
and noble gas spins at the ensemble level, averaging
over the molecular-level details. Ref. 16 applied ab ini-
tio calculations of the atomic interaction potentials and
HFC, as well as scattering theory to define upper limits
of the attainable 3He polarization, as well as the spin-
exchange rates in SEOP with 39K and 107Ag. Overall,
the modeling situation leaves potential for further com-
putational optimization of the SEOP technique. To meet
this demand, we have proposed a first-principles multi-
scale simulation approach for the polarization exchange
events in gas-phase collisions between Rb and 129Xe [20].
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The method combines detailed molecular dynamics (MD)
simulation of atomic trajectories in the gas mixture, sam-
pled by quantum-chemical (QC) calculations of the spin
Hamiltonian parameters. These Hamiltonians are, in
turn, used to drive spin dynamics (SD) of the combined
density matrix of the spins Ŝ and K̂ of the unpaired
electron of Rb and the xenon nucleus, respectively. The
method was in Ref. 20 applied to investigate the polar-
ization transfer due to 129Xe HFC as a function of the
lifetime of the Rb-Xe interaction events. Polarization
transfer in long-lived VDW complexes was found to dom-
inate over short-lived binary collisions in the investigated
model conditions, the low gas temperature of T = 300 K
and the high pressure of p = 2.4 bar. Furthermore, a
model gas composition was used, where Xe adopted, in
addition to being the target polarization reservoir, also
the role of the buffer gas. This approximation is also used
in the present work. Polarization transfer in single indi-
vidual VDW molecules is more substantial than in single
binary collisions, and the large number of binary colli-
sions only partially changes this picture at the ensemble
level, in this simplified model.

Upon detailed investigation of individual binary and
VDW events, a stepwise polarization transfer to the
xenon nucleus was found [20], arising from the steep in-
crease of the magnitude of Xe HFC at small values of
the internuclear distance R of the Rb-Xe pair. In the
periodic bond-distance oscillations taking place in long-
lived complexes, the steps constitute a staircase with the
step height increasing in time. In some events, the VDW
complex and the polarization transfer could sustain dis-
turbing intrusions by third bodies (other Xe atoms in the
simulation of Ref. 20) over a fairly long period, before the
break-up of the complex eventually occurred.

After this initial simulation work, questions remain
concerning the role of further physical interactions not
included in Ref. 20, the trends in the polarization trans-
fer events as a function of the experimental parameters
T and p, and the effect of the detailed gas composition
on the polarization transfer efficiency. In this article we
tackle the first of these questions and find an important
influence of the explicit incorporation of the nuclear spin
Î of the 85/87Rb atom, in reducing the magnitude of spin
exchange to Xe in the long-lived VDW complexes, as
compared to the simulations of Ref. 20. This interaction
is parameterized via the Rb HFC tensor ARb, which re-
mains practically constant and, compared to AXe, strong
in the range of values of the oscillating R(t) occurring in
the VDW complexes. Consequently, the unpaired elec-
tron and the Rb nucleus constitute a strongly coupled,
semi-isolated two-spin system, which is either transiently
(in binary collisions) or quasi-periodically (in VDW com-
plexes) perturbed by the HFC to the Xe nucleus. The
desired polarization transfer to the Xe nucleus, provided
by this perturbation, occurs as determined by Rabi-like
oscillations governed by the electronic Zeeman and HFC
interactions within the Rb atom. A simple analytical for-
mula derived based on the event lifetime distribution and

the Rabi transition probabilities reveals that the spin-flip
transition coupling to initial and final hyperfine states
of Rb belonging to different total angular momentum
branches is mainly responsible for the polarization trans-
fer, at the simulated phase point.

Additionally, we include the effect of NQC to the Rb
nucleus (parameterized via Q85Rb or Q87Rb for the cor-
responding K = 5/2 and 3/2 isotopes, respectively), and
the nuclear dipole-dipole coupling DRb−Xe.

To meet all these ends, a new stand-alone simu-
lation program was implemented in the Python lan-
guage [33, 34] to propagate the spin density matrices in
time. This happens in practice by extracting the Rb-
Xe events and the corresponding time-dependent inter-
atomic distances R(t) from a MD trajectory and numer-
ically solving the Liouville-von Neumann (LVN) equa-
tion for the events, as driven by the time-dependent,
QC-parameterized spin Hamiltonian Ĥ[R(t)] ≡ Ĥ(t), fol-
lowed by ensemble-averaging of the results.

II. CALCULATIONS

A. Molecular dynamics simulations

In the MD calculations, the instantaneous positions
and velocities of the atoms were retrieved from a tra-
jectory obtained on the NAMD code [35] by integrating
the classical equations of motion. As previously [20], the
simulation consisted of a Rb atom in the gas of 2196 Xe
atoms, produced corresponding to T = 300 K and p =
2.4 bar over a 268-ns production time. A cubic simu-
lation box with side length equal to 333.96 Å, was em-
ployed. This simulation represents a simplified model
as compared to normal gas composition in SEOP polar-
ization cells, in which N2 molecules and He atoms are
found [5]. In the simulated conditions, most of the inter-
atomic collisions, including the three-body events that
are responsible for the formation and break-up of VDW
complexes between Rb and Xe atoms, happen between
the Xe atoms.

Rb-Xe interaction events were extracted from MD
snapshots saved at even intervals (∆τ = 50 fs). We de-
fine collision events as Xe visitations inside a 9 Å radius
from Rb, as it is beyond this distance that both the Rb-
Xe radial distribution function and the parameters of the
spin Hamiltonian take values corresponding to an infinite
atomic separation [20]. The distribution of the number
of these events in the present simulation conditions, re-
ported in Ref. 20, is weighted towards short-lived binary
collisions. Most collisions have a lifetime shorter than
25 ps, whereas the long-lived VDW complexes that are
mainly responsible for the polarization transfer to 129Xe,
are substantially more rare in the present conditions.

The gas composition and other conditions of the sim-
ulation are presently selected for modeling convenience.
Whilst the present work concerns, similarly to Ref. [20],
just a single pressure and temperature point (vide supra)
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and the strongly simplified model of the SEOP gas mix-
ture containing only Rb and Xe, we believe that the de-
tailed features of the different kinds of binary and VDW
events that are created, represent the real experimental
situation. The latter typically [5] involves temperature
in the range of 373. . . 473 K, Rb density according to the
latest liquid-state vapor pressure data [36] (meaning a
lot fewer Rb per unit volume than presently), noble-gas
partial pressure in the range of 0.03. . . 0.15 bar, and gas
admixture of the noble gas, N2 and He, as well as Rb
having a total pressure at 1. . . 2 bar. We defer studies
of the dependence of polarization transfer T , p, and gas
composition until further, currently ongoing work in our
laboratory.

