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Strong coupling of alkali-metal spins to noble-gas
spins with an hour-long coherence time

R. Shaham

Nuclear spins of noble gases can maintain coherence for hours
at ambient conditions because they are isolated by complete
electron shells'. This isolation, however, impedes the ability
to manipulate and control them by optical means or by cou-
pling to other spin gases**“. Here we achieve strong coherent
coupling between noble-gas spins and the optically accessible
spins of an alkali-metal vapour. The coupling emerges from
the coherent accumulation of stochastic spin-exchange col-
lisions. We obtain a coupling strength ten times higher than
the decay rate, observe the coherent and periodic exchange
of spin excitations between the two gases and demonstrate
active control over the coupling by an external magnetic field.
This approach could be developed into a fast and efficient
interface for noble-gas spins, enabling applications in quan-
tum sensing and information®*.

Noble-gas isotopes with non-zero nuclear spin, such as
helium-3, feature day-long spin lifetimes and hours-long coher-
ence times"’. They are prominent in various fields, from precision
sensing®'! and medical imaging'? to searches for new physics"*~",
and they hold promise for future quantum information applica-
tions such as optical quantum memories and the generation of
long-lived entanglement™'*-*". The latter rely on the feasibility of
preparing the collective spin state of the gas and controlling its
quantum excitations™.

Polarized ensembles of alkali-metal spins or noble-gas spins
can carry such collective excitations, corresponding classically
to a tilt of the collective spin about the polarization axis®’. These
can be modelled as quantum excitations of a harmonic oscillator.
Remarkably, the quantum description persists even for gaseous
ensembles undergoing rapid diffusion** and for overlapping
ensembles that interact via atomic collisions?>**-*. The collective
state of alkali-metal spins can be addressed and coherently con-
trolled by optical means~'. The same, however, cannot be done
for the nuclear spins of noble gases, which lack any optical transi-
tion from the ground levels. Instead, one can access the noble-gas
spins by collisions with another spin gas, either excited (metastable)
helium-3 or alkali-metal vapour, both of which possess optically
accessible spin’*>%.

Alkali-metal atoms exchange spin with noble-gas atoms via a
weak electron-nuclear coupling (Fermi contact) during collisions™.
They are normally used for hyperpolarizing the noble gas and for
probing its spin dynamics. The probing relies on the coherent com-
ponent of the spin-exchange interaction, which is usually weak and
manifests as a shift in the precession frequencies of the alkali-metal
spins. The coherent component is employed for the readout of
noble-gas-based sensors and for inherent suppression of sensitivity
to magnetic fields**’.

124X Q, Katz®"234 and O. Firstenberg®’

In ref. ?, Kornack and Romalis employed the coherent compo-
nent of the spin-exchange interaction to study the hybridization of
the collective spins of alkali-metal and noble-gas ensembles in the
critical damping regime. By varying the axial magnetic field, they
observed shortening of the noble-gas spin coherence time and shift-
ing of the noble-gas magnetic resonance due to the alkali-metal spin
dressing. With a coupling rate lower than the alkali-metal decay rate,
they observed the onset of avoided crossing in the magnetic spec-
trum but did not record reversible dynamics or revivals of the spin.
In ref. **, we reported on using alkali-metal spins as off-resonant
mediators to couple light to noble-gas spins bidirectionally. These
and all other studies so far have been limited to the detuned or criti-
cal coupling regimes.

Increasing the coupling rate between the spin gases is beneficial
to various applications. When the coupling exceeds the alkali-metal
decay rate, the dynamics of the spin gases become strongly cou-
pled, enabling rapid and coherent control of the noble-gas spins.
Operation in this strong-coupling regime opens new practical
avenues, especially for in-and-out mapping of quantum states, for
enhancing the indirect interaction of noble-gas spins with photons
and for improving the performance of sensing applications®'®*.
Yet, strongly coupled dynamics and, in particular, the reversible
exchange between the spin gases have never been demonstrated.

Here we report on strong coherent coupling between the collec-
tive spin states of noble-gas and alkali-metal ensembles. We enter
the strong-coupling regime by reaching high polarizations and den-
sities of the interacting species while minimizing spin relaxation.
We directly probe the dynamics of both spin ensembles and demon-
strate the coherent and reversible exchange of excitations between
them. These results demonstrate that stochastic spin-exchange col-
lisions which are individually weak but together frequent enough
can accumulate to form an efficient coherent interface between two
spin gases. We discuss prospects for strongly coupled gases and
their potential utility in classical and quantum applications.

To characterize the exchange, we consider the bosonic, collective,
spin excitations of the alkali-metal and noble-gas spins, represented
by the annihilation operators d and b, respectively. The coupling
between these excitations relies on the collective enhancement of
the exchange interaction due to the accumulation of numerous col-
lisions among the two spin ensembles. The collective, bidirectional,
coupling rate | = (£/2)./napanypy, thus depends on the square root
of the atomic densities n, and n, and the degrees of polarization
0<p,<1and 0<p, <1 (ref. **). The microscopic coupling strength
{(pa), incorporating the collisional cross-section, has a weak depen-
dence on the alkali-metal spin polarization due to the hyperfine
structure of the alkali-metal atoms (Methods). A simple form of
two coupled modes can be used to describe the exchange dynamics

'Department of Physics of Complex Systems, Weizmann Institute of Science, Rehovot, Israel. 2Rafael Ltd, Haifa, Israel. 3Present address:
Department of Electrical and Computer Engineering, Duke University, Durham, NC, USA. #These authors contributed equally: R. Shaham, O. Katz.

