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Nuclear spin polarization has important applications across various fields, including physics and
medicine. It also offers several advantages, such as cross-section enhancement, in the five-nucleon
fusion reactions, namely the D–T and D–3He reactions. This work presents a theoretical study
of spin dynamics in the hyperfine regime for selected atomic and molecular systems and explores
alternative techniques to generate or enhance nuclear spin polarization in these systems. Particular
emphasis is placed on coherent spin manipulation strategies and the role of hyperfine interactions in
transferring angular momentum from electronic (in atoms) or rotational (in molecules) to nuclear
degrees of freedom.
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1. Introduction

The development of nuclear spin polarization in atomic and molecular systems is vital in sev-
eral fields such as physics and medicine. Typical examples include nuclear magnetic resonance
(NMR) spectroscopy and magnetic resonance imaging (MRI), whose signals—and therefore their
accuracy—can be enhanced by the use of hyperpolarized tracers [1–3]. In physics, beyond applica-
tions in fundamental research (e.g., quantum computation [4], electric dipole moment searches [5],
etc.), nuclear spin polarization also provides advantages in energy production through nuclear fu-
sion [6]. Specifically, in the five-nucleon reactions, i.e., the D–T and D–3He reactions, polarization
of the reactants is known to increase the fusion cross section and allow control over the emission
direction of the products, improving reaction dynamics and leading to an overall enhancement of
reactor efficiency [7–9].

However, direct production of nuclear polarization in bound systems such as atoms and
molecules is not always straightforward and is often limited in the achievable polarization de-
gree. In contrast, it is typically easier to polarize the electron spin of atoms or the rotational angular
momentum of molecules. Hyperfine interactions between these degrees of freedom and the nuclear
spins enable the transfer of polarization between different spin/angular momentum entities, thereby
enhancing nuclear polarization. An appropriately configured external magnetic field can further
manipulate and amplify this transfer.

Since the nuclei involved in the five-nucleon reactions have spin quantum numbers 1/2 (tri-
tons/helions) and 1 (deuterons), this work focuses on hydrogen (H; nuclear spin 1/2), deuterium
(D) atoms, and HD molecules. Assuming specific spin-preparation scenarios for atomic or molec-
ular beams moving with a constant, nonrelativistic velocity 𝑣 along the 𝑧 axis, we investigate the
dynamics of interacting angular momenta as the beams pass through a static, spatially oscillat-
ing, longitudinal magnetic field 𝐵𝑧 = 𝐵0 sin

( 2𝜋𝑧
𝜆

)
with 𝐵0 the magnetic field amplitude and 𝜆 the

wavelength of the oscillation. This magnetic field configuration is inspired by the work of Sona [10].
The calculations are performed using the density operator formalism in the rest frame of the

particle, where the external magnetic field takes the form 𝐵𝑧 = 𝐵0 sin
( 2𝜋𝑣𝑡

𝜆

)
and the Hamiltonian is

therefore time-dependent. As a result, the Liouville–von Neumann equation governing the evolution
of the density operator 𝜌 is solved numerically [11]. The density matrix provides direct information
about individual state populations and is essential for obtaining average values of observables such
as spin projections and spin polarizations.

2. Hydrogen (H) and deuterium (D) atoms

In the following, we investigate the first metastable state 2𝑆1/2 of H and D atoms. Their
electron spin is initially fully (and presumably positively) polarized in a high-field region, and
this polarization is subsequently shared between the electron and nuclear spins as the atoms are
adiabatically transferred from high magnetic field to the low-field region 𝐵𝑧 → 0. Such a spin
preparation can be achieved by using solely static fields [12]. The resulting average spin projections
for H are

〈
𝑚𝑧,𝑒

〉
= 1/4 for the electron and

〈
𝑚𝑧, 𝑝

〉
= 1/4 for the proton, while for D they are〈

𝑚𝑧,𝑒

〉
= 1/6 and

〈
𝑚𝑧,𝑑

〉
= 1/3, respectively. The sums of the average electron and nuclear spin

projections equal 1/2, consistent with a fully polarized electron spin and an unpolarized nuclear
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spin at the moment when the initial polarization is established in the high-field region, prior to
adiabatic transfer. A similar spin preparation can be achieved for ground-state atoms [13], where
protons or deuterons traverse optically pumped, polarized Rb vapor, capture polarized electrons in
a strong magnetic field, and are then adiabatically transferred to near-zero field.

This specially prepared metastable beam enters (at 𝑡 = 0) the sinusoidal longitudinal magnetic
field, described in the previous section. Our analysis focuses on a single period of the trigonometric
function, namely the time of flight is 𝑡 𝑓 = 𝜆/𝑣. Moreover, the ratio 𝑣/𝜆 is adjusted to match the
hyperfine splitting (in frequency units) of H (𝜈

𝐻𝐹
= 177.56 MHz) and D (𝜈

𝐻𝐹
= 40.92 MHz).

Thus, the only remaining free parameter of the applied magnetic field is its amplitude 𝐵0, which
we vary and evaluate the spin dynamics.
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Figure 1: Average spin projections
〈
𝑚𝑧, 𝑝/𝑑

〉
(blue) and

〈
𝑚𝑧,𝑒

〉
(orange) at time 𝑡 𝑓 as a function of 𝐵0 for

metastable H (a) and D (b), with the spins initially prepared as described above. The right vertical axes show
the corresponding proton and electron spin polarizations. For deuterium, the deuteron polarization is given
directly by

〈
𝑚𝑧,𝑑

〉
, since its spin is 1.