B. Spin Hamiltonian

A time series of spin Hamiltonians for each event was
obtained using pre-calculated tables of the parameters
as functions of the Rb-Xe distance R. The basic spin
Hamiltonian of one unpaired electron and one spin-1/2
nucleus in a Rb-Xe pair, used in Ref. [20],

Ĥ0(t) = µBŜ ·g(t) ·B+Ŝ ·ε(t) ·M+hŜ ·AXe(t) ·K̂, (1)

contains the g-tensor (g) that parameterizes the Zeeman
interaction of the unpaired electron with the external
magnetic field B, the ε tensor standing for the electron
spin-rotation coupling with the mechanical angular mo-
mentum M of the Rb-Xe pair, and the Xe HFC tensor
(AXe) for the interaction of the unpaired electron with
the Xe nucleus, respectively. We use Curl’s approxima-
tion [37] to obtain ε from g, and consider M a classi-
cal variable [12] calculated on-the-fly from the MD tra-
jectory. Among these terms, HFC to 129Xe is known
to be principally responsible for the polarization trans-
fer [2], the Zeeman term suppresses the transfer upon
increasing the field strength B [7, 8, 38], and the elec-
tron spin-rotation term was found to only have a little
effect on the transfer in previous simulations [20]. In-
deed the main consequence of the spin-rotation interac-
tion has been to incur loss of Rb polarization, particularly
in small-pressure experiments [19].

In the present work we make the spin Hamiltonian
more realistic by extending it with additional terms as
follows:

Ĥ1(t) = Ĥ0(t)− µNgRbÎ ·B − µNgXeK̂ ·B
+ hŜ ·ARb(t) · Î. (2)

On the first row of Eq. (2), µNgRb/Xe = γRb/Xeℏ include
the g-factors parameterizing the nuclear Zeeman interac-
tion, with γ the gyromagnetic ratios; we omit the small
nuclear shielding effects. The second row contains the Rb
HFC interaction, which couples Ŝ and Î to constitute the
total angular momentum of the Rb atom, F̂ . This Hamil-
tonian is identical to that in Eq. (1) of Ref. 12, apart from

the fact that the electronic Zeeman, the electron spin-
rotation, and the HFC interactions are in the present SD
simulations employed in their full tensorial form. In par-
ticular, this means that we include what is, in the case
of AXe, termed as anisotropic spin exchange, in Ref. 39.
Comparison with test simulations with isotropicized A
tensors indicated, however, a negligible effect of the non-
isotropic contributions, in agreement with earlier calcula-
tions [39]. Therefore, the analysis of the time-dependent
Schrödinger equation in Section III C (vide infra) was
carried out using isotropic HFC tensors.

Pre-parameterization of the interaction tensors g and
ARb/Xe was carried out by QC calculations at R rang-
ing from 3 to 11 Å using fully relativistic density-
functional theory (DFT) on the ReSpect code [40]. The
hybrid PBE0 exchange-correlation functional [41] was
used with, for both Xe and Rb atoms, the completeness-
optimized [42], uncontracted 27s25p21d4f Gaussian basis
set originally developed in Ref. 43, extended to four f-
primitives in Ref. 44, and supplemented here with two
sets of diffuse spd functions [45]. The QC results are
tabulated in Tables S1 and S2 of the Supplemental Ma-
terial [46]. The instantaneous values of the parameters
were interpolated from the tables as needed in the SD
simulation. Fig. 1 illustrates the dependence of AXe and
A85/87Rb on R.

C. Spin dynamics simulations

A time series of spin Hamiltonians corresponding to
instantaneous Rb-Xe distances R,{

Ĥ[Rϵ(n∆τ)]
}
≡
{
Ĥϵ

n

}
; n = 1, . . . , N, (3)

for each Rb-Xe interaction event ϵ was used to drive the
Hilbert-space evolution of the combined electron and nu-
clear spin density operator ρ̂ as

ρ̂ϵ[(n+ 1)∆τ ] = e−(i/ℏ)Ĥϵ
n∆τ ρ̂ϵ(n∆τ) e(i/ℏ)Ĥ

ϵ
n∆τ , (4)

which realizes time propagation over the discrete MD
snapshot intervals ∆τ . The event simulations were al-
ways initialized with a thermally polarized xenon nucleus

ρ̂K(0) =
1

2

(
1̂ + ϵKK̂z

)
, (5)

where the polarization level pK = ⟨K̂z⟩/K = 2⟨K̂z⟩ =
ϵK/2 and, at thermal equilibrium, ϵK = µNgKB/(kT )
involving the nuclear magneton µN , the g-factor of 129Xe,
gK , and the Boltzmann constant k. Each event ϵ ex-
tracted from MD was, therefore, considered to represent
a sub-ensemble of similar collisions, in which the 129Xe
spin polarization starts to evolve from a thermal equi-
librium situation, instead of the pure mS = ± 1

2 states
of an individual Xe nucleus. For the two-spin model in
which the Rb nuclear spin is omitted, the initial den-
sity operator was ρ̂ϵ(0) = |S,mS⟩⟨S,mS | ⊗ ρ̂K(0), where
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Figure 1. Calculated components of the HFC tensor A(R) to
(a) 129Xe and (b) 85/87Rb in an interacting Rb-Xe complex as
functions of the internuclear distance R. The parallel (∥) and
perpendicular (⊥) components with respect to the axis of the
complex are shown as closed and open symbols, respectively.
Note that the 87Rb data has been shifted down by 2 GHz
for the purpose of illustration. The typical range of R in the
oscillations of the Rb-Xe van der Waals (VDW) complexes is
indicated by horizontal arrows.

the electron spin was initialized with the spin-up state
with S = 1

2 ,mS = 1
2 . In the three-spin models involv-

ing the Rb nuclear spin, the events commenced from
ρ̂ϵ(0) = |F,mF ⟩⟨F,mF | ⊗ ρ̂K(0) corresponding to full
population of the coupled atomic F,mF state with max-
imum alignment of the nuclear and electron spins, i.e.,
F = 3,mF = 3 and F = 2,mF = 2 for 85Rb and 87Rb
isotopes, respectively, resulting from optical pumping
with σ+-polarized light [47]. Assuming a fully polarized
Rb atom in our simulations means that we deliberately
neglect the rate of spin-destructing collisions of Rb with
the other gas-phase species, in comparison with the opti-
cal pumping rate [48]. While this is in line with the focus
of the present work on the details of the spin-exchange
collisions, such depolarization processes are necessarily
incorporated in holistic models of the entire SEOP pro-
cess [24]. Presently a Xe atom always meets an initially
favorably polarized Rb atom, which means that we also
omit the Xe spin depolarization due to backwards trans-
fer to Rb, on account of the Xe HFC interaction [5]. In
reality this takes place, as the Rb polarization is typically
somewhat less than unity.