®e-mail: roy.shaham@weizmann.ac.il

506

NATURE PHYSICS | VOL 18 | MAY 2022 | 506-510 | www.nature.com/naturephysics


mailto:roy.shaham@weizmann.ac.il
http://orcid.org/0000-0002-4811-132X
http://orcid.org/0000-0001-7634-1993
http://orcid.org/0000-0001-8905-9954
http://crossmark.crossref.org/dialog/?doi=10.1038/s41567-022-01535-w&domain=pdf
http://www.nature.com/naturephysics

NATURE PHYSICS

LETTERS

M m v

Transverse
noble-gas spin

0.2s 0 0.2s 0 02s 0 0.2s 0 0.2s 0 0.2s

0 0.5 1.0 1.5 2.0 Tlme (h)

C

oy == ‘”—.—(—}i A8

* - T——

wa
- “
F=1 -

l-@-

Helium-3

- -

Potassium-39

Fig. 1| Experimental scheme and coherence time measurements.

a, A glass cell containing optically pumped potassium vapour (alkali-metal
spins, red) and helium-3 (noble-gas spins, blue). The polarized ensembles
couple via stochastic atomic collisions that accumulate to a collective
spin-exchange interaction at a rate J. An applied magnetic field Bz
controls the precession frequency difference A =@, — w, between the two
ensembles. A transverse excitation of the spins is initialized by a short
transverse magnetic field pulse B | y and then monitored by Faraday
rotation of an optical probe. b, Precession of the helium-3 spins, measured
at low spin polarizations and normalized to the initial value, featuring a
coherence time of Tg = 2h. ¢, Energy level diagram for the coupled spins.
The spin-polarized alkali-metal atoms, undergoing frequent spin-exchange
collisions, can be described as an effective two-level system.

()= ()
| .| =1 |+ £ (1)
b —J Wy b

Here w, and w,, denote the Larmor precession frequencies of the col-
lective spins of the alkali-metal and noble-gas atoms, respectively.
They are set by the external magnetic field B and by the effective
magnetic fields exerted by each species on the other”. We tune B
to determine the detuning from resonant coupling A =w, — @,. The
decoherence rate of the alkali-metal excitations y is included, while
for now we neglect the slow decoherence of the noble-gas spins.
Finally, f denotes the quantum noise accompanying the relaxation,
motion and collision processes>*". In the current study, f can be dis-
carded, as we prepare the spin ensembles in coherent spin states and
study the evolution of the mean transverse amplitudes (a) and (b)
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Fig. 2 | Exchange of collective spin excitations. Top: measurement of

the coherent exchange between the alkali-metal spin (d) (red circles)

and the noble-gas spin (5) (blue triangles) in the strong-coupling

regime. A short pulse of transverse magnetic field at t =0 excites

No = [(a(0))|2 + [(b(0))|2 = (13.2 & 0.6) x 10" spins. The experimental
conditions at t=0 are J=78+8Hz, y=7.3+1.5Hz and A =-1.15J (for
obtaining maximal extinction of (G) at the minima, see text). Lines present
the result of a detailed model using these parameters, obtained from
independent measurements. Each data point is averaged over 12-20
repetitions of the experimental sequence (Extended Data Fig. 3). Coloured
error bars include uncertainties in the spin-projection measurements and
the scattering between repetitions. Grey error bars indicate uncertainty
due to the uncertainty in the alkali-metal polarization p,(t), required for
converting spin projections to excitations. Bottom: same data in terms of
[(@)|? + |(b)|2, confirming that the total number of excitations is conserved
by the exchange process, up to an overall decoherence.

Results
Experimental setup and protocols. We study transverse spin excita-
tions of spin-polarized potassium vapour and helium-3 gas enclosed
in a spherical glass cell (Fig. 1a). The potassium spins are polarized
along the axial magnetic field by an optical pumping beam, and
the helium spins are polarized by collisions with the spin-polarized
potassium (over 10h; Extended Data Fig. 1). The cell also contains
nitrogen for reducing (quenching) the fluorescence from the opti-
cally excited potassium atoms. At low polarization, the helium spins
exhibit a coherence time of TS = 2h (Fig. 1b), and consequently
their individual relaxation is henceforth neglected. The exchange
experiments start with turning off the pumping beam.

