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Abstract Due to isolation from the environment with the protection of the full electronic shells, nuclear
spins of noble gas typically feature extraordinary long coherence times, high polarization and good chemical
inertness, which makes themselves attractive in extensive scientific applications. Recently, the noble-gas spin
amplification via the spin-exchange collisions between overlapping noble-gas spins and alkali-atom spins has
been theoretically and experimentally demonstrated in various quantum techniques including maser, Floquet
maser, spin-based amplifier, and Floquet spin amplifier. The noble-gas spin amplification can enhance the
external oscillating magnetic field by a factor of more than 100 and realize ultrasensitive magnetometry,
which is important for the detection of weak electromagnetic fields and hypothetical particles. Based on the
spin amplification, experiments have been conducted to search for axion-like dark matter and exotic spin-
dependent forces and new constraints have been established. This review summarizes the recent progress on
noble-gas spin amplification, including the basic principles, methods, different types, the related applications
ranging from magnetic-field sensing to searches for new physics, and prospects for further improvements.
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1 Introduction

Noble-gas science came to life one century ago and has been expanding ever since. The discovery and
studies of noble gas were recognized in 1904 by the Nobel Prize in Chemistry. Following the theory
of nuclear spins recognized by Nobel Prize in Physics in 1933 [1], noble-gas isotopes (e.g., Helium-
3, Neon-21, and Xeon-129) were found with non-zero nuclear spin. These isotopes show outstanding
features and stimulate extensive scientific applications. First, noble gas has good chemical inertness
and thus can overlap with other atomic or molecular gas (such as alkali-metal vapor) and even can
be inhaled into human lungs [2,3]. The chemical inertness of noble gas provides the prerequisite to
functioning as a probe of other systems and surface interactions [4]. Second, noble-gas nuclear spins can
be highly polarized to close to 100% using spin-exchange (SEOP) and metastability-exchange (MEOP)
optical pumping [2,5]. Highly-polarized noble gas enables one to obtain a large signal-to-noise ratio
in precision measurements, such as magnetic field sensing [6-10], atomic gyroscope [11], and realizing
the highest resolution imaging of human air spaces [3]. Third, nuclear spins of noble gas can maintain
coherence for hours, because they are well isolated from the environment with the protection of the
full electronic shells. Long-lived coherence makes polarized noble gas extremely stable and sensitive
for precision measurements [12]. These outstanding features provide a variety of concrete applications,
ranging from magnetic resonance imaging [10], magnetic field sensing [2, 5], inertial rotation sensing [11],
and quantum information science [13-15] to searches for new physics beyond the standard model [16-23].
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Figure 1 (Color online) Schematics of the recent progress of the spin amplification techniques in a hybrid vapor cell of noble
gas and alkali-metal atoms. The spin amplification techniques are developed on two kinds of different physical models. (i) The
time-independent spin systems without a periodically driven field, and (ii) Floquet spin systems with a periodically driving field.
Then, the corresponding technique including spin amplification and maser is demonstrated in these two systems. Finally, various
applications including magnetic-field sensing and searches for new physics are demonstrated.

In this brief review, we focus on the recent development of noble-gas spin amplification, which is
the key to the recently demonstrated maser, Floquet maser [17], spin-based amplifier [16], Floquet spin
amplifier [24], and their applications in precision measurements [18,19]. As shown in Figure 1, we first
introduce physical systems used in noble-gas spin amplification, such as overlapping ensembles of noble
gas and alkali-metal atoms without or with a periodically driving field. Coupled Bloch equations are used
to describe the spin dynamics of such physical systems. Subsequently, the basic principles of noble-gas
spin amplification and Floquet spin amplification are presented. Based on such amplification effects,
a variety of noble-gas spin sensors can be realized, such as maser and Floquet maser. Ultrasensitive
magnetometry and searches for new physics are introduced using these spin sensors. Finally, we outline
the future prospects of noble-gas spin amplification in further improvement, fundamental physics, etc.

2 Noble-gas spin systems

Figure 2 shows a typical experimental arrangement for noble-gas (e.g., 129Xe-8"Rb) spin system demon-
strated in [16-19,24]. A glass cell of a few cm?® volume contains the gases of interest, namely, alkali-metal
vapor and a noble gas, plus nitrogen. The cell is magnetically shielded and heated at a constant temper-
ature to ensure an adequate saturated vapor pressure (typically 1011-10'* cm?) from a few droplets of
alkali metal (several milligrams) in the cell. Two sets of three pairs of orthogonal coils are placed around
the vapor cell to provide bias and oscillating magnetic fields in an arbitrary direction. A bias field BY is
applied along z to tune the noble-gas Larmor frequency. A circularly polarized pump beam along z polar-
izes the alkali-metal electron spins. The noble-gas nuclear spins are polarized through the spin-exchange
collisions with polarized electron spins. The electron spin polarization P of alkali-metal atoms along x
is detected through the optical rotation of a linearly polarized probe beam along = (see [25-27]):

0= ilrecfnPfD(V), (1)

where [ is the optical path length, r. is the classical radius of the electron, c is the speed of light, f
is the oscillator strength, n is the 8’Rb atomic density, D(V) = (V — Vg)/[(V — Vo)? + (AV/2)?], V is
the frequency of the probe beam, and AV is the full-width at half-maximum (FWHM) of the optical
transition of frequency Vj.

In the vapor cell, the alkali-metal spins spatially overlap with the noble-gas spins. The spin dynamics
of these two spins can be described by the coupled Bloch equations [16,18,19]:

oP* Ye ;0 A oz — P°
= (B%+B,+BMIPY) x PO — 0" 2
at Q ( “ ﬁ 0 ) {TQea TQea Tle}Q ( )
op» Ppz— po

= (B2 + B, + M{P®) x P™ + (3)

{T2n; T2n; Tln} ’

where P¢ (P™) is the polarization of alkali-metal electrons (noble-gas nuclei), 7. (7n) is the gyromagnetic
ratio of a bare electron (noble-gas nuclei), B, is the external oscillating magnetic field, M§ (M{) is

ot
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the magnetization of alkali-metal (noble-gas) spins with unity polarization, Th,, (T%y) is the longitudinal

(transverse) relaxation time of noble-gas spins, and Ti. (T%.) is the longitudinal (transverse) relaxation

times of alkali-metal spins. T, (Thie = Tb.) can be regarded as the common relaxation time without

distinction here. The factor @ is the slowing-down factor of alkali-metal atoms depending on the polar-

ization. Because P is much larger than the transverse components Py and Py, () primarily depends on
> ~ FP§. Therefore, () can be approximated as a constant.