The time dependence of the expectation value of the
observable Ô, e.g., any of the Cartesian components of
the electron or nuclear spins (Ŝz, Îz, K̂z etc.), can be
obtained for each event from the time series of density
operators as

⟨Ôϵ(n∆τ)⟩ = Tr
[
Ôρ̂ϵ(n∆τ)

]
. (6)

In particular, the final polarízation of the Xe spin pool is
obtained as a sum, with Ô = K̂z,

Kz =
∑
ϵ

⟨K̂ϵ
z(N∆τ)⟩, (7)

over the ensemble of Rb-Xe interaction events ϵ. This
realizes spin dynamics in which both the coherent and
incoherent interactions are accounted for by the explicit
time-dependence of the driving spin Hamiltonian in sep-
arate simulations of the events, which are subsequently
averaged over.

Presently we focus on the polarization transfer to 129Xe
nuclei in the collision events themselves and purposefully
disregard relaxation effects of both the Rb atoms and
xenon nuclei after each event. Xe relaxation will be incor-
porated in further work involving realistic composition of
the SEOP gas mixture.

III. RESULTS AND DISCUSSION

A. Simulated polarization of 129Xe at B = 1 mT

We first discuss results for the polarization transfer at
a typical SEOP field strength of 1 mT. Fig. 2 shows the
average transfer to 129Xe in events belonging to the dif-
ferent lifetime categories, which range from short-lived
binary collisions to long VDW events. Corresponding
numerical data have been placed in Table S3 in the Sup-
plemental Material [46]. Incorporation of the Rb HFC
interaction term in the Hamiltonian, Eq. (2), results in a
decline in the simulated polarization transfer to 129Xe in
the important long-lived VDW events, which dominate
in the present simulation conditions. Our simulation re-
sults, therefore, challenge the early view [15] that the
role of the Rb HFC would be only limited to establishing
the angular momentum coupling between S and I. In
contrast, no effect can be seen in the binary collisions,
which are in the present model of minor significance for
the overall ensemble-averaged transfer to 129Xe. The fact
that the incorporation of the Rb nuclear spin in the model
has no effect in the picosecond timescale of the binary col-
lisions, is in line with literature findings summarized in
Ref. 24. In the VDW complexes, coupling to 87Rb entails
an even larger decrease than to 85Rb, reflecting the more
than three-fold strength of the HFC to the spin- 32 iso-
tope [Fig. 1(b)]. It will become apparent below, how this
connection arises via Rabi-like oscillations within the Rb
atom.
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Figure 2. Simulated average polarization transfer,
⟨pXe(N∆τ)⟩− peqXe, to 129Xe in Rb-Xe interaction events with
different lifetime. Results shown with B = 1 mT and the
Hamiltonian H1 [Eq. (2)] with either no/85Rb/87Rb nuclear
spin included. Note the logarithmic scale of the polarization
transfer axis.

As compared to present findings, the experiments of
Refs. 6 and 7 indicate a more important and, in the for-
mer case, an even dominating role of the binary colli-
sions at pressures similar to the present 2.4 bar but at
distinctly higher temperatures (75. . . 200 C). Besides the
temperature difference, the experiments of Ref. 7 were
carried out at higher magnetic-field strengths, and in
both cases in the presence of a buffer N2 gas. In the
present, simplified simulation set-up practically all the
interactions occur between Xe atoms, which have colli-
sion properties quite different from the experimentally
often prevalent N2 molecules and/or He atoms. In par-
ticular, He and N2 are less efficient than Xe as third
bodies in forming and breaking VDW complexes [15, 49].
This means that their incorporation into the model would
most likely lengthen the lifetimes of the complexes and
further increase their role in polarization transfer. In any
case, the distribution of event types and lifetimes at the
ensemble level cannot be expected to be entirely realis-
tically reproduced in the present simulations, and must
await for further work in the topic.

Detailed view of example VDW (Fig. 3) and binary
events (Fig. S1 in the Supplemental Material [46]) as
functions of time may be used to gain microscopic in-
sight. A "clean" VDW event, unperturbed by inter-
mediate third-particle interactions [Fig. 3(a)], displays
the characteristic step-wise increase of 129Xe polariza-
tion [20], with each step synchronous with the occurrence
of small Rb-Xe bond length R in the complex. It can be
seen from Fig. 1(a) that the components of AXe(R) are
strongly modulated in the R range occurring during the
oscillatory dynamics: A short interatomic distance corre-
sponds to a large absolute value of Xe HFC. This lends a

natural explanation to the stepwise polarization increase.
Fig. S1 [46] shows that, both in shallow and deep bi-
nary collisions, the single polarization transfer step oc-
curs with indistinguishable effect of whether or not the
Rb nuclear spin I is incorporated in the model. This is in
agreement with earlier knowledge summarized in Ref. 24.

Figure 3. Nuclear spin polarization level of 129Xe (pK) in
example (a) unperturbed and (b) perturbed Rb-Xe van der
Waals complex, highlighting the effect of hyperfine coupling
to 85/87Rb. Conditions as in Fig. 2. The orange curve displays
the Rb-Xe bond-length oscillation during the event [50]. The
yellow dashed lines represent the distance to third bodies at
the beginning and end of the complex lifetime, as well as [in
(b)] in the intermediate perturbing events.

B. Energy level structure

In the two-spin (S,K) system, i.e., when excluding
the Rb nucleus, the polarization transfer to 129Xe takes
place between the |αSβK⟩ and |βSαK⟩ states, where |α⟩
and |β⟩ are the spin-up and -down Zeeman eigenstates
of a S = 1

2 -particle. These states are intermixed by the
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flip-flop operators contained in the Xe HFC Hamiltonian,

AXeŜ · K̂ = AXe

[
ŜzK̂z +

1

2

(
Ŝ+K̂− + Ŝ−K̂+

)]
, (8)

where we, for simplicity, take AXe as isotropic, whilst
the actual spin transfer simulations are done with full
anisotropic detail. Fig. 4(a) illustrates schematically the
dependence of the eigenvalues of Ĥ0 at B = 1 mT as
functions of the Rb-Xe internuclear distance, at R = 9, 7,
and 5 Å. In particular, the depicted energy levels contain
the "secular" ŜzK̂z part of Xe HFC but omit the flip-flop
parts within Eq. (8). The longest of these distances co-
incides with the onset of the Rb-Xe interaction event, at
which the Xe HFC still has zero value, whereas R = 5 Å
corresponds to the closest interatomic distance occurring
in the oscillation of a long-lived VDW complex. A dimin-
ishing Rb-Xe distance and, hence, increasing |AXe(R)|
facilitate growing coupling strength, mixing and leading
to spin transfer between the |αSβK⟩ and |βSαK⟩ states.