We monitor the dynamics of the coupled spin system following
a short, 5-ps-long pulse of transverse magnetic field B, which pre-
dominantly excites the collective alkali-metal spin and initializes
it at a tilt angle of a few degrees from the axial magnetic field Bz.
We measure the transverse alkali-metal spin using Faraday rotation
of an optically detuned, linearly polarized probe beam. In this sys-
tem, the exchange rate J and the magnetic precession rates w, and
w, are all of the same scale when A <J. As a result, strongly cou-
pled dynamics measured in the laboratory frame mixes the effects
of Larmor precession with that of the exchange. To eliminate the
effect of the former and witness the exchange dynamics directly, we
experimentally reconstruct the complex quantities (a) and (b), each
composed of the two spin components (quadratures) in the trans-
verse x—y plane. The tomographic-like reconstruction is performed
by repeated measurements of the alkali-metal spin dynamics in the
x-y plane using alternating pulses B,y and B x for the initial tilt.
We properly scale these measurements by the total degree of polar-
ization p,(f) (measured independently; Extended Data Fig. 2) and
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Fig. 3 | Measured dynamics of the coupled alkali-metal-noble-gas spin system in three regimes. All measurements begin with a short magnetic
stimulation of Ny =(5.9 +£0.4) x 10® alkali-metal spin excitations, and the initial alkali-metal-noble-gas coupling rate is J ~ 68 Hz. Top: collective

spin excitations of the alkali-metal atoms. Bottom: real and imaginary parts of the collective spin amplitude, associated with the two transverse

spin components in the laboratory frame, exhibiting Larmor precession in addition to the exchange. a, Strong coupling, achieved when J exceeds the
alkali-metal relaxation rate y =0.11J and close to resonance A =—1.15J. Recurring collapse and revival of alkali-metal spin excitations provide evidence
for a coherent hybridization with the noble-gas spins. b, Decoupled dynamics, observed when increasing the detuning to A =6.8)=66y by increasing
the magnetic field. The alkali-metal spin, here largely decoupled from the noble-gas spin, undergoes standard Larmor precession and relaxation.

¢, Overdamped dynamics, obtained at y=3.2J. When near resonance (solid line, A =—0.15y), the long-lived noble-gas spin partially hybridizes with the
alkali-metal spin, whose relaxation slows down compared with the non-resonant case (dotted line, A=7y).

calculate the complex amplitude of the collective alkali-metal spin
(a(t)). To measure the collective noble-gas spin (b(t)) after some
exchange duration f, we halt the exchange dynamics at ¢ by rapidly
ramping up the axial magnetic field (increasing A) and utilizing
the alkali-metal spins as a magnetometer for sensing the noble-gas
spin precession.

We realize a maximal coupling rate of =78 +8 Hz by operating
at high densities of potassium n,=4.9x 10" cm™ (at T=230°C) and
helium 7, =6.45% 10" cm™ (2.4 atm at room temperature) and with
relatively high degrees of spin polarization p,>0.95 and p, > 0.3. At
these conditions, collisions among alkali-metal atoms are frequent
enough (>0.5 ps™") with respect to the Larmor frequency to keep the
alkali-metal excitations free from spin-exchange relaxation®. The
intricate hyperfine manifold of the alkali-metal atoms maintains a
spin-temperature distribution due to these collisions and manifests
as an effective spin-1/2 (Fig. 1c)*>. Remnant spin relaxation occur-
ring during these collisions dominates the decoherence rate of the
alkali-metal excitations y=7.3 + 1.5 Hz. We thus achieve ] > 10y. See
Methods for a detailed description of the experimental conditions
and analysis procedures.

Dynamics of strongly coupled spins. Under the strong-coupling
conditions, the two spin gases can coherently exchange collec-
tive excitations. To demonstrate these dynamics, we tune A close
to resonance and generate an initial excitation predominantly of
the alkali-metal spin. Figure 2 presents the measured spin excita-
tions |(d)|* and |(b)|* as they are exchanged back and forth between
the two ensembles. Because the magnetic pulse acts also on the
noble-gas spin and partially excites it as well, the extinction of
|(a(t))|* at the minima of the observed oscillations is maximized
slightly below resonance, at A = —1.15]. The presented measurement
is taken at this detuning. This detuning is still small in terms of the
strong-coupling dynamics, rendering a near-unity ratio between
the exchange and coupling rates J/J = 1.15, where | = /> + A2/4
is the exchange rate. We observe the reversible exchange and the
revival of the excitations back to the alkali-metal spins at t=6.5ms

508

and with a high contrast of 75%, evidencing the strongly coupled
dynamics. The uncertainty on the exchange fidelity is small (7.4%)
for short exchange times, and it is dominated by uncertainty in the
alkali-metal axial polarization (Methods).

As expected, we find that the exchange conserves the total num-
ber of excitations |(d)|* 4 |(b)|* aside from the decay introduced by
alkali-metal spin decoherence. We also directly observe the slowing
down of the exchange oscillations, as the spins gradually decouple
due to the dependence of ] on the decaying alkali-metal polariza-
tion p,(f). The gradual decoupling leads to residual excitations pop-
ulating the long-lived noble-gas spin. These effects are all captured
by a detailed model (solid lines; Methods), which accounts for the
temporal decrease of ] and for small geometric misalignments.