Due to the Fermi-contact interactions between alkali-metal electrons and noble-gas nuclear spins, an
effective field SMy " P®" is induced by the polarization P®", where 8 = 8mro/3 and ko is the Fermi-
contact factor. Due to SMGP°® < SMyP", we thus neglect the SM§P° term. As a result, the coupled
Bloch equations in (2) and (3) can be simplified to

OP° e, 04 T

= Z(BY% +B,+M}P") x P*+ 0"~ 4

at Q ( ZZ + a+ 6 0 ) X + TeQ ’ ( )
aPIl P(;’l 5 __ PI]

ot {T2n7T2n;T1n}. (5)

The solution of the coupled Bloch equations (4) and (5) gives the performance of the noble-gas spin
system. The evolution of P™ in (5) is independent on P¢ and thus can be calculated independently.
In the following, we consider the response of noble-gas spins to a weak external oscillating field B, =
B, cos(2mwt)y for two cases: without/with a periodically driven alternating current (AC) field parallel to
the bias field, i.e., along z axis (see details in [16,18,19,24]).

2.1 Spin dynamics without a periodically driving field

We first solve the evolution of noble-gas nuclear spins under a bias field B? along 2 and an oscillating
magnetic field B, = B, cos(2mwt)y from (5). With rotating-wave approximation and Bl = SMJ P", we
can derive the steady-state effective field experienced by alkali-metal atoms as [16, 18,19, 24]

N 15ann B { Ty cos(2mut) + 2movTE, sin(2mwt) . Thoy, sin(2mwt) — 2movT2, cos(2mut) A}
eff — 5 040 MmbBa )
2

1+ (1uBa/2)2TinTon + (260)2T2. " 1+ (1nBa/2)?TinTon + (2760)2 T, "
(6)

where 0v = v — 1 is the detuning of the external oscillating field with respect to the Larmor frequency of
noble-gas nuclear spins vy = 7, B%/(27). The total magnetic field Bio; on 8’Rb detected can be written
as

Byt = By + B, cos(27mvt)g). (7)

The alkali-metal spins actually experience the superposition of these two fields.

We now solve for the evolution of alkali-metal spins from (4). In the experimental configuration, the
x component of alkali-metal polarization PS is detected with a probe beam (see (1)). Thus, we only
need to obtain the explicit expression of P;. Under the quasi-static field condition, we can obtain the
steady-state solution:

B.B. - B,AB _ B,B,—- B,AB
*BE T (AB7 " (B + (AD? )

where AB = 1/(v.T.) and B =~ B? for the large bias field applied along 2. In experiments, the measured
B, and B, are from the total magnetic field in (7), where the effective field generated by nuclear transverse
magnetization in the zy plane is the dominant part [16-18,24].

Based on (6), the effective field BY; induced by the magnetization of the noble-gas nuclear spins
depends on the amplitude of the applied oscillating field B,. There are three different situations.

(1) Linear case. When B, is weak enough to satisfy the condition (7,B,/2)?TinTon < 1, i.e.,

P

2
'7n V TlnT2n ’

the effective field Bl is proportional to the amplitude of applied oscillating field B,, as shown in Fig-
ure 3(a).

(2) Nonlinear case. When B, is comparable to 2/(v,v/TinT2n), the (YnBa/2)?T1nTon term becomes
significant and the response becomes nonlinear, as shown in Figure 3(b).

B, < 9)
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Figure 2 (Color online) Noble-gas spin system. In the noble-gas-alkali-metal vapor cell, the noble-gas nuclear spins (e.g., 129Xe)
spatially overlap with the alkali-metal atoms (e.g., 87Rb). Alkali-metal atoms are pumped with a circularly polarized laser light and
the transverse angular momentum of them along z is measured using a linearly polarized probe light. The noble-gas nuclear spins
are polarized through spin-exchange collisions with optically polarized alkali-metal atoms. A bias magnetic field Bgé is applied to
tune Larmor frequency v of the nuclear spins.

(3) Saturated case. When B, is much larger, the term (vy,B,/2)?TinTon is so remarkable that the
effective field By can be negligible. In this situation, the linear response of the alkali-metal atoms to
the applied oscillating field is dominant.

Apart from the oscillating field amplitude, the effective magnetic field By also depends on the oscil-
lating field frequency v.

(1) On-resonance case. When v ~ vy, the effective field Bl reaches a maximum and could be much
larger than the oscillating field amplitude B,, as shown in Figure 4(a).

(2) Near-resonance case. The effective field increases when the frequency of the oscillating field fre-
quency v becomes close to the Larmor frequency vy. Thus, there is a frequency bandwidth for the
spin-based amplifier.

(3) Far-off-resonance case. When §v > 0, the term (276v)*T%, is dominant in (6). In this situation,
the effective field By generated by noble-gas nuclear spins is negligible and the applied oscillating field
B, cos(2mvt)y is dominant, as shown in Figure 4(b).

2.2 Spin dynamics with a periodically driven AC field along z axis

When an additional magnetic field B, cos(2mv,.t)Z along z periodically driving the noble-gas spin
system, the total magnetic field experienced by noble-gas nuclear spins B = B, cos(2mut)y + [BY +
B, cos(2mv,t))2. This realizes a Floquet system with time-dependent Hamitonians H(t+7T') = H(t) [28,
29]. The periodically driving makes the time-independent system be a dressed spin system [17], which
is characterized by a series of time-independent Floquet states and energy levels that are analogous to
the Brillouin-zone artificial dimension [30]. Similarly, by solving the evolution of noble-gas nuclear spins
from (5) with the weak field approximation v, B,/2 < 1/T1,, we obtain the steady-state effective field
experienced by alkali-metal atoms as [16, 18,19, 24]