A realistic model for spin exchange contains also the
Rb nuclear spin I. Without it, the height of the 129Xe po-
larization steps increases monotonically during the com-
plex lifetime [20] [blue curve in Fig. 3(a)], whereas a
slower increase of the step height is seen due to coupling
to the 85Rb (red) or 87Rb (green) nucleus, respectively.
In a longer VDW event [Fig. 3(b)], the steps are even
seen to change into downward direction on account of
the Rb HFC. Fig. 5 and S2 (the latter placed in the
Supplemental Material [46]) illustrate the dynamics of
pS = ⟨Ŝz⟩/S = 2⟨Ŝz⟩ and pI = ⟨Îz⟩/I in the same ex-
ample events, indicating that the changes in these two
variables are correlated with the Xe polarization steps.
Compared to AXe, the Rb HFC is, on the one hand,
stronger and, on the other hand, hardly at all modulated
by VDW bond-length oscillations of typical amplitude
[Fig. 1(b)]. Hence, the polarization changes of I occur
without similar steps as in the case of Xe, as shown in
Fig. S2(ab). Instead, a monotonic decrease of pI starting
from the initial unit value takes place during the lifetime
of the Rb-Xe complex. In contrast, Fig. 5 indicates that
the electron spin S, which is hyperfine coupled to the
Xe spin, does show an initial downward step structure.
Interestingly, during the phases of the VDW oscillations
at which the Rb-Xe distance is large and pK plateaus,
some of the lost electron spin polarization is regained,
and the steps in pS display an upward slope at these
points in time. For completeness, the simulated pS in
example deep and shallow binary collisions is illustrated
in Fig. S3 in the Supplemental Material [46].

S and I form a semi-isolated two-spin system for
which, in the limit of vanishing Xe HFC (long R), the
natural starting point of the analysis is to couple Ŝ and Î
to the total spin F̂ of the Rb atom, with the |FmF ⟩ states
[altogether 2 (2I + 1) of them] separated into the upper-
energy branch of, for 87Rb (85Rb), five |2mF ⟩ (seven
|3mF ⟩) states and the lower-energy branch of three |1mF ⟩
(five |2mF ⟩) states. Each of the states are split in two
by HFC to the 129Xe (K = 1/2) nucleus. The relevant

Figure 4. Energy eigenvalues (in units of mK) of the two-
spin system consisting of the unpaired electron (S) of the Rb
atom and the 129Xe nucleus (K), as functions of (a) the Rb-
Xe distance at B = 1 mT and (b) the magnetic-field strength
at R = 5 Å. The Hamiltonian Ĥ0 of Eq. (1) was used without
the small electron spin-rotation term, by using an isotropic Xe
HFC, and including in the 129Xe HFC term only the secular
AXeŜzK̂z part. The two levels involved in the polarization
transfer via the Ŝ−K̂+ operator are joined by the vertical
arrow. The mS and mK quantum numbers of the levels are
indicated.

polarization transfer to 129Xe can now be viewed to oc-
cur via the Ŝ−K̂+ operators stepping down the combined
Rb-atom quantum number mF (mS) and flipping up the
129Xe spin projection mK .

Fig. 6 displays the energy-level structures of the three-
spin models with 87/85Rb, again at R = 9, 7, and 5-Å in-
ternuclear separation, prior to the application of the flip-
flop operators of Xe HFC. The Figure illustrates the spin-
flip couplings of the initial state 1, with F = 2,mF = 2
or F = 3,mF = 3 for 87Rb and 85Rb isotopes in this or-
der, to two other states 2 and 3, occurring in the Rb-Xe
events [13]. The first of these couplings occurs to state 2
within the same upper (F = 2 or F = 3) branch of hyper-
fine states as that of the initial state and has, therefore, a
relatively low transition energy. The Xe HFC interaction
only involves the Ŝ− and Ŝ+ contributions to F̂− and
F̂+. Hence, the F quantum number is not necessarily
preserved and there is another coupling from state 1 to
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Figure 5. As Fig. 3 but for electron spin polarization level pS
in example (a) unperturbed and (b) perturbed Rb-Xe van der
Waals complexes.

the lower F branch, to state 3.

C. Numerical model of a van der Waals complex

It is relatively straightforward to numerically solve for
the time-dependent Schrödinger equation (TDSE) for the
present two- or three-state systems of the two- or three-
spin models, respectively, under the simplifying assump-
tion of sinusoidally time-dependent Rb-Xe bond-length
oscillating in an unperturbed, long-lived VDW complex.
The calculation gives the occupation probabilities of the
initial state, P1(t), and the final states, P2(t) and P3(t).
The detailed procedure is described in the Supplemental
Material [46]. The results for the simple 2-spin model
(devoid of the Rb nuclear spin) are illustrated in Fig. 7
and those appropriate to the three-spin models involving
the Rb nuclei, in Fig. 8.

The results for the two-spin model system [Fig. 7(a)]
indicate, in the depicted timescale, a monotonically
increasing transition probability for the three lowest
magnetic-field values, from 0.1 to 10 mT. The occupation

of state 2, in which 129Xe, initially in the β state, has been
flipped to α, builds up to the value of 0.25% in the de-
picted 500 ps period, which is roughly twice the lifetime
of the longest presently simulated VDW events. Super-
imposed upon the increasing transition probability there
is a step-like pattern due to the oscillation of the Rb-Xe
distance within the VDW event, with plateaus occurring
in the phases of the periodic motion in which the Rb-Xe
distance acquires large values and, correspondingly, the
steps coinciding with a close proximity of the two atoms.
Also the step height is increasing as a function of time,
as discussed in Ref. 20, underlining that both the essen-
tial features seen in the spin dynamics simulation of the
"clean" (unperturbed by third bodies) VDW events, at
low B-values, are recovered by this simple model.

