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Self-Driven Hybrid Atomic Spin Oscillator
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A self-driven hybrid atomic spin oscillator is demonstrated in theory and experiment with a vapor Rb-
Xe dual-spin system. The raw signal of Rb spin oscillation is amplified, phase-shifted, and sent back to
drive the Xe spins coherently. By fine-tuning the driving-field strength and phase, a self-sustaining spin-
oscillation signal with zero frequency shift is obtained. The effective coherence time is infinitely prolonged
beyond the intrinsic coherence time of Xe spins, forming a hybrid atomic spin oscillator. Spectral analysis
indicates that a frequency resolution of 13.1 nHz is achieved, increasing the detection sensitivity for a
magnetic field. Allan-deviation analysis shows that the spin oscillator can operate in continuous-wave
mode like a spin maser. The prototype spin oscillator can be easily incorporated into other hybrid spin
systems and can increase the detection sensitivity of alkali-metal-noble-gas comagnetometers.
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Alkali-metal-noble-gas comagnetometers have been
used for both fundamental and practical applications, such
as the search for axionlike particles or new physics beyond
the standard model [1-4] and inertial-navigation gyro-
scopes [5—7]. It is important for the comagnetometer detec-
tion sensitivity for a magnetic field or angular velocity to
be continuously increased to beat the frequency or energy
limits of record-breaking measurements [3,8,9].

Basically, comagnetometer sensitivity is determined by
two main factors: the coherence time and the signal-
to-noise ratio (SNR) of the spin-oscillation signal. To
increase the SNR, various parametric modulations together
with lock-in detection are regularly used to suppress the
noise [3,9—11]. Signals can be amplified with use of a
smart optical design such as multipass vapor cells [12,13].
For the coherence time, increasing the spin longitudi-
nal relaxation time is the first consideration. Buffer-gas
filling [14] and antirelaxation paraffin coating [15] in vac-
uum atomic vapor cells have been used in atomic clocks
and magnetometers for a long time, so the techniques
have been inherited naturally for alkali-metal-noble-gas
comagnetometers. Multiple spatial or temporal spin-field
interactions, such as separated oscillating fields (produc-
ing the Ramsey fringe in atomic fountain clocks) [16] and
Hahn-echo or spin-echo and Carr-Purcell-Meiboom-Gill
pulse-excitation techniques in nuclear-magnetic-resonance
(NMR) spectroscopy [17—19], can also effectively increase
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the transverse relaxation time or coherence time of spin
oscillations.

Inspired by the self-oscillating nonlinear-magneto-
optical-rotation magnetometer of Schwindt et al. [20], we
have long wondered whether a self-sustaining spin oscil-
lator based on an alkali-metal-noble-gas comagnetometer
is possible. Compared with magnetometers using only
alkali-metal atoms, alkali-metal-noble-gas comagnetome-
ters have the advantage of a much-longer nuclear spin
relaxation time, typically from tens of seconds to even
hours, for example, with 3He [21], and the nuclear spin
coherence can be transferred to alkali-atom spin in the
hybrid spin dynamics [22]. It is thus theoretically easier
for such a system to become self-oscillating given proper
feedback conditions. Here we propose a self-driven hybrid
atomic spin oscillator theoretically and demonstrate its
feasibility by a simple-to-establish experimental apparatus.

We consider a model Rb-Xe comagnetometer in self-
feedback or self-driving mode, where the driven spin
dynamics can be described by the coupled Bloch equations
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where MR® and M*© are the Rb and Xe spin magnetiza-
tions, respectively, MRX°Z and Mz are the initial Rb and
Xe spin magnetizations in the z direction, respectively, By
is the static magnetic field, 7R® and 7%¢ are the Rb and Xe

© 2023 American Physical Society


https://orcid.org/0000-0003-1074-0857
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.20.014029&domain=pdf&date_stamp=2023-07-14
http://dx.doi.org/10.1103/PhysRevApplied.20.014029

ERWEI LI et al.