+oo  +oo
Bt . = BMy B, { Z Z By 1 (u, v) cos[2T0(v + e )t] + Ak (u, v) sin[2m(v + luac)t]} , (10)

l=—00 k=—00
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Figure 3 (Color online) Responses of the effective field By Figure 4 (Color online) Relationship between the effec-

as a function of the oscillating field amplitude in the ?Xe- tive magnetic field By and the oscillating field frequency v.
87Rb spin system. (a) The linear signals (red circles, on- (a) When the oscillation frequency v of an external magnetic
resonance; blue circles, far off-resonance) as a function of the os- field matches the '2°Xe Larmor frequency, the '2°Xe spin
cillating field amplitude. The on-resonance slope I'yes &~ 0.319+ magnetization is tilted away from the z axis and generates
0.002 mV-pT~! is at least two orders of magnitude greater a transverse effective field BY; on ®“Rb atoms. Due to the
than the far-off-resonance slope Tiapoyes & 2.5 + 0.1 pV-pT 1. Fermi-contact interaction, the amplification factor defined as
(b) The nonlinear responses as a function of the oscillating n = |BJy/Ba > 1| enables significant amplification of the sig-
field amplitude. In the near-zero-amplitude regime, the re- nal from the external magnetic field. (b) In far-off-resonant
sponse of the spin-based amplifier is linear, corresponding to case, ?9Xe spin magnetization is nearly unchanged along z
the case shown in (a). In the experiments, the bias field is set and thus By ~ 0. Adapted and reprinted with permission
at BS ~ 759 nT, corresponding to the 2°Xe Larmor frequency from [16].

vo &~ 8.96 Hz. The black lines are theoretical fits. Adapted and
reprinted with permission from [16].

where the coefficients Ay ;(u,v) and By (u, v) are

A (u,v)= o TQDJZH (u) Tk (v) ! 55
1+ (277 (kvac — 0v) T )
Bos(u, v) = Y Py TonJi1(w) Tk (w) 270 (kvae — 0v) Top
T 2 1+ (271 (kvae — 0v) Ton]”

the modulation index u = (Y5, Bac)/Vac and Jy, is the Bessel function of the first kind. In the Floquet spin
system, only P;(t) is considered because 8"Rb magnetometer is primarily sensitive to the magnetic field
along y. The physical meaning of these equations is that the transition amplitudes are proportional to
the products of the amplitudes of the initial and final Floquet states and a resonant Lorentz factor.
Figure 5(a) shows that under a periodically driving, the intrinsic two-level nuclear spin system (e.g.,
129Xe) is extended to an infinite number of synthetic and time-independent energy levels. |4,n) =

|£) ® |n) is introduced as the basis states, where n signifies the radio frequency photon number of the
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Figure 5 (Color online) (a) Energy levels of a periodically driven two-level system (the Floquet system). (b) The corresponding
Floquet states and multiple radio frequency (rf) photon transitions. Adapted and reprinted with permission from [17] Copyright
2021 American Association for the Advancement of Science.

driving field, and |£) denotes the eigenstates of the two-level spin system o,. The Floquet transition
between | 1), and | |),, states corresponds to an oscillating field with the frequency of vy + kv, (here
k = n —m), which forms a sideband around the '2Xe Larmor frequency. Based on (10) and the Lorentz
factor in (11), the response of the Floquet system reaches the local maximum in resonant case kv,. = dv,
which indicates multiple resonance can be realized, as shown in Figure 5(b). Moreover, due to the
feasibility to engineer the inherent discrete states and transitions of quantum systems, Floquet systems
could be a promising platform to explore advanced quantum amplification beyond ordinary systems with
improved performance, for example, in operation bandwidth and frequency tunability.

3 Noble-gas amplification effect

Measuring weak electromagnetic and hypothetical fields assisted by quantum amplification are important
for fundamental physics and practical applications including low-noise masers [31,32], ultra-sensitive mag-
netic resonance spectroscopy [33], weak field and force measurements [34]. In the noble-gas system, the
resonant oscillating field can induce an oscillating noble-gas nuclear magnetization, which can generate
a considerable effective magnetic field Bl or By o on alkali-metal atomic spins, which could be much
larger than the applied oscillating field B,. Due to the weak coupling during collisions (Fermi-contact
interactions) between alkali-metal electron spins and noble-gas nuclear spins [2], the nuclear spins can
function as an amplifier for the resonant magnetic field and the electron spins act as an atomic magne-
tometer to measure the enhanced field. To quantify the amplification effect, we define an amplification
factor:

n=|B/Bal, 15 = |Bfcq/Bal (12)

for the inherent and Floquet systems, respectively.
3.1 Spin amplification

We first derive the amplification factor 7 on resonance for the inherent system. When (v, B, /2)?TinTon <
1, the spin-based amplifier works in the sensitive linear-response regime and B in (6) can be written as

1
(v =19) = §BM6‘P6WHTQH[COS(27IV1§)£ + sin(27twt)§) B,. (13)

1
Thus the effective field Bl is a circularly polarized field and its amplitude is equal to 3 BM Py ynTon - Bq.

As a result, the amplification factor is
1 n n
n= §ﬁMO Py ynTon. (14)

From (14), there are various methods to increase the amplification factor, such as prolonging relaxation
time T, and improving equilibrium polarization Pj'. Based on the calculation in [16,18,19], the ampli-
fication factor can be as large as 10* in a 3He-K system. The sensitivity of >He-K magnetometer can be
improved by four orders of magnitude and potentially reach a few aT/ Hz'/2.
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Figure 6 (Color online) Calibration of the spin amplification factor in the 129Xe-8"Rb spin system. (a) The frequency-response
of the 8"Rb magnetometer to oscillating fields along vy, assisted with 129%e spin-based amplifier. The experimental data (red
circles) are obtained by scanning the auxiliary field frequencies. The solid line is the theoretical fit of the data and agrees well
with the experiment. (b) The measured amplification factor n at different resonance frequencies. The average 1 is measured to be
n &~ 128 + 0.3. Adapted and reprinted with permission from [16].