Fig. 7(b) illustrates the results of pursuing the propa-
gation of the TDSE further, up to a 100-fold time interval
as compared to Fig. 7(a). A periodic oscillatory pattern,
with both the period and the value at the maxima de-
creasing as a function of B, emerges. This underlines
that, within the realistic lifetime of a Rb-Xe VDW com-
plex and at low field values, the polarization transfer to
the Xe nucleus happens in the initial rising phase of the
periodic oscillation, and is eventually cut short by the
break-up of the VDW bond. With B there is a grad-
ual decrease of the polarization step height and eventual
turning over to downward steps, visible in the > 100 mT
curves in the depicted time scale.

As detailed in the Supplementary material [46], the
slow dynamics can be identified as Rabi-like oscillation of
the Rb electron spin between states 1 and 2, set in motion
by the perturbing Xe nucleus and, for which, there exists
a standard oscillatory solution given by the Rabi formula,
in which both the oscillation amplitude and frequency are
determined by factors ωn1 and Vn1 (with n = 2, 3), the
energy difference between the initial and final states, as
well as the corresponding spin-flip perturbation, respec-
tively. For the two-spin model, both the amplitude and
the period appearing in the Rabi formula are in excellent
agreement with the results of propagating the TDSE. At
field strengths in the 10-mT range and above, the electron
spin Zeeman interaction provides the dominant contri-

bution to the oscillation frequency ω2 =
√
ω2
21 + 4 |V21|2

and, hence, determines the periodicity of the oscillation.
At mT fields, the contribution of the 129Xe HFC, i.e.,
the perturbation V21, is comparable in magnitude.

Fig. 8 for the three-spin, three-level models shows the
occupation probabilities of states 1-3, i.e., the initial
state 1 and the two final states 2 and 3, for the two Rb
isotopes. Panels (a-c) present the 87Rb case and (d-f)
stand for 85Rb. The occupation of state 1 decreases and
that of state 2 increases monotonically with time, with
the signature staircase of the VDW oscillation superim-
posed onto the curves. The long-time scale solutions of
the TDSE, in the insets of panels (ab) and (de), are again
characteristic of a Rabi-like oscillation between the states
1 and 2, which are in the same F = I + 1

2 branch of the
manifold of Rb hyperfine states. Both the period and the
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Figure 6. Energy eigenvalues (in units of mK) of the three-spin system consisting of the unpaired electron (S) of the Rb atom,
the Rb nuclear spin (I) and the 129Xe nucleus (K), as functions of the Rb-Xe distance at B = 1 mT. (a) Upper-energy branch
in case of 87Rb originating in the |2mF ⟩ states, (b) lower-energy branch in case of 87Rb originating in the |1mF ⟩ states, (c)
upper-energy branch in case of 85Rb originating in the |3mF ⟩ states, and (d) lower-energy branch in case of 85Rb originating in
the |2mF ⟩ states. The mF quantum numbers of the coupled 2-spin system consisting of S and I are shown on the left for the
levels at R = 9 Å. The Hamiltonian Ĥ1 of Eq. (2) was used without the electron spin-rotation term, by using an isotropic Xe
HFC, and including in the 129Xe HFC term only the secular AXeŜzK̂z part. The pairs of levels responsible for the polarization
transfer via the Ŝ−K̂+ operator are indicated by the vertical arrows, the thicknesses of which reflect the value of the matrix

element
∣∣∣⟨i|Ŝ−K̂+|j⟩

∣∣∣2.
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Figure 7. The final state occupation probability P2 as a func-
tion of time during the lifetime of a model VDW complex
in the SEOP process in a two-spin model with electron and
129Xe nuclear spins. Results at different magnetic-field values
are presented. Panel (b) illustrates a longer timescale evolu-
tion than what is depicted in (a).

amplitude of the oscillation agree well with the Rabi for-
mula, using the calculated parameters in Table S4. The
period of the oscillation of the two isotopomers are in
the 40. . . 50 ns range at the lowest fields. At the lowest
considered field strengths, 0.1 and 1 mT, the theoretical
maximum polarization transfer probabilities amount to
about 0.6 and 0.4 for the three-spin models with 87Rb
and 85Rb, respectively, but such large values can only be
reached in individual Rb-Xe events extending to unre-
alistically long lifetimes. However, in view of the domi-
nance of the comparatively few long-lived complexes in
the overall polarization transfer in the present simulation
(Fig. 2), increase in polarization may be only be gained
by significantly extending the lifetime of the most persis-
tent VDW complexes.

Similarly as in the simple two-spin model discussed
above, at low field the frequency and period of the oscil-
lation between the states 1 and 2 gain comparable con-
tributions from both the energy difference ω21 between
the two states and the perturbation term 4 |V21|. The
distinct secular ŜzK̂z and the flip-flop Ŝ−K̂+ terms of
the Xe HFC [Eq. (8)] enter ω21 and V21, respectively.
Upon increasing B, the energy difference term ω21 (and
the electron spin Zeeman contribution thereto), gradually
start to play a dominant role in determining the oscilla-
tion frequency, with a concomitant, rapid decrease in the

amplitude of the maximum intra-branch transfer.
Fig. 8(c,f) shows that the probability of inter-branch

transitions between states 1 and 3 (the latter in the
F = I − 1

2 manifold) is non-zero and also displays the
step structure characteristic of the oscillation of R, su-
perimposed in this case over altogether third, periodic
oscillation, which is slower than the time scale of the
variation of the Rb-Xe distance but much faster than the
1 ↔ 2 intra-branch oscillation discussed above. As the
sum

∑
k=1−3 Pk = 1, the occupation of state 3 is reflected

in P1 [panels (a,e)] as slow wiggles on top of the decaying
occupation of state 1.

The Rabi formula, Eq. (S9), and the parameters in
Table S4 are, again, applicable for this second prevail-
ing Rabi-like oscillation, whose frequency is practically
completely determined by the large energy difference ω31

between the two states that belong to different hyperfine
branches of the Rb atom. The oscillation has a period of
150. . . 350 ps and below, at fields of 0.1 mT and above.
Consequently, the maximum transition probability, of the
order of 10−3 and 10−4 for 87Rb and 85Rb isotopes, re-
spectively, can easily be reached within the accessible
lifetime of the VDW complexes. The latter is maximally
about 200 ps in the present simulation. Hence, the inter-
branch 1 ↔ 3 transitions may play a significant practical
role in the total polarization transfer, despite the much
smaller amplitude of the oscillation of P3 as compared
to that of P2. Furthermore, the inter-branch oscillation
amplitude obtains roughly five-fold larger maximum val-
ues in the model with the 85Rb isotope than in the case
of 87Rb. This implies larger polarisation transfer for the
lighter isotope, which is what one observes in the full
simulation results in Figs. 2 and 3.