PHYS. REV. APPLIED 20, 014029 (2023)

spin relaxation times, respectively, ¢ is the slowing-down
factor due to Rb-Xe spin-exchange collisions at high tem-
perature, A = 8wk /3 (k ~ 500 for Rb-Xe spin-exchange
interaction) is the enhancement factor due to Fermi-contact
interaction between Rb valence electrons and Xe nuclei
[22], and yrp and yx. are the gyromagnetic ratios for
Rb and Xe spins, respectively. The undefined parameters
and the numerical solving procedure are described in our
previous work [23].

The driving term GMR°e?} is the phase-shifted spin
oscillation of Rb spins in the transverse direction, and
it couples with Xe spins transversely like a conventional
NMR excitation-pulse protocol. In this case, the equiva-
lent spin dynamics of the comagnetometer is as follows:
first, the fast-relaxing Rb spins adiabatically follow the
slowly precessing Xe spins under the overdamping con-
dition as in classical driven oscillators [24]; secondly, the
Rb spin-oscillation signal is amplified, phase-shifted, and
sent back to drive the Xe spins as an ac magnetic field.
Thus, the hybrid spin system forms a self-driven oscilla-
tor. For experimental realization, the Rb spins also act as
a probe, reading out the Xe spin-precession signal. The
driving-field strength is determined by the gain factor G,
and the driving field is in phase or out of phase depending
on the phase shift 6.

The comagnetometer works in two modes: open-loop
mode (G = 0) and closed-loop mode (G # 0). In closed-
loop mode, the self-driving comagnetometer can work in
two different states depending on the magnitude of G. In
classical oscillator electronics, a closed-loop system can
be made self-oscillating when the product of the gain and
feedback approaches 1. By simulation, we found a simi-
lar critical condition for the closed-loop comagnetometer
to become self-oscillating, which in this case is described
as

GM® ~ M€ /g, )

meaning the self-oscillating behavior can be triggered
when the driving-field strength approaches (1/¢)th of the
initial Xe spin magnetization. It is key to note that the sig-
nal amplitude of the comagnetometer output in the open
loop is proportional to the Rb spin-magnetization strength,
while the long-time oscillation behavior is governed by the
Xe spin precession. This makes Eq. (2) have the present
form. The driving mechanism can be understood as a varia-
tion of the conventional 7 -pulse Hahn-echo sequence [17].
The excitation or driving field is an always-near-resonant
wave with moderate strength, rather than a short, strong,
and broadband radio-frequency pulse. As the driving field
circulates continuously in the closed-loop mode, multiple
echos can occur and persist for different times depending
on G. When the driving field reaches a threshold strength
such that the amplitude of the echos ceases decreasing, the
spin oscillation reaches a steady state.

However, we have to point out that Eq. (2) is an empir-
ical relation as concluded by numerical-simulation results.
There are probably other factors, such as the intrinsic
coherence time of nuclear spins 7%°, playing a certain role
in the driving mechanism. However, we cannot change
TX¢ much once the experimental setup is constructed, so
here we take 75° as a fixed parameter (approximately
10s). For typical experimental conditions, the initial Rb
and Xe spin magnetizations are at the same level, i.e.,
AME® ~ AMF ~ 0.1 mG [1]. So for the ’Rb-'*’Xe spin
pairs, the threshold driving-field strength obtained by sim-
ulation is given by GymME® ~ AMZX¢/q ~ 20 pG, ie.,
Gsim ~ 1000.

Generally, the self-driving-field strength can be divided
into two regions: (1) when GMR® < AMJ/q, the self-
driving field is said to be weak since the Xe spin oscillation
decays exponentially as usual; (2) when GM(])Qb > AMF/q,
the self-driving effect becomes strong and a self-sustaining
spin oscillation emerges, with an effective coherence time
far longer than the intrinsic spin relaxation time of '*°Xe
spins in typical temperature and buffer-gas conditions, as
shown by the two insets in Fig. 1.