The amplification factor 7 is experimentally calibrated by the following steps.
(i) A resonant oscillating field is applied along y. The output signal of the alkali-metal magnetometer
is recorded and its amplitude

n e/ PN 1
A( eﬁ) x Paz( eﬁ) xn [(32)2 T (AB)2]Ba (15)

Because the exact Larmor frequency is generally unknown without prior calibration, an alternative way
is to scan the oscillating field frequency over a small frequency range, corresponding to the narrow
bandwidth v/3A of the spin-based amplifier from the on-resonant effective field

A/2

el > e (16)

(ii) A far-off-resonant oscillating field is applied along y. Similarly, we record the amplitude A(B,9)
of the output signal of the alkali-metal magnetometer:

AB

A(Bog) o< Py (Bgag) o BO2 + (AB)

B,. (17)
Note that the frequency of the far-off-resonant field should be within the bandwidth of the magnetometer.
(iii) By calculating the ratio of the above two amplitudes ®(vy) = A(BLg)/A(Bay), we have

n=o(wo)/1/1+ (Jg )2. (18)

Figure 6(a) shows the experimental results for the frequency-response of the 8’Rb magnetometer and
the calibration of the spin amplification factor in the 3"Rb-'2°Xe system. In the experiments, the bias
field BY is set as ~ 759 nT and the Larmor frequency vy ~ 8.96 Hz is experimentally calibrated using the
129X e free-decay signal due to the residual magnetic field and effective field of "Rb atoms. An oscillating
magnetic field of 30 pT is applied along y. As shown in Figure 6(a), the signal amplitude is well described
by a single-pole band-pass filter model [16], yielding the full width at half maximum (FWHM) of 52 mHz.
The amplification factors at different resonance frequencies are calibrated and their average is 128 £+ 0.3,
as shown in Figure 6(b).

It is worthy to point out, that although the spin amplification with nuclear spins is demonstrated in
previous studies [22,35], the current detection schemes are totally different. Previous studies all consider
the “remote” readout scheme, where the nuclear magnetization is measured from a distance with atomic
or SQUID magnetometers. In contrast, the spin amplification demonstrated here uses a “contact” readout
scheme where the polarized nuclei and the detector are spatially overlapping in the same vapor cell. The
magnetic field at position r generated by nuclear magnetization in these two cases is

“remote” “contact”

o(r), (19)

_@3f(f~m)fm+2uom

B(r) = 47t r3 3
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where m is the magnetic dipole moment. The “contact” term in (19) corresponds to the noble-gas effective
magnetic field Bl described by the Fermi-contact interactions. This “contact” readout scheme offers a
significant advantage: a considerable effective magnetic field is induced from the magnetization of noble-
gas nuclear spins due to the large Fermi-contact enhancement factor and measured in situ with an atomic
magnetometer. In contrast, it is experimentally challenging to prepare high nuclear-spin polarization and
maintain readout sensitivity for the “remote” scheme.

3.2 Floquet spin amplification

Based on (10)—(12), we can obtain the Floquet amplification factors ny for the Floquet system:

2 oo 2
ny(u,v) = Mg < Z Ap(u 1/) + ( Z Bk,l(u,y)> . (20)

k=—o0 k=—o00

When the oscillation frequency of the measured field matches with one of Floquet transitions dv+kva. = 0,
the amplification effect becomes significant. The Floquet amplification factors are

1
M1 (1) = §BM5]P6]7nT2an+l(u)Jk(u)a (21)

where k£ and [ are used to describe the frequencies of the measured and amplified fields. Specifically,
k denotes that the measured field frequency is at v = vy + kv,e, and | denotes that the output signal
frequency is at vg + (k 4+ )vac. For k = 1, the spectral amplitude of each sideband (transitions be-
tween Floquet states) is shown in Figure 7(a). Although the test frequency matches only one Floquet
transition (marked with a star), there simultaneously exist amplification signals at other Floquet tran-
sitions. These sidebands are similar to frequency comb composed of equidistant narrow lines, and can
be seen as the result of the field photons scattered by driven '??Xe spins through the virtual absorp-
tion and emission of radio frequency (rf) photons. The experimental measured ratio among different
transitions is n1,—1 : M0t M1 M2 ~ 1 0.916 1 1.480 : 0.987, which is close to the theoretical value
[Jo(w)| : [Ji(w)| : |J2(uw)|: |J3(u)| =1:0.984:1.631: 1.107.

There is a particular but common example, when [ = 0, the measured field and amplified signal are
both at v = vy + kvac. In this case, the amplification factor is given by

1
eo(u) = 5BME Py Tan T (). (22)

For the case of [ # 0, the applied and detected frequencies are different. The experimental result
is shown in Figure 7(b) and the ratio among different transitions is close to the theoretical value
JE(w) s I3 (u) : J3y(u) : J25(u) =1:0.969 : 2.660 : 1.225.

Based on (21) and (22), the measured frequency v should satisfy v ~ vy + kvac, where k is an integer,
otherwise, the amplification factor is small. Therefore, the profile of the amplification can be written as

1
_ﬂM(S]P(?’VnT%

(23)

=2 Jitw)

\/1 + (270 (60 + kvae) Ton)?

which is a sum of resonance with the full-width at half-maximum (FWHM) for each amplification regime
being v/3 /(1tT2y). In experiments, the FWHM is generally on the order of MHz. Note that the ampli-
fication profile depends on the modulation index w. In this case, the Bessel function of the first kind
satisfies Jo(0) = 1 and J;(0) = 0 for & > 0. Then, Eq. (23) can be reduced to (14), which is in good
agreement with the theory. The Floquet spin amplification allows the detection of the signal at multiple
different regimes. In contrast, the spin amplification is aimed to detect a single oscillating field. Table 1
summarizes the main difference between the cases with/without periodic driving.

4 Noble-gas masing effect

Maser (microwave amplification by stimulation emission of radiation) is a device or object that emits
coherent electromagnetic radiation (mainly in the microwave region) produced by the natural oscillations
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Figure 7 (Color online) Floquet spin amplification. (a) Spectrum of the amplified signal induced by an applied field with the
oscillation frequency set at the frequency of 1st-order sideband (see star). Other sideband signals are simultaneously induced. The
amplification satisfies 1,,;. (b) Plot of amplification as a function of the scanning oscillation frequency of the applied magnetic
field. The interval between the amplified peaks is equal to vac. The amplification at each resonance frequency satisfies 1y 0. The
amplification profile is asymmetric due to the Fano interference [24]. Here Bg ~~ 853 nT, Bac &~ 397 nT, vy = 1.500 Hz. Adapted
and reprinted with permission from [24].

Table 1 Comparison between the driven case and the undriven case

With the periodic driving Without the periodic driving
Modulation index u >0 0
Resonance frequency v & vy + kVac [ 2SRV
I-AC-photon transition amplitude o Jppr(w) Jg (u) No AC-photon transition
Amplification factor M1 (u) = %BMSP&"VW,TQUJ;CH(u)Jk (u) n = %BM(I;P[;”YnT%

of atoms or molecules between energy levels [32,36,37]. The maser operates based on the same basic
principle as the laser (light amplification by stimulated emission of radiation), which generates higher
frequency coherent radiation at visible wavelengths and shares many of its characteristics. The first maser
was built by the American physicist Townes [38] and his colleagues in 1953. Because the frequency of
radio waves produced by masers is highly stable, masers can be used as the timekeeping device or high
precision frequency references in atomic clocks [39], and as extremely low-noise microwave amplifiers in
radio telescopes and deep space spacecraft communication ground stations [33].

