SCIENCE ADVANCES | RESEARCH ARTICLE

PHYSICS

Floquet maser

Min Jiang"*3, Haowen Su"*3, Ze Wu"?3, Xinhua Peng"?*3*, Dmitry Budker*>®

The invention of the maser stimulated revolutionary technologies such as lasers and atomic clocks. Yet, realiza-
tions of masers are still limited; in particular, the physics of masers remains unexplored in periodically driven
(Floquet) systems, which are generally defined by time-periodic Hamiltonians and enable observation of many
exotic phenomena such as time crystals. Here, we investigate the Floquet system of periodically driven **Xe gas
under damping feedback and unexpectedly observe a multimode maser that oscillates at frequencies of transi-
tions between Floquet states. Our findings extend maser techniques to Floquet systems and open avenues to
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probe Floquet phenomena unaffected by decoherence, enabling a previously unexplored class of maser sensors.
As a first application, our maser offers the capability of measuring low-frequency (1 to 100 mHz) magnetic fields
with subpicotesla-level sensitivity, which is substantially better than state-of-the-art magnetometers and can be

applied to, for example, ultralight dark matter searches.

INTRODUCTION

The masers (1-4) have become ubiquitous and resulted in innovations
(5-9) ranging from lasers, atomic clocks, ultrasensitive magnetic
resonance spectroscopy, and low-noise amplifiers to deep-space com-
munications. Because the frequency of radiowaves produced by masers
is highly stable, these devices enable exquisitely sensitive measure-
ment of their frequency shifts caused by the interactions with exter-
nal electromagnetic fields. This opens up exciting possibilities for
developing precise metrology in applied and fundamental physics, such
as magnetometry (9-11), temperature sensors (12), tests of Lorentz
and charge-parity-time reversal symmetry violation (13), and searches
for topological dark matter (14). The masers have been demonstrated
in a variety of systems, such as ammonia molecules (1), hydrogen
atoms (6), noble gas (15, 16), pentacene molecules (2), and silicon-
and nitrogen-vacancy defect materials (3, 4, 10). However, the
demonstrations of masers have remained unexplored in periodi-
cally driven (Floquet) systems (17), limiting the broad applications
in sensing, spectroscopy, and fundamental physics. The generaliza-
tion of masers to periodically driven systems would pave the way for
many new applications, such as ultralow-frequency magnetic field sens-
ing (18, 19) and searching for oscillating electric dipole moments
(EDMs) [see review in (20, 21)].

To reach the above goal, a proper periodically driven maser gain
medium should be considered. The recently developed notion of Floquet
system [see review in (17)], which is only invariant under discrete
time translations by a period, has spawned intriguing prospects,
such as time crystals (22) and Floquet topological insulators (23). A
variety of Floquet systems have been realized through periodic driving,
ranging from periodically driven trapped ions (22) and atomic en-
sembles (23, 24) to nitrogen-vacancy centers (25). For the goal of
developing periodically driven masers, Floquet systems should be
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an outstanding candidate. We note that the combination of maser
techniques and Floquet systems can overcome the decoherence ef-
fect and thus permits a fresh look at many phenomena. For exam-
ple, successful realization of maser using Floquet systems may open
new opportunities for observing long-range temporal dynamics (22, 23)
and spectroscopy with submillihertz resolution, with important im-
plications in quantum metrology (26-28), for example, in searches
for gravitational waves in evolved Laser Interferometer Space Anten-
na (eLISA) with the bandwidth of 1 to 100 mHz (18), measurement
of the worldwide magnetic-background noise (including attempts
at earthquake prediction) (19), and axion dark matter searches (29-31).
Despite these appealing features, a demonstration of masers based
on Floquet systems was heretofore lacking.

Here, we report the first theoretical and experimental demonstra-
tion of a Floquet-based maser composed of periodically driven '**Xe
spins in a vapor cell. Unlike the common masers that exploit inherent
transitions (I-7), our maser is based on the synthetic dimensions
supported by Floquet states of the system. We name the observed
maser “Floquet maser,” which oscillates at the frequencies of transi-
tions between Floquet states.

Using our maser technique, we observe ultrahigh-resolution spectra
of the Floquet system with two orders of magnitude better resolu-
tion compared to that limited by decoherence. As the spectral resolution
is greatly increased, a different regime emerges where high-order
Floquet sidebands become notable and complex spectra are ex-
pected, enabling accurate measurement of physical parameters, e.g.,
atomic scalar and tensor polarizabilities (28), magnetic fields (18),
ultralight bosonic exotic fields (31), and multiphoton coherences (32).
As a first application, our maser constitutes a new quantum tech-
nology for measuring ultralow-frequency (1 to 100 mHz) magnetic
fields with subpicotesla-level sensitivity, which is notably better
than state-of-the-art magnetometers (18, 33-35). Moreover, we
show that the present maser technique allows us to achieve a search
sensitivity for the coupling of axion dark matter to masing spins well
beyond the most stringent existing constraints (30, 31).