The phase is also critically important in realization of the
self-sustaining spin oscillation. Simulation results show
that the self-sustaining oscillation can persist for a phase
range determined by
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FIG. 1. Simulated self-driving spin-oscillation signal (a) in

closed-loop mode and (b) its frequency response as a function
of the self-driving phase shift 6 at a fixed strong gain G = 1000.
The crossing between the open-loop curve (red line) and the
closed-loop curve (blue circles) indicated there is a phase point
where ZFS occurs despite the presence of the Bloch-Siegert-shift
effect under a strong off-resonance self-driving field.
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as indicated by the two sharp structures in the frequency-
phase (dispersions) and amplitude-phase (steps) diagrams
in Fig. 1. The greater is G, the smaller is 6y, meaning
a wider phase range for self-sustaining oscillation exists
given a stronger self-driving field.

It is also shown in Fig. 1(b) that the frequency shifts
almost linearly with 6 in most of the self-sustaining-
oscillation phase range given by Eq. (3) except at around
the critical phase points at 6, and 180° — 6,. The shift
can be explained as follows: due to the Bloch-Siegert-shift
effect in NMR spectra [25], the mismatch of the initial
phase values between the driving-field signal and open-
loop signal can lead to an accumulation effect, which may
keep changing gradually the closed-loop frequency. In this
case, one may think the self-driven comagnetometer is not
suitable for precision measurements despite the potential
advantages in signal amplification and lengthening of the
coherence time.

However, by numerically solving Eq. (1), we find a
phase point where the spin-oscillation frequency shift
vanishes. As shown in Fig. 1(a), the frequency of the
closed loop (blue circles) crosses that of the open loop
(red line), implying that the frequency shift vanishes at
a certain phase value. Theoretically the in-phase driving
phase value is 90° considering the y-axis-excitation and
x-axis-detection configuration; however, due to the Bloch-
Siegert-shift effect, the zero-frequency-shift (ZFS) phase
Ozrs is about several degrees below 90°. The position of
0zrs depends also on G. The larger is G, the further is Ozgs
from 90°. The existence of the ZFS phase is important as
we have to rule out any possible nonsystematic-frequency-
shift sources [8] to find out the fundamentally unknown
spin-dependent interactions.

To verify the simulation results, we construct a Rb-Xe
comagnetometer setup and specially design the driving
electronics with tunable gain and phase parameters, as
depicted in Fig. 2.

The main part is a typical Rb-Xe comagnetometer, with
a vacuum atomic vapor cell containing a Rb-Xe gas mix-
ture at high temperature (approximately 120°C) as the
atom-spin medium. The cell is spherical with a diameter of
about 10 mm, containing 4-Torr '2*Xe and 35-Torr 13! Xe
and several tens of torr of N, as a buffer gas. The cell in
placed in the center of three sets of Helmholtz coils orthog-
onal to each other. The three sets of coils have current-to-
magnetic-field conversion coefficient Cg; ~ 1-2 mG/mA.
For the B, coil, it is 2 mG/mA. The driving current can be
changed by fine-tuning a rheostat (from 1 to 100 k2) in
series with the coil. A circularly polarized 795-nm laser
with power of approximately 54 mW in the z direction
shines into the cell to align the Rb-atom spins. Then the Rb
spin polarization is transferred to Xe-atom spins via rapid
spin-exchange collisions [26]. The polarized Xe spins
drive Rb spins in a classical way [24], and finally a linearly
polarized 780-nm laser with power of approximately 3
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FIG. 2. Experimental schematic of the self-driving Rb-Xe spin
oscillator. It consists of a typical pump-probe Rb-Xe comagne-
tometer (left) and driving electronics with tunable gain and phase
parameters (right). The pump-laser and probe-laser powers are
54 and 3 mW, respectively. The static field B, is approximately
30 mG, corresponding to a 'Xe spin-oscillation frequency
vy ~ 35Hz.

mW in the x direction reads out the Rb spin dynamics over
time as the comagnetometer original output signal. Here,
for simplicity, we use a single symbol for the photode-
tector, while it actually includes a high-extinction-ratio
linear polarizer and a polarized beam splitter forming a
high-sensitivity optical-polarimeter detection scheme [10].