In Section 3, we have demonstrated the basic principle of the spin-based amplifiers that produces an
amplification of the applied oscillating magnetic fields in magnitude, when oscillation frequency matches
its natural or Floquet energy levels of the nuclear spins. Moreover, based on the spin amplification,
noble-gas nuclear spins can be used as the masing medium and feedback is created to produce coherent
radiation. Figure 8 shows the experimental setup for realizing the noble-gas masing effect, most of which
is the same as the spin-based amplifiers, except for a feedback circuit [17]. Similar to a microwave cavity
in conventional masers, the nuclear spins (e.g., '2Xe) are embedded in a feedback circuit, while the
atomic magnetometer is a sensitive detector of nuclear spins to measure the nuclear spin polarization P}
along the = direction.

The real-time output signal of the magnetometer generates the feedback field Be(t) = x P2 (t) on noble-
gas nuclear spins along y, which is applied to the nuclear spins with a set of y coils around the vapor
cell. Here the proportionality constant x (feedback gain) encapsulates the conversion factor of the atomic
magnetometer, the Fermi-contact interactions and the connection polarity of the feedback coils. The
amplitude of feedback gain x can be adjusted with a rheostat in series with the feedback coils. The sign
of feedback gain x is simultaneously determined by the direction of the bias magnetic field (+z, or —z)
and the connection polarity of the feedback coils (+y, or —y), i.e., (+z, —y), (—z, +y) for x > 0 and (—z,
—y), (+z, +y) for x < 0. Similar to a resonant cavity [40], the self-induced feedback field B¢(t) carries
the information about the spins and then acts back on the spins, leading to the well-known phenomenon
of damping [33,41] that is important in our maser scheme.

z

With the feedback circuit, the dynamics of the '29Xe spin polarization P™ = [P?, P, PP is described
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Figure 8 (Color online) Schematic of the experimental setup for the masing effect in the noble-gas spin system (e.g., the 129X e-
8"Rb system). The noble-gas nuclear spins are polarized and detected by spin-exchange collisions with optically pumped alkali-metal
atoms. Under a bias field and an oscillating magnetic field along z, the nuclear spins are magnetically coupled to a feedback circuit,
which feeds back real-time B¢(t) along y and induces the damping of nuclear spins. Adapted and reprinted with permission from [17]
Copyright 2021 American Association for the Advancement of Science.

by the nonlinear Bloch equations [33,42]:

dp? n n n
Eﬁ = P2, (t) — PP2my,(t) — ﬁva
L = PRy, (t) — PP2mw,(t) — - PP (24)
) _

dt Ton = Y7
4B — P, (t) — P21, (t) — 7= PP+ yse(PS — PP,

dt

where 27y, (1), vy (t), v2(1)] = /[ B2 + BacCos(27wact)|2 + v, Be(t)§. As the thermal nuclear spin polar-
ization is much smaller than that from spin-exchange collisions, we can neglect the thermal polarization
n (24). The gain is x = 0 when the feedback circuit is disabled. P¢ is the polarization of the rubidium
atoms, which depends on the optical pumping and spin-relaxation rates [2]. 7 is the spin-exchange
rate between the nuclear spins and the alkali-metal atoms. 7s(Pg — P}) represents the spin-exchange
pumping of nuclear spins. The spin dynamics is obtained by solving (24).

4.1 Spin maser

We consider the case without the periodically driving, i.e., By = 0. As damping is important to realize
masers [33,41,42], the feedback-induced damping of nuclear spins is first investigated. There are two
cases of the spin dynamics.

(1) When P2 > 0, x < 0 or P} < 0, x > 0, stationary maser dynamics cannot be generated. The
noble-gas nuclear spins are initially polarized to an equilibrium state along z by spin-exchange pumping,
and then titled by a small angle 6, with a magnetic field pulse along z. From (24), the evolution of the
spin polarization P™ becomes [33,42]

P} (t) = Pé‘Tdisech [i(t _ to)} ei@mvt—m/2)
T2n Tgn

P(t)

PyTa/Ton {qtanh {%(t - to)] _ 1} 7 (25)
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Figure 9 (Color online) Experimental test for damping feedback mechanism in 129%e-8"Rb system. (a) Measured free decay
129%e signals for different feedback gains (corresponding to different Tyy). Here the spin population P. and the feedback gain x are
initially set as P, > 0, x < 0 or P, < 0, x > 0. Ty is well determined by corresponding decay time T with ~ 7 excitation angle.

15
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b) Transient perati fter flipping gle, inducing the i ion of 2 Xe spins population. The decay signal b

fitted with a hyperbolic secant function shown in the inset. (c) Time-domain signal and spectrum of 129X e maser (i.e., Vac = 0).
The lower inset is zoom-in plots for the signal. The upper inset is the corresponding amplitude spectra of the maser signal after
eliminating the transient. Adapted and reprinted from [17] Copyright 2021 American Association for the Advancement of Science.

where P{ = P +1P], v is the oscillation frequency, and

q=[14 (Ton/Ts)? + 2 cos O (Ton /Ta)]"/?,

Ton 1 (To, 26
to = I Manh ! {— <i cos By + 1)} . (26)
q g \ T4

Here the intrinsic decoherence time T5,, and the damping time Ty depend on feedback gain x. In this case,
the free decay signal can be fitted with a single-exponential decay with a decay rate given by T{n1 +T; L
This shows that, by coupling nuclear spins to the feedback circuit, a regime can be reached in which
damping constitutes the dominant mechanism of spin relaxation, e.g., Tq < T5,, and spin relaxation can
be controlled by adjusting the feedback gain, as shown in Figure 9(a). Note that longitudinal relaxation
is neglected here. |P}(t)| reaches its maximum value at ¢ = to. Moreover, the oscillation frequency has
a small shift from the Larmor frequency vy, i.e., v = 1y + Av with Av = « - 1/Ty, arising from an effect
known as frequency pulling [42].