RESULTS

Setup and Floquet system

We use noble gas atoms **Xe with nuclear spin I = 1/2 in a setup
depicted in Fig. 1A. A 0.5-cm® cubic vapor cell made from pyrex glass
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Fig. 1. Schematic of experimental setup and damping feedback mechanism. (A) Schematic of the Floquet '?°Xe nuclear-spin maser. The '?°Xe atoms are polarized
and detected by spin-exchange collisions with optically pumped 8’Rb (see Materials and Methods). Under a bias field and an oscillating magnetic field along z, the '*°Xe
spins are magnetically coupled to a feedback circuit, which feeds back real-time B(t) along y and induces the damping of '?°Xe spins. DAQ, data acquisition. (B) Measured
free decay '*?Xe signals for three different feedback gains (corresponding to different Tq). Here, the spin population P, and the feedback gain i are initially set as P, > 0,
x<0or P, <0, x>0. Tyis well determined by corresponding decay time T, with ~ {¢ excitation angle (see the main text). (C) Measured decay time T, as a function of damp-

ing time (black symbols). The red line is a fit with (Tﬂ) + T;1)

-1
, Where Ty represents the intrinsic decoherence time without feedback. (D) Transient maser operations for

two different damping times after flipping ~r angle, inducing the inversion of '*’Xe spins population. The decay signal can be fitted with a hyperbolic secant function

shown in the inset (see Materials and Methods).

contains 5-torr ¥Xe, 250-torr N5, and a droplet (several milligrams)
of enriched *Rb. '*Xe spins are polarized by spin-exchange colli-
sions with optically pumped ¥ Rb atoms in a bias magnetic field By
(=750 nT) along the polarized direction (z axis) (36). Similar to a
microwave cavity in conventional masers (I, 2, 4), the '**Xe spins in
our experiments are embedded in a feedback circuit (16) (see Fig. 1A),
which uses an atomic magnetometer (34) as a sensitive detector of
129X e spins and simultaneously supplies the real-time output audio-
frequency signal of the magnetometer to the spins (see Materials
and Methods). The Rb atoms in the vapor cell act as a magnetometer
for measuring the '*’Xe spin polarization P, along the x direction; a
corresponding feedback field Be(t) = yP(t) is applied to the 129% e
spins with a set of y coils around the vapor cell. Here, the propor-
tionality constant  (feedback gain) encapsulates the conversion factor
of the atomic magnetometer and the connection polarity of the feed-
back coils. The amplitude of feedback gain  can be adjusted with a
rheostat in series with the feedback coils. The sign of x can be con-
trolled by the directions of the bias field (+z or —z) and feedback coils
(+y or —y) (more details are presented in Materials and Methods).
Similar to a resonant cavity (37), the self-induced feedback field B(t)
carries the information about the spins and then acts back on the

Jiang etal., Sci. Adv. 2021; 7 : eabe0719 17 February 2021

spins, leading to the well-known phenomenon of damping (9, 38)
that is important in our maser scheme.

We consider a Floquet system, where an oscillating magnetic
field B, cos (21v,t) (along z) periodically drives Zeeman energy
levels. Unfortunately, the textbook approach (1-7, 10, 12) used
to analyze masers is not well-suited for periodically driven sys-
tems. As noted in the pioneering work (39), a system with a
time-periodic Hamiltonian can be equivalently represented as a
time-independent Hamiltonian but with an infinite number of
static energy levels. Within this framework, we can borrow some
essential notions from the conventional time-independent ma-
sers and this, in turn, leads to the entirely new concept of Floquet
maser. Specifically, a Floquet system has eigenstates (Floquet states)
|+Y, =20 Ty - w(YBac/2vac) | £, n') (see Materials and Methods,
Eq. 6) and energies E4 ,/21 = 2Vo/2+nv,e (39, 40) (see Materi-
als and Methods, Eq. 4). Here, |+, n') denotes that the spin is
in the spin-up (|+)) state or in the spin-down (| -)) state and
the periodic driving field has the photon number n' (39, 40).
Jn - w is the Bessel function of the first kind of order n — n'.
Under periodic driving of the oscillating field, the two-level
(]+), | —)) spin system is extended to an infinite number of synthetic
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energy levels |+), (see Fig. 2A), and these energy levels are time
independent.