Coupling regimes. It is instructive at this point to compare the reso-
nant, strong-coupling dynamics with the detuned and overdamped
dynamics. These are presented in Fig. 3, showing the measured total
number |(d)|? of collective alkali-metal spin excitations (top) and
the amplitudes Re(a) and Im(a), which exhibit also Larmor preces-
sion (bottom). For the coherent spin states in our experiment, oscil-
lations of |(a(t))|* correspond to nutations (tilt) of the collective
alkali-metal spin from the quantization axis Z and therefore mani-
fest the exchange interaction in a rotating frame, free of Larmor pre-
cession in the x—y plane.

First, we set A close to resonance (A=-1.15] as before) and
measure the dynamics under the strong-coupling conditions
J=68+5Hz and y=7.5+2Hz (Fig. 3a). As in Fig. 2, we observe
oscillations of the number of alkali-metal spin excitations |{(d(¢))|%
exchanged back and forth with the noble-gas spin while gradually
decaying. The dynamics far off-resonance is shown for an increased
detuning A =460 Hz~6.8] (Fig. 3b). In this regime, we observe a
decaying precession of (d(t)) and an almost monotonic relaxation
of |{a(t))|* at a rate 14 +2 Hz, in agreement with the expected value
(27). Finally, we repeat the experiments with an increased relaxation
rate y=215Hz~ 3.2] (Fig. 3¢), implemented by keeping the pump-
ing beam on during the measurement. The measurements shown
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Fig. 4 | Spectral response of the alkali-metal-noble-gas spin system in the strong-coupling regime. a, Measured response of the collective alkali-metal

spin (d) to a weak stimulation, for different detunings between the spins 4. The spectrum (G(w)) fo

2 (G(t)ye it dt (normalized separately for each

A; Methods) manifests the eigenvalues of the coupled system. The spectrum maxima correspond to the normal frequencies, and the spectral widths are
indicative of the decay. Dashed lines present the imaginary part of the eigenvalues of equation (1). A clear avoided crossing with a sizeable spectral gap
at |A| <Jindicates the strong, coherent hybridization of the two spin gases. The response at |A| > J corresponds to the independent precession rates of
the alkali-metal and noble-gas spins @, and w,, respectively. The axes are scaled by the average value J=47 Hz (rather than the initial value /=78 Hz)
to account for the decrease of J due to alkali-metal depolarization during the 65-ms-long measurement. The frequency axis is shifted by w,=42.9 Hz.

b, Spectral response calculated from a detailed model. ¢, An experimental misalignment of 4.4 mrad between the magnetic field and the pumping
direction, when added to the calculation, reproduces the weak perpendicular branches.

in Fig. 3 of the three regimes elucidate the coherent nature of the
exchange interaction under the strong-coupling conditions.

The transition between the overdamped and strong-coupling
regimes is continuous, with the reversible dynamics becoming grad-
ually more dominant. At critical damping J=y/2, the decay of the
alkali-metal spin is shared among both species, and its coherence
time is effectively elongated. Figure 3c demonstrates the elongation
for on-resonance dynamics (solid) compared with the detuned case
(dotted). While J/y> 0.5 promotes an avoided crossing of the nor-
mal frequencies of the dynamics (as discussed below), the reversible
exchange is negligible at critical damping. At J/y =0.78, for example,
as realized by Kornack and Romalis®, only 0.5% of the initial exci-
tations return to the initially tilted gas (Supplementary Section 2).
Efficient and reversible exchange of excitations, therefore, requires
the ratio J/y to be large.

Spectral map. At strong coupling, the system’s response to magnetic
fields features a spectral gap. We measure this gap by repeating the
experiment presented in Fig. 3a for different values of A. The spec-
tral map (Fig. 4a) reveals an avoided crossing between the normal
frequencies at A =0, with a wide gap indicating a strong coherent
coupling between the two gases. We further compare the measure-
ments with calculated spectra. We present both a simple model
based on equation (1) (Fig. 4a, dashed lines) and the results of the
detailed model (Fig. 4b,c). Both models reproduce well the main
frequency branches. The additional features in the spectrum, pri-
marily the weak perpendicular branches and the vanishing ampli-
tude of the horizontal branch at A > J (due to reduced sensitivity to
magnetic stimulation near the so-called compensation point’), are
well captured by the detailed model.

Discussion

We realize strong coherent coupling between the collective spins of a
dense alkali-metal vapour and a noble gas, with a coupling-to-decay
ratio J/y~10.7, much larger than unity. The coupling arises from
accumulation of stochastic spin-exchange collisions, relying on
the weakness of each collision (spin precession of ~10~°rad per
collision) to conserve coherence and reversibility”. We estimate
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that higher values of J/y are achievable with higher *He density
and polarization and at lower temperatures and nitrogen gas pres-
sure. *He pressure exceeding 10atm was demonstrated' as well as
85% polarization®. A system at 220°C, with 8.2atm of *He polar-
ized to 80% and near-unity polarized potassium is expected to
reach J/y>100.