When the nuclear spin population is suddenly inverted, i.e., 8y ~ 7, unlike the exponential decay,
for Tq/Ton > 1, then to < 0, and thus [P} ()| should be monotonically decreasing; for Tq/Ton < 1,
then ¢ > 0, and |P}(t)| increases to be maximum at ¢ = o and then decreases to be zero, which can
be described by a hyperbolic secant function, as shown in Figure 9(b). As first reported in [41], this
is a transient maser when the threshold of the damping time Ty/7T5, < 1 is fulfilled. However, the
transient maser cannot oscillate continuously because the population inversion is transient. In order to
generate stationary maser dynamics [31,37,43], we can reverse the circular polarization of pump laser,
or alternatively reverse the sign of the feedback gain y, and simultaneously set the damping time smaller
than the intrinsic decoherence time (i.e., Tq/Ton < 1).

(2) When P2 >0, x >0o0r P? <0, x <0 and Ty/Ta, < 1, stationary maser dynamics is generated.
Under these conditions, coupling of the spins to the damping feedback circuit can produce a self-sustained
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Figure 10 (Color online) (a) Amplitude spectrum of *2°Xe Floquet maser for v, = 0.9 Hz. (b) Comb-like ultrahigh-resolution
spectroscopy of Floquet maser for v, = 0.05 Hz. The sideband spectrum (red line) exhibits at least 25 evident comb-like symmetric
lines centered at the Larmor-frequency line at vg. Floquet transitions can build up stationary maser oscillations in the strong-
coupling regime (vBac/Vac > 1), enabling exact reconstruction of the Floquet energy levels. Here B,. = 56.15 nT. Adapted and
reprinted with permission from [17] Copyright 2021 American Association for the Advancement of Science.

masing signal [33,42]. The stationary solution of (24) can be obtained as

1 1
P} = \/(I/Tln + Yse) (E — i)TdPél cos 27t

(27)
n 1 1 .
Py = (1/T1n + Yse) E — E Ty Py sin 2mgt.

Eq. (27) represents that the noble-gas nuclear spins process at the frequency vy with a non-attenuating
amplitude and form a steady maser. Figure 9(c) shows the time-domain masing signal and spectrum
of the '?Xe maser measured in '?°Xe-8"Rb system. Based on numerical simulations, we find that
small transverse polarization component caused by misalignment or quantum fluctuation is sufficient for
activating the maser.

4.2 Floquet spin maser

We now consider the spin dynamics of the Floquet spin system, i.e., B,. # 0, under the damping feedback
field. The Floquet system can be treated as a time-independent one with an infinite set of energy levels,
shown in Figure 5(a). The key to a maser based on Floquet systems is the preparation of spin population
between those Floquet states. In our experiments, populations between Floquet states (|+), and |—),,)
of the Floquet nuclear spins can be continuously prepared through the noble-gas spin-exchange collisions.
The threshold of Ty /T, < 1 is satisfied by adjusting the feedback gain x. 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 sidebands. The feedback field produces a torque on the spins that change spin polarization [33,42].
This self-coupling can lead to stimulated Rabi oscillations between the Floquet states |+), and |—),, and
a steady-state maser oscillation is built up. For different Floquet states pair n, m, the maser oscillation
frequency is Ey /27 = (0 — m)Vae + 1o.

Recently, the first experimental demonstration of a “Floquet maser” is successfully achieved with pe-
riodically driven '2°Xe spins [17]. The experimental results are shown in Figures 10(a) and (b). In
contrast to conventional masers exploiting inherent transitions [28,33], the Floquet maser oscillates at
the frequencies of transitions between Floquet states. Multi-frequency ultrahigh-resolution spectra of
the maser are observed with the bandwidth 0.3 mHz, which is two orders of magnitude narrower than
the decoherence-limited resolution. Compared to conventional masers, the Floquet maser has several
advantages. First, the Floquet maser generates sidebands that are easily tunable by changing the fre-
quency and amplitude of the periodic driving field. Therefore, it is well-suited for sensing oscillating
driving field with an ultrahigh frequency resolution beyond the masing spin decoherence limit. Second,
unlike the conventional maser that uses a microwave cavity, the Floquet maser makes use of a feedback
circuit based on the signal of an atomic magnetometer to provide damping feedback, enabling the masing
frequency down to the audio-frequency range. Although the oscillation frequency is much smaller than
that of earlier established microwave masers, the concept of the Floquet maser also be generalized into
other frequency ranges.
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Figure 11 (Color online) Ultrasensitive magnetic-field sensing. (a) Magnetic sensitivity of the spin-amplifier-based magnetometer.
18 fT/Hzl/2 is achieved at '2Xe Larmor frequency, which is beyond the photon-shot-noise limit and comparable to the spin-
projection-noise limit of the 8"Rb magnetometer itself. (b) Magnetic sensitivity of the Floquet-amplification-based magnetometer.
The bias field and periodic driving field are set as Bg ~ 853 nT, Bac =~ 178 nT, voc &= 1.500 Hz. The corresponding modulation
index is u ~ 1.4. The sensitivity is about 20 fT/Hz'/2, 25 fT/Hz'/2, 18 fT/Hz'/? at vy — 1.5, vo, vo + 1.5, respectively.
(c) Magnetic sensitivity of the Floquet-maser-based magnetometer. 700 fT/Hzl/2 is achieved and is currently the best sensitivity
for the frequency range from 1 to 100 mHz. Adapted and reprinted with permission from [16,17,24].

5 Applications

The features of ultrahigh resolution spectra in the maser and ultrahigh sensitivity in the alkali-metal mag-
netometer with the spin amplification technique could be particularly useful for precision measurements.
Unlike previous magnetometers that directly measure external magnetic fields, the amplification-based
magnetometer first preamplifiers measured fields through noble-gas spins and then measures the ampli-
fied field. In the following, we will review the related applications of the noble-gas spin amplification
on magnetic field sensing [44] and searching for ultralight new particles [22,45,46]. The experimental
demonstration for these applications in this section was carried out on the 2°Xe-3"Rb system.

5.1 Magnetic-field sensing

Sensitive detection of weak magnetic fields is crucial to various applications, ranging from magnetoen-
cephalography, magnetocardiography, and gyroscopes to space exploration [10,47-49]. Atomic magne-
tometers are one of the most sensitive methods, such as nonlinear magneto-optical rotation (NMOR)
magnetometer [50] and spin-exchange relaxation-free (SERF) magnetometer [49,51,52]. Unlike atomic
magnetometers that mostly use electron spins of alkali-mental atoms, nuclear spins of noble gas are an-
other ideal active medium for ultrasensitive magnetic-field sensing because they can maintain coherence
for hours under ambient conditions. However, the sensitivity of previous magnetometers demonstrated
with nuclear spins is limited to several picotesla levels for their remote read-out schemes where nuclear
spins are measured from a distance with atomic and SQUID magnetometers. In this case, it is experi-
mentally challenging to prepare high nuclear-spin polarization and maintain readout sensitivity [35,46].