Masing effect on Floquet system

We first measure the feedback-induced damping of '*’Xe spins, because
damping plays an important role in realizing masers (9, 16, 38). For
simplicity, the periodic driving field is turned off when we measure
damping. The measurement process is shown in Fig. 1B. The '**Xe
spins are initially polarized along +z and the feedback gain is set as
%<0, or the spins are initially polarized along —z and the feedback
gain is set as x>0. The spins are tilted by a small angle 6, ~ %
with a magnetic field pulse along the x axis, and then the free decay
of "X signals is measured under self-induced feedback. In this case,
the free decay signal can be fitted with a single-exponential decay
with a decay rate given by T;j) + T, (see Materials and Methods),
where the intrinsic decoherence time T,y =~ 13.65(1) s and Ty (the
damping time) depends on feedback gain y. By fitting the experi-
mental data, we can find the decay rate and then calculate the corre-
sponding T4 under different feedback gains y, as shown in Fig. 1B. The
results show that, by coupling nuclear spins to the feedback circuit,
a regime can be reached in which damping constitutes the domi-
nant mechanism of spin relaxation, e.g., Tq = 1.08(1)s < T, and
spin relaxation can be controlled by adjusting the feedback gain
(Fig. 1C). This also suggests a method for active fast reset of long-
lived spins [for example, *He noble gas (41)] to their equilibrium
state, improving the repetition rate of an experiment.
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We next measure the spin dynamics when the **Xe spin popu-
lation is suddenly inverted, corresponding to the case of 6y ~ .
Figure 1D gives the observed free decay signals with designed T4 =
3.18 s and 0.94 s, respectively. Unlike the exponential decay, the
observed '*Xe spin signal first increases to a maximum value at a
certain time and then decays to zero, which can be described by a
hyperbolic secant function (see Materials and Methods, Eq. 8). As
first reported in (38), this is a transient maser when the threshold of
the damping time T4/T5 < 1 is fulfilled. However, the demonstrated
maser cannot oscillate continuously because the population inver-
sion is transient. To generate stationary maser dynamics (1, 4, 12),
we can reverse the circular polarization of pump laser or alternatively
reverse the sign of the feedback gain y (see Materials and Methods)
and simultaneously set the damping time smaller than the intrinsic
decoherence time (i.e., T4/ T2 < 1). Under these conditions, cou-
pling of the spins to the damping feedback circuit can produce a
self-sustained masing signal (9, 16).

We now consider the spin dynamics of the Floquet '**Xe system
under the damping feedback field. As discussed above, the Floquet
system can be treated as a time-independent one with an infinite set
of energy levels, shown in Fig. 2A. The key to a maser based on Floquet
systems is the preparation of spin population between those Floquet
states. In our experiments, population between Floquet states (|+),
and |-),,) of the Floquet '*Xe spins can be continuously prepared
through '**Xe~*"Rb spin-exchange collisions. Moreover, building
on our demonstration of damping, the damping time is set to Ty
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Fig. 2. Demonstration of Floquet maser. (A) Floquet states of a periodically driven two-level system (Floquet system). The energy gap between the upper and lower
Floquet states |+),and |—)m is Enm/21 = (n — M)vac + vo. The spin population P, and the feedback gain y are setas P, >0,y >0 or P, <0, y < 0. (B) Signal of 129%e Floquet
maser. The insets are zoom-in plots for the signal and the simulated spin population (P,). (C and D) The corresponding amplitude spectra of the maser signal after elimi-

nating the transient [v,c = 0 for (C); 0.9 Hz for (D)].
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~ 6.25 s, satisfying the threshold of T4/ T, < 1. When the feedback
circuit is suddenly on, a feedback Bg(t) is induced by the Floquet
system itself and oscillates with the frequencies of Floquet side-
bands. The feedback field produces a torque on the spins that
changes spin polarization (9, 16). This self-coupling can lead to
stimulated Rabi oscillations between the Floquet states |+), and
| —)m- A steady-state maser oscillation is expected to build up. For
different Floquet states pair #, m, the maser oscillation frequency is
Ey m/21 = (n — m)vye + Vo.