The oscillatory transition probabilities obtained from
the numerical models indicate that, in contrast to the
two-spin model that has two characteristic frequencies
corresponding to the VDW bond-distance oscillation and
a single Rabi-like oscillation largely arising from the elec-
tron spin-Zeeman interaction, the three-spin, three-level
models are characterized by three frequencies. The slow-
est among them, that of the intra-branch oscillation of
P2, can be seen as the slowly varying envelope function
over which the inter-branch oscillation in the state 3 oc-
cupation and the variation of the VDW bond distance
can be identified. The step-like polarization transfer to
129Xe in the VDW complexes can be identified with the
latter and, due to particularly the inter-branch transi-
tions, the exact time of complex break-up is critical for
the final polarization transfer in an individual event.

Fig. 9 illustrates the contributions of the intra- and
inter-branch transitions for binary collisions [panel (a)]
and VDW complexes (b). It is seen that within the short
time scale of relevance to the binary collisions, and well
into the lifetime range of the VDW complexes partic-
ularly for 85Rb, the inter-branch |∆F | = 1 transitions
provide the majority of the polarization transfer. Even-
tually, for very long-lived VDW complexes, the intra-
branch ∆F = 0 transitions overtake. These findings



10

Figure 8. Transition probabilities as functions of time of the initial (a,d) and final (bc,ef) states of the Rb atom in an idealized
unperturbed van der Waals complex with sinusoidal model for the Rb-Xe bond length. Panels (b,e) and (c,f) give probabilities
for intra- and inter-branch transitions, respectively. Results from propagating the time-dependent Schrödinger equation for the
three-spin models involving (a-c) the 87Rb and (d-f) the 85Rb isotope. The insets in panels (ab) and (de) expand the time axis
to 50 ns.
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parallel the discussion of the roles of the two kinds of
transitions in Refs. [12, 13, 24].

Due to the slow oscillation of the occupation proba-
bility of the end states |2⟩ of the intra-branch transi-
tions, aiming for exceedingly long-lived VDW complexes
by conditions (e.g., low gas pressure) that favor the ex-
istence of such VDW events [6, 51] may not eventually
be the best way of optimizing the polarization level of
the noble-gas nuclei. In contrast, events with average
lifetime around the maximum of the inter-branch oscilla-
tion of P3 could be particularly useful for gaining efficient
polarization transfer to 129Xe.

Figure 9. Transition probabilities to the different final hyper-
fine states in a spin-exchange event between Rb and 129Xe,
from the propagation of the time-dependent Schrödinger
equation at B = 1 mT. Two different time scales are pre-
sented: (a) indvidual polarization step of relevance to binary
collision events and (b) long VDW event. The model without
Rb nucleus in blue. In models with 85/87Rb nuclear spins, the
final state |2⟩ is in the same F = I + 1

2
branch as the initial

state, and state |3⟩ is in the different (F = I − 1
2
) branch.

Microwave-driven Rabi oscillations between the hyper-
fine states of Rb atoms, including alkali-alkali collision-
induced decoherence effects thereto, have been investi-
gated before (Ref. 52 and references therein). In the
present case the oscillations take place between the com-
bined hyperfine states of a Rb-Xe atomic pair undergoing
inter-atomic dynamics in VDW complexes.

D. Magnetic-field dependence

Increasing B reduces the polarization transfer in VDW
complexes [7–9, 12, 20, 38, 51, 53, 54], and this is what
we find from the present simulations, too. In the model
two-spin case, without the Rb nucleus I, the energy sepa-
ration of the relevant |αSβK⟩ and |βSαK⟩ states increases
with B, as shown in Fig. 4(b). The coupled pair of states
constitutes a two-level system where the first state re-
ceives, to the leading order in perturbation theory, an
admixture of H(1)

21 /ω
(0)
21 from the second state. Hence, it

is easy to see that the perturbation Ĥ
(1)
21 , in this case the

flip-flop operator belonging to the Xe HFC, is less capa-
ble of coupling the pair of states as ω21 increases upon
going to a stronger magnetic field. In the Rabi formula,
Eq. (S9), the increase of ω21 leads both to a decrease
of the oscillation amplitude and shortening of its period.
These factors determine the gross features of the time
evolution of the polarization transfer [see Fig. 7(a)].

Fig. 10 shows the simulated magnetic field-dependence
of the polarization transfer for both the two-spin model
and the the more realistic three-spin systems, the latter
with 87Rb and 85Rb nuclei in place. The figure presents
the results for the longest-lived VDW complexes, with
lifetime in the range 100. . .1000 ps. The corresponding
data for all the lifetime categories are listed in Table S5
of the Supplemental Material [46]. Besides the overall
lower level of transfer than in the two-spin model, an-
other notable difference brought by I in the case of the
VDW complexes is that Rb HFC helps to sustain the
level of transfer obtained at low field up to a somewhat
higher value of the field, than without the Rb HFC. Ta-
ble S5 [46] indicates that, despite the overall reduction,
the polarization transfer in binary collisions, which con-
tribute to both the τ = 0 . . . 1 ps and τ = 1 . . . 10 ps
lifetime categories in the Table, anyway persists much
better upon increase of B, as compared to VDW com-
plexes. This finding agrees with earlier knowledge [7–9].

These findings are backed also by the long-time scale
results from the numerical TDSE model in Fig. 7(b)
for the two-spin model (one Rabi-like oscillation) and
in the insets of Fig. 8(ab,de) for the three-spin models
(two oscillations). The oscillation amplitude decays more
rapidly with increasing B in the two-spin model than in
the more realistic three-spin models. The magnetic-field
dependence of the energy levels of the three-spin systems
are illustrated in Figs. S5 and S6 in the Supplemental
Material for 87Rb and 85Rb, respectively. The relevant
transition energy ω21 is dominated by the electronic Zee-
man term both in the model without the Rb spin and
in the intra-branch transition of the three-spin models.
Hence, ω2 grows approximately linearly with B and limits
the amplitude of the relevant Rabi oscillation and polar-
ization transfer. In contrast, the ω31 parameter of the
inter-branch oscillations of the three-spin models contin-
ues to be dominated by the Rb HFC up to the relatively



12

Figure 10. Average final 129Xe polarization at the end of
the Rb-Xe interaction events as a function of magnetic-field
strength, for the most important, long-lived VDW complexes,
with lifetime more than 100 ps. Results are shown without
HFC to the Rb nucleus and with coupling to 85Rb and 87Rb.

large 100-mT field strength, which renders the realistic
three-spin models more resilient to increasing B, than
the model in which I is omitted.