With a spin-based amplifier that enhances the measured oscillating field with the amplification factor
n ~ 128, we achieved a magnetic sensitivity of 18 {fT /Hzl/ 2 at the resonance frequency in the '29Xe-
8TRb system [16], as shown in Figure 11(a), whereas the sensitivity of 8"Rb magnetometer is only about
2pT/ Hz'/?. The experiment showcases the capability of our sensor to surpass the photon-shot-noise limit
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of the rubidium magnetometer itself, approaching the spin-projection-noise limit of the latter. Moreover,
the sensing technique is significantly better than that of the other state-of-the-art magnetometers demon-
strated with nuclear spins, which are limited to a few picotesla sensitivity. Such a spin-based amplifier
remains subpicotesla-level sensitivity to the oscillating magnetic fields ranging from 1 Hz to 1 kHz.

Furthermore, the Floquet amplification technique is capable of simultaneously measuring magnetic
fields at Floquet transitions. Figure 11(b) shows the case of a 1.5-Hz periodic driving and modulation
index u ~ 1.4 [24]. The achieved magnetic sensitivity is about 20, 25, 18 fT/Hz'/? at vy — 1.5, 1,
vo + 1.5, respectively. Our result illustrates that the magnetic sensitivity can be simultaneously enhanced
to T /Hzl/ 2 level at frequencies of transitions between Floquet spin states. This yields one order of
magnitude improvements over previously achievable detection bandwidth [16,18]. Moreover, the sensitiv-
ity at different Floquet-transition frequencies can be controlled through changing the modulation index.
Simultaneous measurement at multi-frequency Floquet transitions is similar to that there are multiple
detectors working in parallel. Therefore, a properly designed Floquet measurement protocol can greatly
speed up the total measurement time [24].

Moreover, experimental investigations have been reported towards achieving high sensitivity of mea-
suring magnetic fields in low-frequency regime (1-100 MHz), which is of importance in applied [44] and
fundamental physics [22,45,46]. However, it still remains challenging for state-of-the-art magnetometers
to reach femtotesla-level sensitivity owing to significant 1/ f noise. Using the Floquet maser technique with
magnetometry, we modulate the low-frequency signal to the high-frequency sidebands in Floquet masing
spectroscopy to suppress the low-frequency noise and realize a sensitive magnetometer with 700 T/ Hz'/?
in the ultra-low frequency range (1-100 MHz), as shown in Figure 11(c). It would be possible to further
improve sensitivity by eliminating the technical sources of maser instability, adjusting the amplification
factor, and so on. The idea of the Floquet-maser-based 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 (v9 > 1 Hz). Thus, the maser up-converts the low-frequency field to a higher
frequency, where the 1/f noise arising from 8”Rb magnetometer is spectrally separated from the maser
signal.

5.2 Searches for new physics

Recently, there is growing interest in developing low-energy precision measurements to discover light and
ultralight hypothetical particles via detecting tiny signals from them, including atomic or optic clocks [53],
optically pumped magnetometry [16-19], torsion balance [54,55], trapped ions [56,57], nitrogen-vacancy
diamond [58], and other high-sensitivity techniques [59-66]. Searches for spin-dependent energy shifts
caused by an anomalous interaction like a magnetic field are important methods. Various optical-
magnetometry-based experiments [35,46,67] and worldwide coordinated searches, such as the global net-
work of optical magnetometers for exotic (GNOME) physics searches [68], have been conducted to search
for heretofore anomalous spin-dependent forces and particles and set constraints on them. Noble-gas spin
amplification techniques have the intrinsic advantage of ultrahigh sensitivity, and most stringent con-
straints on axion-like dark matter and several exotic spin-dependent interactions are established [16-19].

The axion and other pseudoscalar bosons (collectively referred to as axion-like particles or ALPs),
emerging with a global symmetry broken at ultrahigh energy scale, can be a solution to the strong-
CP problem [69] and well-motivated dark matter candidates [70,71]. ALPs can form a classical field
a = ag cos(27v,t) oscillating at their Compton frequency v, = m,c?/h [46,72-74], where m,, is the axion
mass, ¢ is the speed of light, and h is the Planck constant. The field amplitude ag can be estimated by
the galactic dark-matter energy density p, = m2a3c?/(2h%) ~ 0.4 GeV -cm~3 [70,75]. ALPs can interact
with nuclear spins by a Zeeman-like Hamiltonian,

Hine = vBarp - I, (28)

where BALp = ganNvV/20icp, sin(2mv,t)v, /7y represents the pseudomagnetic magnetic field induced by
ALP dark matter [46,72] and Iy is the nuclear spin operator. Here, g.nn is the strength of the axion-
nucleon coupling, with the definition used in [74] and the unit of GeV~!. |v,| ~ 1073c represents the
local galactic virial velocity [76], and + is the gyromagnetic ratio of the nuclear spin. The core of the
search scheme is to detect the pseudomagnetic field Bapp and constrain the strength g.nn over some
range of ALP masses.
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Figure 12 (Color online) Experimental results of searches for axion-like dark matter using the spin-amplifier-based magnetometer.
(a) Limits on the axion-like dark matter-nucleon coupling gann. The dark line shows the “Old comagnetometer” limits from [77].
(b) Limits on dark photon-nucleon coupling gagpm. (¢) Limits on axion-like quadratic coupling with nucleon gquaa. The blue-shade
is excluded by measurements (100s for each run) and the red lines show the advanced sensitivity (5 h for each run). The grey
line shows the limit given by the CASPEr-ZULF experiment [46]. The horizontal black lines show the laboratory searches for new
spin-dependent forces and the astrophysical limit from supernova SN1987A cooling [78,79]. Adapted and reprinted from [16].