As a first illustration of the Floquet maser, Fig. 2B shows a time
trace of *PXe spins under 0.900-Hz driving field and B, = 56.15 nT.
The PXe transverse polarization (P,) shows characteristic initial
transients, which subsequently level into a stationary oscillation. Be-
cause spin population (P,) cannot be measured directly in our ex-
periment, we simulate the maser with nonlinear Bloch equations (see
Materials and Methods, Eq. 7) to understand the spin dynamics. During
the quick collapse of Py (see the top inset of Fig. 2B), the negative
spin population (P, < 0) reverses to positive (P, > 0) in a short time
(~2 s <Ty = 21.5s); this is the phenomenon of nuclear spin super-
radiance (42). In the stationary window, the spin population P,
remains negative (see the bottom inset of Fig. 2B). To extract the
oscillation frequencies of the stationary maser, we quantitatively in-
vestigate its spectrum. We take a time trace from the stationary window
after eliminating the initial transients and apply Fourier transform.
Unlike the common maser spectrum (without periodic driving)
that has a single peak at vy = 8.915 Hz (Fig. 2C), four evident side-
bands appear at vi; = v + 0.900 and v, = v £+ 1.800 Hz (Fig. 2D),
exactly at the frequencies of the transitions between Floquet states.
All lines are at regular intervals equal to the periodic driving fre-
quency v,.. In addition, the spectra of the Floquet maser for the case
of v,c = vg are presented in the Supplementary Materials (section
S1). Our result confirms that a self-organized oscillation between
Floquet states can build up. In addition, a 4000-s continuous oscil-
lation gives a full width at half maximum (FWHM) of 0.3 mHz, which
is two orders of magnitude narrower than the decoherence-limited
resolution (=30 mHz).

For a given Floquet system, the coupling to the periodic driving
is characterized by the modulation index yB,¢/V,c. The Floquet maser
discussed above was studied in the weak-coupling regime of yB,o/vac << 1.
Strong-coupling regime (YB,c/v,c > 1) is indispensable in various
applications of nonlinear atomic spectroscopy (32) and strong-field
physics (43). To reach this regime, previous work usually required a
large B,. and v, larger than the decoherence-limited linewidth.
However, a large magnetic field also affects the atomic magnetome-
ter and deteriorates its performance (44).

We provide an alternative way to reach the strong-coupling re-
gime by greatly decreasing the driving frequency v, as low as sub-
millihertz, much below the decoherence-limited resolution. Thus,
the modulation index could be substantially larger than 1. For ex-
ample, if a 0.050-Hz field with a magnitude of 56.15 nT drives '*’Xe,
YBac/Vac = 13.2. In Fig. 3A, the sideband spectrum based on the Floquet
maser (red line) exhibits at least 25 evident comb-like symmetric
lines centered at the Larmor-frequency line (at v). Similarly, fre-
quencies voc lower than T;-limited linewidth, e.g., voc=10 mHz
with amplitude 56.15 nT, correspond to modulation index YBac/Vac
~ 66. In this case, we observe at least 134 maser sidebands (Fig. 3B),
obtained from 4000-s continuous oscillation. Compared with the
maser in the weak-coupling regime, a great number of Floquet
transitions can build up stationary maser oscillations in the strong-
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Fig. 3. Comb-like ultrahigh-resolution spectroscopy of Floquet maser. (A) Com-
parison between conventional Floquet spectrum based on '*Xe free-decay signal
(blue lines) and a spectrum based on Floquet maser (red lines). The driving frequency
is vac = 0.050 Hz, and its amplitude is B,c = 56.15 nT. a.u., arbitrary units. (B) Spectrum
based on Floquet maser, where v,c = 0.010 Hz and B, = 56.15 nT.

coupling regime, enabling exact reconstruction of the Floquet
energy levels.

We emphasize the difference between our maser and existing
masers. First, our maser is based on transitions between Floquet
states, whereas existing masers usually exploit inherent transitions
(1-7, 10, 12). Our maser generates sidebands that are easily tunable
by changing the frequency and amplitude of the periodic driving.
As shown in this work, the Floquet maser is well suited for sensing
oscillating driving field with a frequency resolution, independent of
the masing spin decoherence and limited only by the stability of the
maser (see section S5). Second, unlike the conventional maser that
uses a microwave cavity (1, 2, 4, 6, 12), our maser makes use of a
feedback circuit based on the signal of an atomic magnetometer to
provide damping feedback, enabling the maser frequency down to
the audio-frequency range. Even though the oscillation frequency
is much smaller than that of earlier established microwave masers
(1, 2, 4, 6, 12), we show below that our demonstrated maser could
be particularly useful for precision measurements, such as ultralow-
frequency magnetic field sensing (18, 19) and searching for ultra-
light new particles (29-31).