The driving electronics are basically a combination of a
band-pass amplifier, a phase shifter, and a current driver.
The center frequency of the band-pass filter is 35 Hz, with
a @ factor of 10, meaning a passing-band frequency range
of approximately 35 £ 1.75 Hz. Thus, the '*'Xe spin-
oscillation signal at approximately 10 Hz is suppressed
in the closed-loop mode. Two factors affect the design of
the driving electronics. First, the Rb spins have a larger
response than Xe spins at lower frequency. Secondly, for
typical applications including magnetic field and rotation-
rate measurements, Rb-Xe comagnetometers usually work
in an ultralow-frequency range. Both factors require the
target spin oscillation to be working in the range from sev-
eral hertz to a few tens of hertz. Unfortunately, the 1/f law
of noise spectra indicates the spin-oscillation signal may
be easily disturbed by loud amplitude and phase noises
in the frequency range. While the gain G has high tun-
ing resolution, the phase resolution A6 is limited to a few
degrees.

For one typical experimental cycle, we first break the
link between the Rb-Xe comagnetometer and the driving
electronics and record an open-loop spin-oscillation signal,
as shown in Fig. 3(a). Then we restore the link, set the elec-
tronics driving output to a fixed gain, and change the phase
point by point with an accuracy of a few degrees, record-
ing the spin-oscillation signals accordingly. Finally, we fix
the phase to the ZFS point, where the closed-loop spin-
oscillation frequency coincides with the open-loop one,
and record a long-time spin-oscillation signal, as shown
in Fig. 3(b).

014029-3



ERWEI LI et al.

PHYS. REV. APPLIED 20, 014029 (2023)

(b)

. @)

Signal amplitude (V)

Signal amplitude (V)
o

—— Open loop —— Close loop

0 20 40 60 80 100 0 500 1000 1500 2000
Time (s) Time (s)

*  Raw data
03 —Fiting

(©)

34.94 34.96 34.98 35.00 35.02 35.04 35.06 35.08 35.10 35.12
Frequency (Hz)

Signal amplitude (arb. units)
°
N

FIG. 3. Spin-oscillation signals of the self-driving Rb-Xe spin
oscillator in (a) open-loop mode and (b) closed-loop mode, and
(c) comparison of the corresponding Fourier spectra. A linewidth
narrowing by a factor of 75 and an SNR increase by a factor of
34 are achieved when we switch from the open-loop mode to
the closed-loop mode. The open-loop Fourier spectra in (c) are
magnified by 10 times to increase visibility.

It is experimentally found that the self-oscillation is
triggered when the driving current of the B, coil reaches
approximately 20 pA, i.e., driving-field strength B, ~
40 nG. By measuring the frequency shift of Xe spin pre-
cession Avx. while reversing the pump-laser polarization
from ot to 0~, we determine the Rb spin magnetiza-
tion field experienced by Xe spins to be Avx./yX¢ =
0.1 Hz/(11.78 MHz/T) = 0.085 mG in our system, so
the Rb spin magnetization field in a vacuum is 0.085/A ~
0.02 1G. Therefore, the experimental threshold gain fac-
tor Gexp = By/ME® ~ 2000. This threshold driving-field
strength is about 2 times larger than the simulated values.
Considering the uncertainty in the estimated values of M\
and Mg(e and other parameters (such as « and T g(e), the
experimental results agree well with the simulation results
within the allowed error range.