Increasing B decreases the transition probability and
a dramatic change happens between 10 and 100 mT.
Starting from the latter field strength only a modest po-
larization transfer can be seen in the simulated times-
pan. This is in qualitative agreement with the exper-
imentally known suppression of the VDW contribution
to the polarization transfer at field strengths beyond
10 mT [53, 54], which leaves the binary collisions as
the dominating mechanism at high fields. The data of
Bhaskar et al. [53] show an increasingly broad plateau of
the polarization transfer at the low-field limit, with in-
creasing sample pressure. Our high-pressure simulation
is consistent with this observation. A detailed compar-
ison of the magnetic-field dependence results from our
simplified simulation with the low-pressure experimental
data of Refs. 53 and 15 is, however, not feasible. Upon
reaching the field strength of 10 T, practically no transfer
to 129Xe takes presently place place either with or with-
out Rb HFC, i.e., xenon remains at its thermal equilib-
rium polarization level in both cases.

E. Further interactions

As the relevant Rb isotopes are quadrupolar, it is of
interest to also investigate polarization transfer in models
that account for the possible effects of the NQC interac-
tion of the quadrupole moment of the alkali-metal nucleus
with the electric field gradient (EFG) at the Rb nuclear
site. The latter is generated in the collision events with
the 129Xe atom, in which the spherical symmetry of the

atom is broken. The Hamiltonian becomes in this case

Ĥ2(t) = Ĥ1(t) + hÎ ·QRb(t) · Î, (9)

for which QRb was parametrized for both 87Rb and 85Rb
by calculating the EFG employing scalar-relativistic
second-order Douglas-Kroll-Hess (DKH2) theory [55] and
basis without the diffuse spd functions, on the ORCA
code [56], with the other details as described above. The
calculated QRb as a function of the Rb-Xe distance is
listed in Table S2 in the Supplemental Material [46]. Fur-
thermore, the direct internuclear dipole-dipole (DD) cou-
pling Hamiltonian was added as

Ĥ2′(t) = Ĥ1(t) + hÎ ·DRb−Xe(t) · K̂, (10)

where DRb−Xe(t) is straightforwardly obtained from the
atomic positions. Results of the polarization transfer
simulations in the presence of, on the one hand, the Rb
NQC and, on the other hand, DD coupling, are listed
at B = 1 mT in Table S3 [46]. As the changes in the
polarization transfer due both the DD coupling and Rb
NQC appear only starting from the third significant digit
in the longest-lifetime event category, these interactions
can safely be omitted from the present consideration.

F. Analytical model of polarization transfer

As discussed above, the gross features of the polar-
ization transfer to 129Xe are, in the model VDW com-
plex, governed by the transition probabilities that un-
dergo Rabi-like oscillations between the initial, fully po-
larized atomic state of Rb and the two final states in ei-
ther the same or different branch of the hyperfine states
of the alkali metal atom. This suggests that one may
arrive at a potentially useful semianalytical formula for
the polarization transfer within the long-lived VDW com-
plexes. Indeed, if we know the lifetime distribution N (τ)
of such events, the total polarization in them can be ap-
proximated as [46]

Kz =

∫ ∞

0

N (τ)

[
P2(τ) + P3(τ)−

1

2

]
dτ, (11)

where the intra- and inter-branch transition probabilities,
P2 and P3, have been represented with the appropriate
Rabi formula, Eq. (S9). Assuming, for simplicity, an ex-
ponentially decaying lifetime distribution [12],

N (τ) =
Nt

τ0
exp(−τ/τ0) , (12)

with Nt equal to the total number of such events, one
obtains for the polarization transfer

∆Kz = 2Ntτ
2
0

(
|V21|2

1 + ω2
2τ

2
0

+
|V31|2

1 + ω2
3τ

2
0

)
, (13)

with the Rabi parameters Vi1 and ωi (i = 2, 3). On
the other hand, Nt may be equated to the product Z∆t
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of the rate Z of forming VDW complexes and the total
polarization time ∆t. This gives the approximate total
polarization transfer per unit time as

∆Kz

∆t
= 2Zτ20

(
|V21|2

1 + ω2
2τ

2
0

+
|V31|2

1 + ω2
3τ

2
0

)
. (14)

The resulting total polarization transfer rates are dis-
played in Fig. 11, using the values applicable to the
present simulations. In particular, we used τ0 = 24 ps
based on fitting Eq. (12) to the current event lifetime dis-
tribution, including VDW events with lifetimes in excess
of 15 ps. While τ0 is close to the empirical value [9, 15]
given for a pure Xe sample at the present density, the
limited statistics causes it to be only considered an order-
of-magnitude estimate. Indeed, in a realistic gas compo-
sition involving also N2 and/or He, the average complex
lifetime is expected to increase [15, 24, 49] as compared
to our Xe-only model system.

Figure 11. The roles of inter- and intra-branch transitions in
the total polarization transfer per unit time for both 87Rb-
129Xe and 85Rb-129Xe systems, according to Eq. (14).

Comparing with the simulated magnetic-field depen-
dence of the polarization transfer in Fig. 10, we see that
the results of the simplified model in Fig. 11 reproduce
the overall trend qualitatively. Maximum, practically
constant transfer is obtained at low field values in the
range of mT strength, and a decrease in transfer takes
place at higher field strengths. Furthermore, transfer is
stronger with the 85Rb isotope than with 87Rb. The de-
crease at high B takes place at similar field values as in
the simulation results.

The most important qualitative message of the results
of Fig. 11 is in the relative contributions of the intra- and
inter-branch spin-flip transitions, which are described via

their own Rabi-like oscillations and give rise to the two
terms in Eq. (14). It is seen that, in the present life-
time range of the long-lived VDW complexes charac-
terized by the value of τ0 around 24 ps and for 85Rb,
the inter-branch transitions are, indeed, responsible for
the majority of polarization transfer across the favorable
field-strength range in Fig. 11. This happens despite the
much smaller amplitude of the relevant inter-branch oscil-
lation. For 87Rb, the intra-branch contribution to the to-
tal transfer approaches the magnitude of the inter-branch
contribution.

As evident from the above, the reason for the strong
contribution of the |∆F | = 1 transitions is the fact that
the associated oscillation of the final-state occupation
probability has sufficient time to reach maximum value
in the accessible complex lifetime, whereas the longer-
period intra-branch oscillation does not. This finding
underlines the importance of the inter-branch spin-flip
transitions. The relative contributions are sensitive, how-
ever, to the value of τ0, with the inter- and intra-branch
transitions dominating short- and long-lifetime events,
correspondingly.