Figure 1 (a) and (b) show the average spin projections and resulting polarizations for metastable
H and D at time 𝑡 𝑓 as a function of 𝐵0. Polarizations near 100% for protons and approximately
64% for deuterons are expected at 3.1 mT and 0.76 mT, respectively (see vertical dotted lines). The
manipulation of these quantities is enabled by magnetic dipole transitions driven by the longitudinal
field. These transitions obey the selection rule Δ𝑚𝐹 = 0, i.e., they preserve the sum of spin
projections along the 𝑧 axis (as indicated by the dashed line in Fig. 1). Consequently, the induced
redistribution of populations within the hyperfine manifold leads to no polarization loss and does
not generate transverse polarization. Comparable results can also be obtained for the ground state
of these atoms [11].

3. Hydrogen deuteride (HD) molecule

The sinusoidal-field technique can also be applied to molecular systems. Here, we consider
the electronic ground state 1Σ of HD, where the relevant degrees of freedom are the nuclear spins
(proton and deuteron) and the rotational angular momentum 𝐽. A well-defined rotational angular
momentum projection, e.g., 𝑚𝐽 = +𝐽, can be prepared using coherent excitation techniques [14–
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16]. However, hyperfine interactions cause the rotational polarization to be transferred to the nuclear
spins [17].

In the absence of external perturbations, the maximum achievable nuclear polarization is limited
by the hyperfine coupling constants, while applying a constant magnetic field leads to decoupling
of the interacting spins/angular momenta [18]. In contrast, the introduced sinusoidal-field method
enables the enhancement of a chosen nuclear spin polarization by appropriately tuning the field
parameters. For example, by selecting the wavelength (for a fixed molecular-beam velocity) such
that the experienced frequency is 1/𝑡 𝑓 = 153935 Hz and setting the field amplitude to 𝐵0 = 48.6 mT,
a deuteron polarization of ∼ 83% can be achieved starting from the rotationally excited state 𝐽 = 1,
𝑚𝐽 = +1. A similar enhancement can be achieved for the proton polarization, e.g., in the rotational
state 𝐽 = 2. Further details are provided in Ref. [11].

4. Limitations

The introduced spin manipulation technique, together with its computational framework, in-
volves several limitations. First, no entanglement between the internal (spin and angular momentum)
and external (position and momentum) degrees of freedom is assumed. The particles in the beam
are therefore taken to follow classical trajectories: their external degrees of freedom are treated
classically, whereas the internal degrees of freedom are treated quantum mechanically. This ap-
proximation is valid for experiments in which any dependence of the spin states on the particle’s
position or momentum remains unobservable. In addition, the beam particles are assumed to be
non-interacting, and the selected beam velocities are nonrelativistic, limiting the kinetic energies to
the keV range for the atomic and molecular systems discussed here.

Furthermore, this work focuses exclusively on the longitudinal magnetic field 𝐵𝑧 and neglects
the radial component 𝐵𝑟 , which appears at off-axis positions (𝑟 ≠ 0) and is given by 𝐵𝑟 = − 𝑟

2
𝜕𝐵𝑧

𝜕𝑧
.

This approximation is justified for 𝑟 ≪ 𝜆. If this condition is not met, however, 𝐵𝑟 induces
magnetic dipole transitions within the same hyperfine manifold according to the selection rule
Δ𝑚𝐹 = ±1 [19, 20], thereby interfering with the population changes driven by 𝐵𝑧 and reducing the
total longitudinal spin polarization. The radial field also gives rise to an additional electric field,
E = v × B = 𝑣𝐵𝑟 𝝓̂, whose interaction with the system constitutes the motional Stark effect. This
electric dipole interaction does not couple states within the same hyperfine manifold but instead
mixes states of opposite parity. A detailed discussion and respective calculations can be found in
Ref. [21].

Finally, although only a simple sinusoidal form was assigned to 𝐵𝑧 here, the spin-manipulation
technique is not restricted to a single field configuration. By appropriately tuning the field param-
eters, various waveform shapes can be employed to produce comparable or even slightly enhanced
nuclear polarization transfer. As an example, results obtained with a sine-cubed waveform are
compared with those from a pure sine wave in Ref. [11].

5. Conclusion

We have presented a theoretical study on the influence of a static, spatially oscillating magnetic
field on a particle beam composed of interacting spins and/or angular momenta as the beam traverses
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the applied field. We have shown that such an external perturbation can enhance the nuclear
polarization in an incoherent spin preparation of H and D beams as well as in a coherent rotational-
state preparation in HD beams. These manipulations were optimized for nuclear-spin applications
and therefore targeted nuclear-polarization enhancement; however, additional manipulations are
possible for other purposes.

Since the computations are performed numerically, the spin dynamics can be evaluated for
arbitrarily varying magnetic fields that do not necessarily cross zero. This capability is useful for
tracking polarization losses as particles move through regions that lack a homogeneous field or they
may connect areas of different magnetic-field strengths in experimental setups for the production
and storage of spin-polarized particles [22]. Finally, the computational framework employed here
is also applicable to systems of interacting angular momenta at rest, where the applied magnetic
field varies in time.
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