Applications of Floquet maser in magnetometry

Recently, experimental investigations have been reported toward
achieving high sensitivity of measuring magnetic fields in low-
frequency regime (1 to 100 mHz), which is of importance in applied
(19) and fundamental physics (18, 29-31). However, it remains chal-
lenging for state-of-the-art magnetometers to reach femtotesla-level
sensitivity owing to substantial 1/fnoise. Combining our demonstrated
Floquet maser technique with magnetometry, we realize a sensitive
magnetometer that is well suited for operation in the ultralow-
frequency regime. As we show below, our maser-based magnetometer
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can achieve subpicotesla-level sensitivity in the millihertz range. It
would be possible to reach femtotesla-level sensitivity when the tech-
nical sources of maser instability are eliminated. The idea of our
magnetometer is that the measured oscillating field applied to the
spins can be seen as a periodic driving that generates sidebands around
the maser oscillation frequency (vo > 1 Hz). Thus, the maser up-
converts the low-frequency field to a higher frequency, where the
1/f noise arising from the Rb magnetometer is spectrally separated
from the maser signal.

We first calibrate the magnetic response of the maser by applying
an oscillating magnetic field with known amplitude and frequency.
We focus on the prominent first-order sidebands occurring at v,
about the central frequency, whose amplitude is proportional to
J1(YBac/Vae) = YBa/2v,c (here, we assume that the oscillating fields
are small enough, satisfying yB,./v,c < 1). As shown in Fig. 4A, a
2.25-nT magnetic field is applied along the z direction, and its fre-
quency v, is swept from 1 to 22 Hz. We Fourier transform the indi-
vidual measurement traces (with 60-s acquisition time) and record
the corresponding sideband-peak amplitudes. The experimental am-
plitudes of first-order sidebands are fitted to a 1/v, function, which
is in agreement with theory.

Similarly, we measure the amplitude response by applying a v,c =
1.000 Hz magnetic field with varying amplitude, as shown in Fig. 4B.
The response of the maser to the applied oscillating field is measured
to be Emaser[V] = 5.5 x 10733ac[nT]/Vac[HZ]~

To show the noise performance of the maser-based magnetometer,
we take a 4000-s maser real-time data without periodic driving and
evaluate the corresponding power spectral density outside the spec-
tral peak at vo. The background noise is different in different frequency
ranges (see fig. S7): frequency dependent for frequencies below
~60 mHz and white (i.e., 8 maser = 4 X 107° V/HZ" 2) for frequencies
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Fig. 4. Maser-based magnetometry on the first-order Floquet sideband of '2°Xe.
(A) The first-order Floquet sideband amplitude follows a 1/v,c dependence with
the driving frequency v,c. The result of fit is & = 0.017/vac; Bac = 2.25 nT. (B) The
first-order Floquet sideband amplitude follows a linear dependence with the driv-
ing amplitude B,. The fit result is & = 0.0055 B, + 0.0096, where v, = 1.000 Hz.
(C) Measured magnetic sensitivity of the maser-based magnetometer (note that
the vertical and horizontal axes have a logarithmic scale).
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from ~60 mHz to 10 Hz. Combining with the above-calibrated re-
sponse, the magnetic field sensitivity of maser-based magnetometer
is shown in Fig. 4C. In the frequency above 60 mHz, the magnetic
sensitivity is estimated to be 6B, = 7.2v,c pT/HzUz, where v, is
in hertz.

Below 60 mHz, the magnetic sensitivity reaches ~700 fT/Hz"?,
which is mainly limited by the effective magnetic field fluctuations
generated by ¥’Rb magnetization (see sections S$4 and S5). Such fluc-
tuations arise from instability in both pump laser and vapor cell tem-
perature, which can be overcome by using existing methods (15, 45).
By eliminating these sources of maser technical noise, it should be
possible to reach a femtotesla-level sensitivity (see the red line in
Fig. 4C). For example, after the elimination of technical noise, our
maser-based magnetometer would achieve a sensitivity of about 7.2 fT/
Hz"? at 1 mHz, which is expected to be notably better than that in ear-
lier work (18, 33-35). The present device, therefore, is complementary
to the state-of-the-art superconducting quantum interference
devices (33) and atomic (34) magnetometers that have high sensi-
tivity above 1 Hz. Our device is particularly sensitive between 1 mHz
and 1 Hz. Moreover, our magnetometer can operate in a nonzero
magnetic field (e.g., in Earth’s field), in contrast with spin-exchange
relaxation-free atomic magnetometers that operate at fields be-
low ~100 nT (44).