Operation of alkali-metal and noble-gas systems in the
strong-coupling regime opens several intriguing possibilities. One
route motivated by quantum information applications is to use the
alkali-metal spins as mediators between photons and noble-gas
spins'®*. In particular, fast on-resonance coupling between the spins
can enhance the indirect coupling to photons and improve the per-
formance of these applications compared with detuned operation.
At strong coupling, read-in, read-out and control of the collective
noble-gas spin are done at a rate J, whereas detuned operations with
A>> ] are done at a substantially lower rate /A (up to Hz scale). The
efficiency and fidelity of the operation are application dependent and
could be optimal in either of the two regimes. For long-lived optical
quantum memories, the optimal regime depends on the bandwidth
B of the optical signal®. In systems with ]2y, storage of photons
with an optical bandwidth B>y (kHz up to GHz) is optimized by
first storing the light on the alkali-metal spins and then transfer-
ring it to the noble-gas spins via a strong coupling exchange. The
exchange efficiency, approximately exp(—my/2]), approaches unity
for J>>y and could enable hours-long storage with unprecedented
time-bandwidth product. Another example relates to the generation
of long-lived spin entanglement between multiple cells via detuned
operation®. Once the entanglement is generated, efficient extrac-
tion for subsequent usage requires transfer to the alkali-metal spins,
which would rely on strongly coupled exchange. Furthermore, for
J>>7, the generation is more efficient regardless of the detuning, as
the contribution of alkali-metal projection noise is suppressed by a
factor 4yB/J?, where B™! is the duration of the entangling pulse.

A second potential route is to use the strong coupling for improv-
ing noble-gas-based sensors. Noble-gas magnetometers sense mag-
netic fields by measuring the precession of noble-gas spins with an
additional auxiliary magnetometer. They are particularly interesting,
being fundamentally limited by the low noble-gas projection noise’.
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Using the alkali-metal spin as an embedded magnetometer enables
suppression of its projection-noise contribution by e factor
over the projection noise of the noble gas when J > 1/7/T% (ref. ).
In addition, operation in the strong-coupling regime outperforms
detuned operations in two aspects. First, detuned operation reduces
the magnetic sensitivity at low frequencies near the nuclear mag-
netic resonance frequency of the noble gas, effectively increasing
the impact of photon shot noise. Second, bringing the two spins to
a resonance implies lowering the alkali-metal precession frequency,
which in turn enables operation in the spin-exchange relaxation-free
regime where sensitivity is increased even further’”. Finally,
another application regards self-compensating magnetometers,
which typically operate on resonance'>'°. These sensors can readily
benefit from an enhanced coupling rate, which could provide for
higher bandwidth and dynamic range.
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Methods

Holstein-Primakoff transformation from spins to bosonic excitations. The
states of the alkali-metal and noble-gas spin ensembles are characterized by their

degree of polarization p, = (2/Ny) (D m§§m)>and Py = (2/Np) (3 nl;i") ). Here
2(m) NG I _ . .
> nS and > ;" with j={x,y,z, -, +} are the standard collective spin operators

of the electrons of the alkali-metal atoms and the nuclei of the noble-gas atoms,
respectively, and N,=n,V and N, =n,V are the number of atoms in the volume V.
Describing the alkali-metal spins in terms of only the electronic spins is possible
owing to the frequent alkali-metal-alkali-metal collisions, which constantly drive
the alkali-metal atoms to a spin-temperature distribution®. In the spin-temperature
distribution, due to the hyperfine coupling to the alkali-metal nuclear spin, the
spin precession around an external magnetic field is slower than that of a bare
electron by a factor q(p,), known as the slowing-down factor. For potassium,

q(pa) = 2 + 4/(1 + p?) (refs. 7). )

We are interested in the bosonic annihilation operators @ and b, defined
according to the Holstein-Primakoff transformation as 4 = \/mzméim)
and b = \/mznf{(_") (refs. ). These are the canonical, normalized

version of the collective spin operators transverse to the quantization axis.
For the alkali-metal spins, we denote the homogeneous depolarization rate by
I',=—(d,p,)/p, and the transverse relaxation rate by I',=I".+ I, (the decay rate of

(3 5y and (st";m) )), where I'. is the dephasing rate. The decoherence rate

m-Xx
of the excitations (d) is therefore given by y=I".+I',/2, neglecting small variations
of g on short timescales. The noise on (@) (technical or fundamental) signifies
incoherent excitations, which inevitably increase when the polarization decays. As
a result, the process of depolarization (7, > 0), while contributing only partially
(I',/2) to the collective excitations decoherence, contributes as well to the increase
of the fundamental and technical noises. In the Supplementary Information, we
derive formal expressions for the decay and noise, describe the temporal dynamics
of non-classical states in the Heisenberg-Langevin formalism and demonstrate
the growth of quantum uncertainty due to spin depolarization for a squeezed
coherent state.