With standard Fourier analysis and a standard data-
fitting process, we extract the spin-oscillation frequency
versus phase and find it agrees with the simulation results
in Fig. 1(b). As shown in Fig. 3(c), a spectral linewidth
of 0.04 Hz with SNR of approximately 1200 and a spec-
tral linewidth of 0.53 mHz with SNR of approximately
40 600 are obtained for the open-loop and closed-loop sig-
nals, respectively. Compared with the open-loop operation,
the frequency resolution of the !2Xe spin resonance fre-
quency is increased by a factor of approximately 2540,
from 33.3 wHz to 13.1 nHz, approaching state-of-the-
art accuracy [3]. For 'Xe with gyromagnetic ratio of
11.78 MHz/T, this level of frequency resolution leads
to a magnetic field resolution of approximately 1.11 fT,
which is sufficient for applications such as the detection of
the human-brain magnetic field [27]. The noise-equivalent
magnetic field power spectral density is given in Fig. 4,
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FIG. 4. Sensitivity of the Rb-Xe comagnetometer measured
as the power spectral density of the noise-equivalent magnetic
field. The magnetic field sensitivity reaches 10 fT/Hz!/? or less
in a frequency range from 0.01 to 10 Hz. Note the spike at
approximately 35 Hz is the '?°Xe spin resonance peak.

showing a magnetic sensitivity of 10 fT/Hz'/? or less

achieved in the frequency range from 0.01 to 10 Hz, which
is helpful for various applications from biomagnetism
detection to fundamental physical instrumentation.

It should be noted that the center frequencies of closed-
loop and open-loop signals do not coincide exactly with
each other due to the limited tuning resolution of phase
control by rheostats in the present experiment. This could
be easily improved with higher-phase-tuning techniques,
such as a direct digital synthesis.

We observe the spin-oscillation signal with a real-time
oscilloscope for hours and find no sign of decay at all,
which means that the effective coherence time of spin
oscillation is probably infinite. Once the loop is open,
the spin oscillation starts to decay exponentially again
within the intrinsic coherence time of noble-gas spin. In
this sense, the self-driving comagnetometer can be taken
as a hybrid atomic spin oscillator, preferably working in
continuous-wave mode like a conventional laser or maser.

To test the performance of the hybrid spin oscillator in
long-term operation, we record continuously the spin oscil-
lation for 10000 s in the closed-loop mode and perform
a standard Allan-deviation analysis for the last 9000 s, as
shown in Fig. 5. The frequency instability of spin oscil-
lation reaches 2.99 pHz at an averaging time of 2048 s,
which is equivalent to a bias instability of approximately
3.87°/h for gyroscopic measurement.

With respect to the 13.1-nHz frequency resolution,
the 2.99-wHz frequency instability is relatively high.
We attribute this deterioration to various frequency-drift
sources. For example, we observe for 2 days a correlation
between the drift of the spin-oscillation frequency (at the
10~* level) and the drift of the heater power for a vapor
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FIG. 5. Allan deviation of the '2Xe spin-oscillation frequency

for averaging time up to 2048 s. A frequency instability of
2.99 wHz is achieved at a measuring time of 2048 s, which is
equivalent to a bias instability of 3.87°/h.

cell, which is a result of the slowly varying residual mag-
netic field produced by the leaky current of the heater
wires. Besides, the pump-laser power is in free-running
mode, whose fluctuation can cause significant fluctuation
(at the 1% level) of the optical pumping rate, and thus
the fluctuation of alkali atomic spin magnetization, which
finally causes the frequency shift of the noble-gas spin
oscillation. There are other factors affecting the medium-
term to long-term frequency instability, such as the drift of
current feeding the bias-field coils.

As indicated in Fig. 1(a), the fluctuation of the unlocked
phase can also lead to a frequency shift with a slope of
8v/860 ~ 10~* Hz per degree. A possible improvement is
to use the phase-locking method [28] to lock the driving
phase at the ZFS point. Considering the infinite effective
coherence time, the self-driving spin oscillator has the
potential to reach a frequency instability at the nanohertz
level with long-term running. As shown in Fig. 4, o, con-
tinues going down at 2048 s, indicating a better frequency
stability can be reached given a longer running time.