DISCUSSION

We have reported a novel maser based on time-periodic Floquet sys-
tems. Unlike conventional masers, our maser oscillates at frequencies
of transitions between Floquet states. The generalization of the no-
tion maser to periodically driven systems opens a new avenue to ex-
plore Floquet physics unaffected by decoherence effects. As we
show in this work, the connection of maser technique and Floquet
physics allows observing ultrahigh-resolution spectra of Floquet systems
with submillihertz widths and high-order sidebands effect. This can
greatly improve the accuracy of measuring system energies, mag-
netic fields, atomic scalar and tensor polarizabilities (28), ultralight
bosonic exotic fields (31), nonlinear multiphoton coherences (32),
etc. Although demonstrated for '?*Xe spins, our scheme of Floquet
maser can be transferred to other types of experimental systems.
For example, recent advances in cold atoms (23, 24) and dipolar
spin ensembles (25) have led to progress in such areas of Floquet
physics as time crystals and masers [for example, diamond maser
(4, 12)]. We suggest future theoretical and experimental studies of ma-
sers based on a variety of Floquet systems, taking a fresh look at
many phenomena, such as Floquet Raman transitions (25), Mollow-
triplet sidebands (27), Autler-Townes splitting (46), and even time
crystals (22, 23, 25).

Our Floquet technique is generic and can be easily applied to
well-established masers, such as hydrogen masers (6), diamond masers
(4, 12), and one-atom Rydberg maser (47), all promising as a new
class of maser-based quantum sensors. For example, the application
to hydrogen and diamond masers, whose gyromagnetic ratios are
about three orders of magnitude larger than those of nuclei, yields
improvements over currently achievable magnetic field sensitivity.
As we show in this work, such sensors outperform state-of-the-art
magnetometers (18, 33-35) with subpicotesla sensitivity at millihertz
frequencies and can be immediately applied, for example, in the
searches of gravitational wave observatory eLISA (1 to 100 mHz)
(18). Moreover, we show that couplings between masing spins (such
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as protons or electrons) and oscillating exotic fields beyond the
standard model (20) may enable their direct detection via Floquet
maser magnetometry: The exotic fields are predicted to couple with
standard model particles (masing spins in this case) and behave as
an oscillating magnetic field, generating sidebands (31) on masing
spins that can be measured with our maser. The maser can be ap-
plied to search for some exotic fields, such as ultralight axions (29-31)
and other exotic spin-dependent interactions (20). Compared with
existing approaches, our work has a unique advantage of measuring
exotic fields with ultralow frequency, 1 to 100 mHz (corresponding
to particle mass ~10"® to 107 V). As discussed in Materials and
Methods, our work is promising for improving the search sensitivity
of axions by approximately two and three orders of magnitude com-
pared to the values obtained in recent ultralow-field nuclear magnetic
resonance experiments (30, 31).

MATERIALS AND METHODS

Experimental apparatus

A cubsic vapor cell containing 5-torr '**Xe, 250-torr N; buffer gas,
and a droplet of enriched ¥Rb is placed inside a five-layer cylindrical
mu-metal shield and is resistively heated to 140°C. The longitudinal
and transverse relaxation times of '*Xe spins are measured to be
Tio =~ 21.5(2) sand Ty = 13.65(1) s in a z bias field (=750 nT). As
shown in Fig. 1A, '*’Xe atoms are polarized by spin-exchange colli-
sions with *Rb atoms (36), which are pumped with circularly po-
larized laser light (= 10 mW) propagating along +z. The pump laser
frequency is tuned to the center of the buffer gas broadened and
shifted D1 line. The ¥ Rb atoms also act as a sensitive magnetometer
for measuring the nuclear magnetization of the '*’Xe spins via optical
rotation of linearly polarized probe laser light (=1 mW) propagat-
ing along x. The frequency of the probe laser is detuned from the D2
transition by about 100 GHz. In the presence of a z-bias field, the
Rb magnetometer is primarily sensitive to the '*Xe x-magnetization
producing an effective magnetic field B = %Ko M, (36), where the en-
hancement factor k is about 500, and x-magnetization is M, = [ixenxePyx
with pixe, 71xe, and Py being the 129% e nuclear magnetic moment,
atomic density, and x-polarization, respectively. To suppress the in-
fluence of low-frequency noise, the polarization of the probe laser
beam is modulated at 50 kHz with a photoelastic modulator, and
the signal is demodulated with a lock-in amplifier.