Apparatus and experimental conditions. We use a spherical cell with diameter
¢=2.54cm and volume V=28.6 cm®, made of GE-180 aluminosilicate glass,
containing *He gas, a droplet of natural abundant potassium and 50 Torr of
nitrogen. The temperature of the cell T=230°C is maintained using a pair of
twisted resistance wires wrapped around an alumina body, which are driven

with a current oscillating at 320 kHz. The magnetic field is applied via three sets
of coils: four-winding double Helmholtz coils for controlling Bz and a bird-cage
coil for the transverse fields to improve the magnetic uniformity. The coils are
placed inside five concentric layers of p-metal magnetic shields, and the inner two
layers are degaussed.

The N,=4.2X 10" potassium atoms are polarized by optical pumping
using 500 mW of circularly polarized light at 770 nm. This pumping light is
generated using a free-running diode laser followed by a tapered amplifier.

We tune the laser near the optical D1 transition, which in our setup appears
as a single absorption line with a full width of 32 GHz due to pressure
broadening, producing an on-resonance optical depth of n,6,,,£ %220 (where
0, =1.76 X 107> cm? is the absorption cross-section of the 32-GHz-wide line).
The pumping beam is Gaussian with a 25 mm waist diameter. We detune it
from resonance to reduce its depletion and achieve a high degree of spin
polarization p, > 0.95.

Spin-destruction collisions among potassium atoms and the spin-rotation
interaction of potassium atoms with the buffer gas dominate the depolarization
of the potassium spins in the dark". The depolarization is generally a
multi-exponential process (Extended Data Fig. 2b), and yet, at short times, it
can be described by the single rate I',=11.4 Hz. Rapid spin-exchange collisions
among potassium atoms at a rate R, =86 kHz and the operation at low Larmor
precession rates |@,| < 1/RsI'p put the potassium in the so-called spin-exchange

relaxation-free regime’ ", rendering the relaxation induced by spin-exchange
collisions between pairs of alkali-metal atoms negligible. Consequently,

the transverse spin relaxation rate I',=1I",+ .= 13 Hz is dominated by the
depolarization processes, with a minor contribution from magnetic inhomogeneity
(I'.=1.6 Hz). These lead to a decoherence rate of y=1I".+1,/2~7.3 Hz for the
bosonic excitations of the collective potassium spin.

The N, =5.5%10% helium atoms are hyperpolarized using spin-exchange
optical pumping (SEOP)™* at a rate of 3.6 X 10~°Hz in the presence of an axial
magnetic field B=400mG. A typical SEOP measurement settling at p, > 0.3 is
presented in Extended Data Fig. 1. In our system, at low temperature, the measured
depolarization and decoherence times of the helium spins T = 22hand T = 2h
are limited by magnetic field inhomogeneity within the cell volume. At elevated
temperature and polarizations, we measure T?,m = 3.9h (Extended Data Fig. 1)
dominated by the inhomogeneity of the magnetizations of the two ensembles in
the cell, which deviates slightly from an ideal sphere*. To moderate the helium
depolarization during the experiments, we intermittently turn on the SEOP in
between measurements.
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The polarized spin ensembles exert an equivalent magnetic field on each
other, via collisions and via the macroscopic magnetic fields generated by their
magnetization. While the equivalent magnetic field experienced by the helium
B, ,=—0.24mG (for p,=0.98) is small, the equivalent magnetic field experienced
by the potassium B,_,,=—10.94mG (for p,=0.3) is considerable. The detuning
from resonant coupling A is thus quite sensitive to p,, which we monitor during the
experiment. We do so by applying a constant magnetic field —B,_,+ 1.6 mG, and
monitoring the precession frequency of the decoupled alkali-metal spins following
a small transverse magnetic pulse.

In the experiments presented in Figs. 2-4, we use a transverse magnetic pulse
to tilt the alkali-metal spins by §,=9.8+0.2°, §,=6.8+0.2° and §,=0.7 +0.05°,
respectively. In terms of the number of excitations |(d)|? = qN,p,0>/4, these
correspond to |(@)]? = (12.1 £ 0.5) x 10", [(a)|* = (5.9 £ 0.4) x 10" and
[(@)]* = (6.2 £0.9) x 10,

In all experiments, we measure the transverse spin component of the
alkali-metal atoms along the X axis using Faraday rotation of a linearly polarized
probe beam. The 5mm diameter, 260 pW probe beam is detuned by ~400 GHz
above the D1 transition, and its polarization is measured after the cell using
the balanced photodetection method*. We subtract from all measurements a
background signal taken without the magnetic pulse. This background signal is
small and is dominated by excitations of transverse spins during the fast variation
of Bz (when setting A) because of the imperfect alignment between the optical and
magnetic axes.

Reconstruction ax}d scaling of (@) and (5) We use optical Faraday rotation to
measure (d) and (b). For the optically broadened line and the far-detuned probe in
our setup, and as long as the Faraday rotation angle is small, the balanced-detection
readout is proportional to the X component of the collective alkali-metal spin
(Em§§”‘) )» that is, to the electron spin projection along the probing axis*'. From
these measurements, we extract the normalized transverse spin component

Su(t) = <Zm§;(<m) (t))/[Napa(0)/2]. The normalization factor is calibrated
separately by tilting the initial spin [Nyp,(0)/2]Z all the way to the X direction
(equivalent to §,=90°) and measuring the maximal Faraday rotation angle

(~4rad in our system). We verify that the Faraday rotation angle in all subsequent
experiments is small. .