G. Relation to experiment

In principle, to compare with the experimental spin-
exchange cross section σSE [12], we may relate the present
work to Eq. (24) of Ref. 24, the rate equation for the
129Xe polarization:

dpK
dt

= [Rb]σSE (pS − pK)− ΓpK , (15)

where [Rb] and Γ are the Rb number density and intrinsic
Xe relaxation rate, respectively. We equate

dpK
dt

≈ 2
∆Kz

∆t

and, upon omitting the relaxation term and approximat-
ing pS − pK ∼ 1, one gets from Eq. (14)

σSE ≈ 4Zτ20
[Rb]

(
|V21|2

1 + ω2
2τ

2
0

+
|V31|2

1 + ω2
3τ

2
0

)
. (16)

Using values from the present simulation, [Rb] ∼ 3 ×
1022 m−3 and Z ∼ 3 × 109 s−1, we arrive at the total
cross section value of σSE ∼ O(10−18) m3/s correspond-
ing to the low-field plateau region of Fig. 11. Such a
value overestimates the experimental σSE results perti-
nent to VDW complexes [24] by three orders of magni-
tude. The underlying reasons for the large values ob-
tained in the model of Eq. (14) include our model gas
composition in which [Xe] (and, hence, Z) is 1–2 or-
ders of magnitude too large as referenced to the stan-
dard SEOP conditions. Furthermore, Xe relaxation is
omitted in this model and Eq. (13) assumes VDW com-
plexes unperturbed by 3rd-body events that slow down
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polarization transfer [Fig. 3(b)]. The TDSE model, on
which Fig. 11 is based, also altogether neglects the ef-
fects of electron spin-rotation interaction, which serves
as a channel for Rb relaxation that competes with polar-
ization transfer to Xe [11, 12].

If one, instead of the TDSE model and Eq. (16), em-
ploys the polarization transfer ∆pK from the present
multiscale spin dynamics simulations (see the numerical
data in Table S5), σSE around 50 × 10−21 (with 85Rb)
and 30 × 10−21 m3/s (87Rb) follow for VDW complexes
from the application of Eq. (15), still neglecting relax-
ation and, due to assuming a complete polarization of the
Rb atom at the beginning of each interaction event with
Xe, omitting also the polarization back-flow from Xe to
Rb. These spin dynamics simulation results overestimate
the experimental σSE listed by Kelley and Branca [24]
currently by an order of magnitude.

As stated above, the present simulations are princi-
pally targeted at producing examples of Rb-Xe interac-
tion events of different lifetimes, and analyzing the de-
tails of the polarization transfer within them. It is in
this vein that also the semianalytical polarization trans-
fer model of Eq. (14) is devised, based on the oscillatory
character of the intra- and interbranch spin-flip transi-
tions responsible for the polarization transfer. Eventu-
ally, for the type of multiscale spin dynamics modelling
of the macroscopic polarization transfer, or an analytical
model parameterized on its basis, to have quantitative
predictive value, considerably improved statistics of the
event lifetime distribution, as well as the intermolecular
interactions of the Rb and Xe atoms will be needed. We
also remind that the present models only concern the po-
larization transfer process in the Rb-Xe events, whilst Xe
polarization loss via relaxation effects [21, 48] are disre-
garded.

All these aspects can eventually be explored when
more extended MD simulations of realistic gas com-
position in SEOP processes, as well as the gas-phase
relaxation rate T−1

1 of the 129/131Xe isotopes involving
all known intrinsic mechanisms become available as a
result of ongoing work in our laboratory. At that point
a justified comparison with experimental spin-exchange
cross sections should become feasible, and with that also
the investigation of the exponential polarization build-up
curve, the rate of which is empirically determined by the
two parameters σSE and T−1

1 [48, 57].

IV. CONCLUSIONS

We have carried out a multiscale simulation of po-
larization transfer from optically polarized 85/87Rb to
the nuclear spin of 129Xe in the spin-exchange collisions
that occur in the SEOP method. The calculations em-
ployed a combination of molecular dynamics simulation
of atomic trajectories in the gas phase, quantum-chemical
construction of the time series of spin Hamiltonians for
the Rb-Xe collision events extracted from the trajecto-
ries, and explicit spin dynamics simulation of the inter-

action events. In comparison with earlier work we have
now included explicitly the Rb nuclear spin and iden-
tified the transitions in the hyperfine spectrum of the
alkali-metal atom that are responsible for the xenon nu-
clear spin flips. In addition to the multiscale simulation,
we constructed an artificial, simple van der Waals com-
plex, for which we explicitly solved the time-dependent
Schrödinger equation including the relevant states.

We find a stepwise build-up of 129Xe spin polariza-
tion in individual collisions when the Rb-Xe distance is
small, due to the steep interatomic distance dependence
of Xe hyperfine coupling in the oscillations of the van der
Waals complex. In contrast, the Rb hyperfine coupling
remains practically constant in the interatomic distance
range accessible in the collision events. The majority of
the polarization transfer takes place in the long-lived van
der Waals complexes in the presently simulated model,
at a single temperature and pressure and a simplified gas
composition.

Incorporation of the realistic three-spin model with
85/87Rb nuclear spin reduces the polarization transfer to
129Xe, as compared to the simple two-spin model with
only electron and 129Xe. In the long-lived van der Waals
complexes the polarization transfer steps are superim-
posed over long-period oscillations of the perturbed Rb
atom. There are two distinct oscillations correspond-
ing to the electron-129Xe spin-flip transitions due to the
xenon hyperfine interaction coupling the initial, fully po-
larized state of the Rb atom to two possible final states
in either the same or the other branch of the hyperfine
spectrum. The former final state corresponds to very
slow oscillation of the final-state occupation probability,
with period exceeding the realistic lifetime of the van
der Waals complexes. In contrast, the inter-branch os-
cillations are significantly faster and found to be give
an important contribution the polarization transfer, as
seen from a simple empirical model derived form the as-
sumed event lifetime distribution and the Rabi oscillation
model.

We expect that the present findings contribute to the
understanding of basic physics of the polarization trans-
fer process in spin-exchange optical pumping and eventu-
ally aid in practical optimization of the pumping set-ups.
To the latter end, we are in ongoing work carrying out
molecular dynamics simulations of more realistic gas mix-
tures involving also helium and nitrogen, and at a range
of pressure and temperature points. Furthermore, po-
larization of also the quadrupolar 131Xe isotope is under
investigation.
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