The real-time output signal of the magnetometer generates the
feedback field Bi(t) = xPx(t) on **Xe spins along y. The sign of feed-
back gain y is simultaneously determined by the direction of the bias
magnetic field (+z or —z) and the connection polarity of the feed-
back coils (+y or —y), i.e., (+2,—y), (=2, +y) for x > 0 and (-z, —y), (+z, +y)
for y < 0. Here, we have considered that the atomic magnetometer is
sensitive to the x magnetic field (or x-magnetization of 129%¢) but
with a negative sign; i.e., the magnetometer’s output signal is pro-
portional to “~B,B,” (36); thus, (+z, Fy) corresponds to y > 0 and
similarly for the case of x< 0.

Energies and states of Floquet systems

A two-level spin system driven with a radio-frequency (rf) field can
be treated as a dressed-spin system (39, 40), in which rf photons with
creation and annihilation operators @' and @ are introduced by the
second quantization of the rf field. Here, the rf field B,. cos (2mtv,t)
is applied parallel to the static magnetic field B. The second-quantized
Hamiltonian for the dressed-spin system can be written as (40).
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Bon = vol+ v a'a + A L@ET +8) (1)

where vy = |yBy| and y ~ — 1.18 x 10’ Hz/T is the gyromagnetic
ratio of '*Xe spins. The first term in Eq. 1 is the Zeeman interaction
of the spin with By. The second term is the energy of the quantized
rf field. The final term describes the coupling between the spin and
the quantized rf field with strength A = yB,./(2 VN ) (40), where
N > 1isthe average number of rf photons in the mode. We intro-
duce basis states |+, n), where | %, n) = |+) ® | n), n signifies the
rf photon number of the driving field, and |+ ) denotes the eigen-
state of 6, i.e., |+) = (1,0)" and [-)= (0,1)". The Hamiltonian &
commutes with o,, and its diagonalization is reduced to that of H
in each of the two subspaces of 6,

He/2m = Svo+veed'a + 50" +) @)
where € = + 1. A displacement operator is defined as D(§) = eEﬁt’gﬁ,

which has the following Froperties: DE)D'E) = 1, DE)a'DT
(&)zﬁ*—&, and D()aD'(§)=a —&. Then, H¢ in Eq. 2 can be
written as follows

5 0 _nf __€r \(e ~ta A\t __er
H.2n = D< 2Vac> (2\/0 + Vacd'd 4Vac) D < 2Vac> (3)

This Hamiltonian H has eigenstates |€), = DT( —2677‘) |e, n), ie.,
the Floquet states. The energy of | €), is

Ec, /21 = €Vvo/2 + nvye (4)

We now derive the explicit form of |€),forn =~ N >> 1onthe
basis of | €, n). Let§ = —%. By using the Glauber formula: ¢* ** =
e?ePeld B2 wwhere the two operators A and B both commute with

their commutator, we have

(n=m| e 0 nyx e % 7,8 VN) (5)

By 5% 3 Bic

As |&| =%ac = Yvacﬁﬁ < l,e 2 = 1. Also, 26 VN = —F';{Tac.
Last, we obtain (n — m/| eta' e |n) = j,,,(eﬁi >, and the Floquet

states are
AT g*a
l€)n= 1€)Xy |n—m)(n—m|e =%|n)

6
= zn’jn—n/<%Bac> e, nl> ©

As aresult of the periodic driving, the two-level (| +), | —)) spin
system is extended to an infinite number of synthetic energy levels
| €),, as shown in Fig. 2A.

Maser mechanism with damping feedback

The feedback circuit uses a rubidium magnetometer to measure the
nuclear polarization that acts back on the spins. The dynamics of
the *°Xe spin polarization P = [P, P), P,] is described by the non-
linear Bloch equations (9, 16)

dP 1

dtx = Pyu)z(t)—Pzwy(t)—me

dp, 1

7 = Pz(l)x(t)—Px(l)z(t)—EP), (7)
dP

dtz = way(t)_wax(t)_%,OPZ""Yse(PRb_Pz)
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where @ = 2ny§ = 21y [ By + BaccOS(2m v, t) 12 + 2y Be(t) 7. As
the thermal polarization of '*Xe is much smaller than that from
spin-exchange collisions, we can neglect the thermal polarization in
Eq. 7. The feedback field is Bi(t) = xP,(t), where ¥ is the feedback
gain determined by the feedback circuit. The gain is x = 0 when the
feedback circuit is disabled. Py, is the polarization of the rubidium
atoms, which depends on the optical pumping and spin-relaxation
rates (36). s is the spin-exchange rate between the '2°Xe and ¥Rb.
Yse(Pro — P,) represents the spin-exchange pumping of 129% ¢ spins.
We now consider the spin dynamics in two cases.