The measurements of |(d(t))|* and | (b(t))|* presented in Fig. 2 are done
according to the experimental sequence shown in Extended Data Fig. 3a. The
sequence starts by initializing the spins with a small transverse component under
conditions of small A. After some evolution and partial decay in the dark, at
time t, we increase A by an order of magnitude (by increasing B+ B, _, to 1.5mG),
thus largely decoupling the alkali-metal and noble-gas spins. We continue to
monitor the alkali-metal spins and use them as a magnetometer for sensing the
noble-gas spins.

During the experiment, when the pumping light is off, the polarization of
the alkali-metal spin decays p,(t) <p,(0). This decay changes the slowing-down
factor gq(t) =q[p,(t)] and thus shifts the Larmor precession frequency of the
alkali-metal spin, which we measure directly (Extended Data Fig. 2a). We model
the time dependence of the shift, assuming an exponential polarization decay
9:pa = —Ippa, where 7 is the time elapsed from the decoupling time t and I},
is the depolarization rate at the increased magnetic field. The instantaneous
precession frequency of the alkali-metal spin is then given by

2(1)(]

— @
L+ 2/[1+ p2 (e

wa (w0, pa(1), [; 7) =

where w,=w,(p,=1;7=0). To each measured signal S, we therefore fit the model

gx(t+ T) — Re O’a(t)eif"r wa(“’ﬂlpi\(l)lfp;rl)d7,7}131 + gb(t)e(i%fn)f . 3)

Here o,(t) and 6,(t) are complex fitting parameters, corresponding to the
amplitudes of the two frequency components, and y,, y,, ®,, ®, and p,(t) are real
fitting parameters. One such fit is demonstrated in Extended Data Fig. 3b, and the
extracted p (1), w,(t,7=0), |o,(t)|* and |6, (t)|* are shown in Extended Data Fig. 2b
(note the factor |o,/0,|* = (J/A)* < 1/100). We verify that the extracted amplitudes
are insensitive to the exact value of fp (set to be 8.6 Hz in all fits) and even to
the functional form of p,(t+ 7). We use the fits to extract p,(t) (Extended Data
Fig. 2b) and find that it is accurately described by the double-exponent function
P.(H)=0.61e7"¢1m) 4 0.381e~"(12m9) presented in Extended Data Fig. 2b with its
confidence bounds. The multi-exponential nature of the depolarization can be
attributed to multi-mode spatial dynamics*, to SEOP of the alkali metal by the
noble gas and to low signal-to-noise ratios. N

With p,(t) at hand, we obtain the factor n(t) = N t)P 2 between the

number of alkali-metal excitations and S2. The alkali-metal and noble-gas

Naglpa ()]

excitations presented in Fig. 2 are then given by | (a(t))|* = n(t)|6a(t) + & (t)]?

~ 2
and [(b(1))[* = n(t)| 35 0n () — K5 0a(t)|, where A()) =a,(t,7=0) - w,

% % J(t = 0). These expressions neglect terms of order

and J(t) =
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(J/A)? and higher. Here we see that the decay of p,(f) increases #, justifying the
relation y <7, and explaining the growth of noise in the measurements, which one
can interpret as excess thermal excitations. This process leads to the increasing
error bars in Fig. 2 at later times. For the experiments presented in Figs. 3 and

4, we reconstruct the complex-valued (4(f)) = /n(t)[Sx(t) — iS,(f)]. The

two normalized projections Sy(f) and S, () are measured in two consecutive
experiments that differ in the direction of the initial pulsed excitation (alternating
between B ¥ and B X). In Fig. 2, we average consecutive measurements with
the two excitation directions. We use the extracted p,(t) for Fig. 3a,b and estimate
P.=p.(t=0)=0.98 for Fig. 3c. Finally, in Fig. 4 we present the normalized Fourier

amplitudes |(d(w))| = | [7°(@(t))e™ " dt|/y /T [°° |(a(t))|*dt, where T=65ms

is the sequence duration.

Detailed model. Equation (1) describes the idealized dynamics of the spin
gases. For the calculations presented in Figs. 2 and 4b,c, we use a detailed model,
which includes the decay of the alkali-metal polarization p,=p,(¢) during the
experimental sequence, the dependence of A and J on p,(f) (both directly and via
the slowing-down factor g[p,(#)]), the misalignment of the optical and magnetic
axes and the residual transverse magnetic fields.