The spin amplification technique has been demonstrated to search for ALP signals in the frequency
range from 2 to 180 Hz, corresponding to the ALP mass range from 8.3 to 744 feV. The obtained limits
overlap with the CASPEr-ZULF experiment for a mass range from 15 to 78 feV [46], improving previous
limits by at least five orders of magnitude, as shown in Figure 12(a). A recent work [77] derived ALP limits
below 200 feV based on the decade-old comagnetometer data from previously published work and could
not access ALPs at higher Compton frequencies due to the sensitivity loss of comagnetometers [11]. In
contrast, new limits are extended to unconstrained regions of the parameter space from 200 to 744 feV.
Moreover, the spin amplification technique can also be used to constrain the quadratic interactions
between axion-like particles and nucleons as well as interactions between dark photons and nucleons,
exceeding bounds from astrophysical observations [78,79], as shown in Figures 12(b) and (c).

Apart from searches for axionlike dark matter, the spin amplification technique has been used to search
for exotic long-range spin-dependent interactions between fermions mediated by new light bosons [18,19,
69,80-83].

R 1 Iy _,
Vivs = —fars [o1 - (v X 7)] <—+—2)e /A,
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12413 = J12+413 3 o1-v ” € >

f3 L 1 1 e 1 3 3 /A
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where fiy5, fi2413, f3 are dimensionless coupling constants, &1, &5 are the spin vectors and mi, mo are
the masses of the polarized fermions, v is the relative velocity between two interacting fermions, 7 is the

unit vector in the direction between them, and A= "Fh(mpc) ™! is the force range (or the boson Compton
wavelength) with my, being the light boson mass.
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Figure 13 Experimental results of searches for exotic spin-dependent interactions using the spin-amplifier-based magnetometer.
(a) Constraints on f4ys (solid line, the most stringent constraints in the force range from 0.04 to 100 m [18]). The dashed lines
represent bounds of f4y5 from [84,85]. (b) Constraints on fi2413 (solid line, the most stringent constraints in the force range from
0.05 to 6 m). (c) Constraints on f3 (solid line, the most stringent constraints in the force range from 0.0004 to 0.005 m). The thin
gray curve indicates the same coupling derived from comagnetometer experiments [67], while the dashed one is deduced based on
(29). Adapted and reprinted with permission from [18,19] Copyright 2021 American Association for the Advancement of Science.

In principle, these interactions induce Zeeman-like energy shifts of 129Xe spins [63],

— MUXe * B;XO V}) (30)
where px. is the magnetic moment of '?9Xe spin, V; represents the exotic spin-dependent potential
(Va,Va,...,Vig) and B$*° is the corresponding pseudo-magnetic field. The pseudomagnetic fields of Vi
and Vo413 are generated by a single rotating 112.34-g bismuth germanate insulator [BiyGesO12 (BGO)]
crystal (mass source) in [18] and that of V3 is produced by optically pumped 8"Rb electrons (spin source)

in [19]. In general, the field B§*° can be decomposed into

Bo = Z By cos(2ntNvt + ¢ ),
N

(31)

where Nv is the frequency of the Nth harmonic, B is the Nth field, and ¢ is its phase. To maximize the
exotic signal, the operation frequency of the spin-based amplifier is set at the frequency of the maximum
harmonic. In this case, due to the relatively narrow bandwidth of the spin-based amplifier, only the signal
of the dominant harmonic can be considerably amplified and the effect of other harmonics is negligible.

Figures 13(a) and (b) shows new constraints on f415 and f1o413 obtained in [18] with 95% confidence
levels. The previous constraints on f45 were obtained with neutron experiments [84,85]. In contrast,
Ref. [18] set the most stringent constraints on fy15 for the force range from 0.04 to 100 m and improved
over previous constraints by about four orders of magnitude for A = 1.0 m, as shown in Figure 13(a).
In Figure 13(b), the most stringent constraints on fi2413 are obtained in the force range from 0.05 to
6 m. Previous studies established constraints with a cold neutron beam [86] (A < 0.06 m) and with
polarized *He [87] (A > 4 m). Compared with them, the new constraints reach 1.01 x 10734 at 0.45 m
and improve over previous laboratory limits by at least two orders of magnitude. Figure 13(c) shows the
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new constraints on f3 set in [19] together with recent constraint from experimental searches for exotic
dipole-dipole interactions in 2020 [67]. For the mass range from 0.03 to 1 meV, the new result provides
the most stringent constraint from direct measurements on fs.

6 Conclusion and perspective

Quantum amplification that offers the capability of enhancing weak signals is ubiquitous and of central
importance to various frontiers of science. Here we review recent progress on noble-gas spin amplifica-
tion, which is realized through overlapping noble gas and alkali metal atoms with/without the periodically
driven field. Combining the spin amplification and Floquet systems provides a powerful tool to build ul-
trasensitive quantum sensors, such as the spin-based amplifier, maser, Floquet spin amplifier, and Floquet
maser. These sensors can achieve femtotesla sensitivity, which makes them attractive in magnetic-field
sensing and searches for new physics beyond the standard model. It is worthy to emphasize that the
periodically driven (Floquet) systems could become a promising platform to explore advanced quantum
phenomena beyond ordinary systems and enable a variety of novel functionalities that might not be
otherwise directly accessible, for example, time crystals [88], Floquet Raman transition [89], prether-
malization [90], Floquet cavity electromagnonics [91], Floquet polaritons [92], and Floquet quantum
detectors [93].

For now, the study of spin amplification is still in a very early stage and its future development is
being faced with some potential challenges. In the spin amplification protocol, a central problem is
how to realize the amplification factor as large as possible. Based on (14), the amplification factor n
depends on three parameters of noble-gas spins: the polarization Fj', the maximum magnetization M}
determined by the atomic density and the coherence time Th,. The ~107 amplification factor can be in
principle expected using *He-K systems due to the long coherence time of *He (T2, > 1000 s) [16,18,94].
However, it would be difficult to optimize these parameters to achieve the maximum amplification factor
expected, since they are practically related to each other in a real experiment and determined by some
very complicated mechanism. Besides, this technique also has some general technological limitations,
such as magnetic noise, the leakage of noble gas, the fluctuation of the laser beam and the temperature.
Finally, the spin amplification will also face some practical difficulties for diverse application scenarios,
such as in an unshielded environment or in a moving vehicle. The trade-off between the amplification
factor and the bandwidth may increase cost and power consumption in searching for a target signal.

In the future, we believe that the spin amplification techniques will progress dramatically over the
coming years and shed new light on applications ranging from quantum metrology, investigation of the
dynamics of the geomagnetic fields, and quantum information processing to fundamental physics.
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