1) We consider the condition: P, > 0, 3 < 0 or P, < 0, x> 0, cor-
responding to the experiments shown in Fig. 1 (B and D). In this case,
maser phenomena cannot be generated. Here, we assume B, = 0. In
the beginning, the '*Xe spin polarization reaches an equilibrium
state. After that, a magnetic field pulse along x tilts the spins away
from the z to_y axis by an angle 6, and the evolution of the spin
polarization P becomes (9, 16)

P.(t) = Py TdLSCCh i(t— t) ei(2nvt—n/2)
Tap T

(8)
Pt = P, Td/Tz)O{qtanh[L(t— to)] - 1}
T
where P, = P, + iP), v is the oscillation frequency, and
) 12
q = [1 + (Tz,o/ Td) + 2cos eo(Tz’o/Td)]
3 Tap 11/ T2 ©)
ty = —Ttanh q(TdCOS 60 + 1)

As demonstrated in the Supplementary Materials (section S2), the
oscillation frequency has a small shift from the Larmor frequency
Vo, 1.€., V = Vg + Av, arising from an effect known as frequency pull-
ing (16). The shift Av linearly depends on the damping rate, i.e., Av =
o - 1/T4, where o = 0.235 in our experiments. Note that longitudinal
relaxation is neglected here. | P.(f) | reaches its maximum value at
t = to. We discuss two cases for the initial angle 6y:

i) When the transverse excitation of nuclear spins is small (| 6y | << 1),
q = (1+ Trp/Tg) and ty — — eo. Because of t) < 0, | P+(f) | should be mono-
tonically decreasing, Last, we have P, (f) = Py sin 6y¢ (/T20 + VTaltgi2mt =n/2)
which is a single-exponential decay (see Fig. 1B);

ii) When the initial angle is 8y =~ m,cos g =~ — land g~ | 1 -T,/Tq]| .
Although the form of Eq. 8 is complex, we can still gain information
from Eq. 8. On the basis of the definition of t; as described above,
when T4/T50 = 1, we have £y < 0 and thus | P.(f) | should be mono-
tonically decreasing; when T4/T> < 1, we have t, > 0 and | P.(f) |
increases to be maximum at ¢ = ¢ty and then decreases to be zero (see
Fig. 1D).

2) We consider the condition: P, > 0, >0 or P, <0, x < 0 and
T4/ T2 < 1, corresponding to the experiments shown in Fig. 2. In
this case, the damping-induced torque provides a sufficient strength of
feedback field for sustaining the maser oscillation. On the basis of
numerical simulations, we show that the small transverse polariza-
tion component caused by misalignment or quantum fluctuation is
sufficient for activating the Floquet maser (see section S3).

Estimation of search sensitivity for axion dark matter

Here, we discuss how to search for axions and axion-like particles
(these are well-motivated dark matter candidates; we call these “axions”
for brevity) via our maser technique and estimate the search sensi-
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tivity. As the nuclear spins of the maser on Earth move through the
galactic dark matter halo, they couple to axion dark matter produc-
ing an effective oscillating magnetic field (29, 31), generating axion-
driven maser sidebands.

The effective magnetic field Byxion

2
{Vaxion = Maxion ¢ /h

- _ (10)
Baxion[T]z6' 10 8gaNN[GeV 1]/gn

where m,yion 1S axion mass, ¢ is the velocity of light, /4 is the Planck
constant, g, ~ — 3/2 is the nuclear Landé g-factor for 129%e, and ZaNN
is the coupling constant to be measured that represents the coupling
strength of neutrons (from 129% e nucleus) and axions. For example,
the axion mass of 107" to 107" eV corresponds to the frequency
Vaxion Of ~1 to 100 mHz. The experimental sensitivity (see Fig. 4C)
of the maser-based magnetometer to real magnetic fields can directly
translate to the sensitivity to the coupling constant g,nn. As a result,
we achieve the search sensitivity of axions |g.nn | = 1.75 X 107°
Gev '/Hz'? for 1 to 60 mHz and |gann | = 1.8 x 10V 4xi0n Gev'Y/
Hz'? from 60 mHz to 10 Hz. Benefitting from the narrow linewidth,
the maser allows the detection of axion-driven frequency as low as
millihertz (corresponding to axion mass ~10™'® eV). Current experi-
ments, with measurement time Ty, = 10* s and vyyion = 1 mHz, yield
a potential of limit on | g,nn| = 1.75 X 1077Gev !, well beyond the
most stringent existing constraints (30, 31).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/8/eabe0719/DC1
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