The model assumes that both spin ensembles are initially polarized along —3.
It follows refs. >** and describes the dynamics of the collective spin excitations

S_ = (stA(:") yand K_ = (anz(_n) ), coupled by the Fermi-contact interaction
occurring during collisions. In the presence of the axial magnetic field Bz and the
transverse magnetic field B_= B, —iB,, the coupled spin equations are given by

US— = (@ +113)S— — i ] K- + i%%B,,

(4)
IK_ = TS +impK_ + igy M p_

Here J, = \/qZ nppa/2and J, = ¢ 1.pyp/2/q are the unidirectional coupling

rates, eventually composing the bidirectional rate J = +/J.J, with

¢ = (2 x 107" em® s7!)/, /4. The gyromagentic ratios of the electron and

helium-3 spins are g, =—2.8 X 10°Hz G™' and g,=—3.24 X 10°Hz G, and the

precession frequencies are w, = g.B/q + g‘nbpb/Z\/q and w, = g,B + \/qgnapa/l
We simulate the experimental sequences by numerically solving these

equations. From the simulation results, we calculate the expectation values

(@) = \/q[pa(D/Napa()S— (t) and (b) = /T/NpppK_ (1). For the model
parameters, we use known constants or the measured values from the calibration
experiments. We use p,(t) =0.61e="®1m9 +0.381e~"12m for the alkali-metal
polarization and py, = naksepa(0) T‘l"m = 0.32 for the noble-gas polarization,
where k,,=5.5X 1072 cm®s~" is the SEOP rate.

The model can account for various geometric misalignments and other
experimental imperfections: (1) Misalignment of the pumping beam from the
Z axis generates an initial transverse spin component. If the pumping beam
points towards 17.e.+1,e,+e, (given 5, ,< 1), the initial value of S_is N,p,(t=0)
(n,—1in,)/2. (2) A residual magnetic field pointing towards f.e,+ /e, +e,
(given f3, < 1) during the SEOP process would turn the initial value of K_ to
Nypy(B.—ip,)/2. (3) A non-vanishing transverse magnetic field during the
sequences can be accounted for by a constant offset of B_. When varying A during
the sequence, these misalignments could tilt the spins and introduce spurious
(background) excitations. (4) A misalignment of the probe field can be accounted
for by extracting the signal S = Re[(1 - ig||)S—] + &1 Napa/2 for g, <1 (rather
than simply S=S§_) from the simulation results.

We calculate the spectral map presented in Fig. 4b by repeating the
calculation for 10.9mG < B < 11.8mG (corresponding to —5<A/J <5 for
J=47Hz, as used for normalizing Fig. 4). The excitation is simulated by

applying B, (t) = 2.4mG x exp[—£2/(2.8 ps)?] (6,=3°). We calculate the

NATURE PHYSICS

Fourier transform of (d) and the normalized amplitude |(d(w))|, as done

for the experimental data. In Fig. 4b, we consider a perfectly aligned setup

(B, =n.,=€,=€,=0). In Fig. 4c, we reproduce the imperfection generating

the perpendicular frequency branch by introducing a minute misalignment
f.=3.1mrad and §,=—f,. The calculations for Fig. 2a (solid lines) are done with

B=11.33mG (A=-1.15]) and B_ (t) = 52 mG x exp[—t*/(2.8 ps)?] (6,=6.5°).

Data availability

All data needed to evaluate the conclusions in the paper are present in the paper.
The data that support the findings of this study and additional data are available
from the corresponding author upon request.
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Extended Data Fig. 1| Spin-exchange optical pumping. Typical measurement of the pumping process of helium-3 by optically pumped potassium vapor.

Here the potassium density is n,=4.9-10 cm=3, and the helium depolarization time is T?act =39h.
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Extended Data Fig. 2 | Variables extracted from fitting Eq. (3) to the measured signals for each exchange time t, as exemplified in Extended Data Fig.
3. a. The change in alkali precession frequency w,(t,7=0) [see Eq. (2)] manifests the change in the slowing-down factor due to alkali depolarization.

b. The degree of alkali polarization p,(t) (in semi-log scale). In a and b, dashed black line correspond to the fitted multi-exponential model, and dotted
lines present its confidence bounds. These are used as uncertainty estimations when using p,(t) to scale (d) and (b). Less reliable data, extracted when
the excitations reside predominantly in the noblegas spins, are marked in gray. ¢. The two frequency components (amplitude squared) of the normalized

Faraday rotation signal §X(t + 7). Note the factor of (4/J)>2100 between them. Each data-point is averaged over 12 to 20 repetitions of the sequence.
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Extended Data Fig. 3 | Pulse sequence and typical results of an excitation-exchange measurement. a. First, we turn off the pumping and bring the two
species to strong coupling with a small detuning A. We then generate a transverse excitation with a transverse magnetic field pulse. At a later time

t, we halt the exchange by increasing the axial magnetic field and setting a large A. b. Example of a measured signal with exchange duration t=11 ms, with
A=-115J before t, and A =790 Hz>> J after t. We measure the alkali electron spin (red) which, once 4 is increased, can be used as a magnetometer that
senses the noble-gas spin. The fast oscillations of the signal correspond to the Larmor precession of the alkali spin, and the slow modulation corresponds
to the noble-gas precession. The latter is highlighted by the blue line (generated by low-pass filtering of the signal for illustrative purposes). We fit the
signal to the model from Eq. (3) (dashed black line) and find the amplitudes of the alkali and noble-gas components at time t, which are used to estimate
(a(t)) and (b(t)), respectively. The same fit also provides p,(t).
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