During the preparation of the manuscript, we noticed
the work of Jiang et al. [29], which presented similar
phenomena. We emphasize the following important dif-
ferences between their work and ours. First, we build
the spin oscillator with a simpler prototype setup, nei-
ther an external driving field nor parametric modulation
(together with lock-in detection) is used in the exper-
iment and no significant SNR loss is observed. Sec-
ondly, we derive the self-oscillating conditions for the
Rb-Xe comagnetometer by developing a different theoret-
ical framework, especially the introduction of G and 9,
which are conceptually convenient for understanding and
easier to use for guiding the experiment. Finally, we find

the existence of zero-frequency-shift phase in theory and
experiment, which is important for various applications in
precision measurement physics.

Compared with the *He and '”Xe Zeeman masers
reported by Chupp et al. [30], the most-important dif-
ferences between their scheme and our scheme are the
detection methods. We have Rb spins and Xe spins in
a single vapor cell, with Rb spins as the probe for Xe
spin-precession signals. We also use an optical polarime-
ter for reading out the spin-precession signal, instead of
the traditional pick-up coils based on Faraday electro-
magnetic induction [30]. Both arrangements increase the
detection sensitivity theoretically. However, the single-cell
scheme does not allow us to optimize the pump and probe
parameters separately, which could be done with the sep-
arate pump cell and probe cell scheme in Ref. [30]. The
single-cell arrangement is also disadvantageous due to
the back-action of Rb spin magnetization on the Xe spin
precession in the detection period. Besides, we use single-
nuclear-spin species instead of two-nuclear-spin species.
This results in our scheme having greater sensitivity to
the magnetic field drift. Both arrangements can worsen the
long-term frequency stability in our scheme.

Compared with the colocated '*Xe and '*!'Xe spin
masers of Sato et al. [31], the major difference is their
introduction of 3!'Xe spins in addition to *Xe spins.
This scheme can theoretically decrease the systematic fre-
quency errors due to the magnetic field fluctuation; how-
ever, the nonzero nuclear quadrupole moment of 13! Xe can
render the system sensitive to stray electric fields, worsen-
ing the long-term frequency stability. Besides, they used
a transmission detection on the probe laser, which could
cause more noise compared with the polarimeter detection
in our scheme. Costly photoelastic modulation and lock-in
detection was also used to increase the signal-to-noise ratio
in Ref. [31], while our scheme does not use any external
modulation or lock-in detection and still reaches the same
level of signal output of approximately 1 V.

Generally, the demonstrated self-driven hybrid atomic
spin oscillator is still in its preliminary stage, needing fur-
ther optimization in some areas, including the magnetic
field drift control and laser-power stabilization. However,
it has already shown great potential in precision measure-
ment with a simple-to-establish setup. In principle, the
demonstrated spin-oscillator scheme can also be applied
to other dual-spin systems, such as the K-*He comagne-
tometer, and also to trispin comagnetometers, such as the
Rb-*He-'?*Xe or Rb-'>Xe-!3!Xe configuration [3,13] with
careful design of dual-channel driving electronics with
respect to the two noble-gas spin-oscillation frequencies.

In conclusion, we demonstrate theoretically and experi-
mentally a self-driving spin oscillator based on the Rb-Xe
comagnetometer. A self-sustaining oscillator with infi-
nite coherence time is realized under proper driving
conditions. The spin-oscillation frequency shift vanishes at
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certain phase points despite the Bloch-Siegert-shift effect.
The frequency resolution of the hybrid spin oscillator
reaches the level of approximately 10 nHz, potentially
increasing the detection sensitivity for magnetic or gyro-
scopic measurements with a simple apparatus. The mag-
netic sensitivity reaches a level of 10 fT/Hz'/? or less
in the frequency range from 0.01 to 10 Hz, which is
very useful for various applications from biomagnetism
detection to fundamental physical instrumentation. With
further improvement with regard to frequency instability,
the hybrid atomic spin oscillator could work like a laser
or maser for long-time operation, which is promising for
various scientific or practical applications, such as search
for new spin-dependent interactions and Earth-rotation
monitoring.
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