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Nobel Prize in Physics 2022

Alain Aspect, John Clauser and Anton Zeilinger have each conducted 
groundbreaking experiments using entangled quantum states, where two 
particles behave like a single unit even when they are separated. Their results 
have cleared the way for new technology based upon quantum information.

“for experiments with entangled 
photons, establishing the violation 
of Bell inequalities and pioneering 
quantum information science”



The second quantum revolution
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Break the limits of classical technologies



Quantum precision measurement
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Quantum sensors make new discovery possible！

Magnetic phenomena and their strength
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Quantum 
information



Principle： The nucleus or electron spins placed in
an external magnetic field, can absorb and release the
electromagnetic radiation of the corresponding
frequency, then the magnetic resonance phenomenon
occurs.

Eh D=n

Spin-based quantum precision measurement
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Outline
• Dark Matter and Axion!What is it and Why now?
• Quantum sensors! How to see it?  
• Noble-gas spin systems: intrinsic systems vs. 

Floquet systems
• Noble-gas spin amplification effect
• Noble-gas spin Masing effect

• Dark matter searches with spin-based-amplifier 
magnetometers
• Axion dark matter
• Exotic interactions mediated by new particles 

(the fifth force)
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What is the nature 
of dark matter?

èWhat kind of microscopic 
particles are made of?
èHow do particles interact?

Dark matter 
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Frank Wilczek

Steven Weinberg

Axions and axion-like particles
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10-15 eV 10-14 eV 10-13 eV 10-12 eV

large mass： particle
Particle detector

105 eV

Ultralight mass： wave-like
“Wave”detector

Underground exp.
(PandaX、CDEX)

Space exp.
(DAMPE、AMS)

Collider exp.
(LHC、BESIII)

How to see it?



Quantum sensors: sensitive low-energy tools
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Quantum sensors

n Sensitive：quantum-noise limits
n Tabletop：small size and cheap
n Networks：low false-alarm rate
Beyond the astrophysical limits！

Magnetic field:
Magnetometers
(or spin sensor)

Time standard:
Optical clocks

Gravity!
Interferometry

Dark matter is very weakly coupled to 
atomic molecular systems, causing small 

energy shifts
Science 357"990#2017$
Rev. Mod. Phys. 90,025008 (2018)



14

Outline
• Dark Matter and Axion!What is it and Why now?
• Quantum sensors! How to see it?  
• Noble-gas spin systems: intrinsic systems vs. 

Floquet systems
• Noble-gas spin amplification effect
• Noble-gas spin Masing effect

• Dark matter searches with spin-based-amplifier 
magnetometers
• Axion dark matter
• Exotic interactions mediated by new particles 

(the fifth force)



15

Chadha-Day et al., Sci. Adv. 8, eabj3618 (2022)     23 February 2022
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in gigaelectron volts. What values could this take? The electroweak 
scale, ≈250 GeV, was one natural choice but is excluded experi-
mentally. Other scales in particle physics include the grand unified 
scale, O(1016) GeV, and the Planck scale, ∼1019 GeV, which is the 
highest scale where ordinary quantum field theory could possibly 
remain valid before quantum gravity becomes important. These 
considerations give only very rough guidance as to the value of fa 
and the mass of the axion: Below, we narrow their possible ranges.

The axion mechanism may be implemented in a wide variety of 
extensions to the Standard Model, which are the subject of much 
current research (22). In any axion model, we must introduce a new 
complex field F = ceiq, which gains a nonzero vacuum expectation 
value that breaks the PQ symmetry spontaneously. After this spon-
taneous symmetry breaking, the axion is related to the phase of F 
by a = Nfaq, where N is an integer, the “color anomaly,” which varies 
depending on the detailed realization of the PQ mechanism. Figure 3 
is shown for N = 4.

For the axion to solve the strong CP problem, the model must 
also include quarks that are charged under the PQ symmetry, which 
in turn mediate an interaction between the axion and the gluon 
force carriers of the strong nuclear force. There are two ways of 
achieving this. In one class of axion models, the Standard Model 
quarks are charged under the PQ symmetry (23, 24): These models 
have N = 6. This means that we have to add an extra Higgs doublet 
to the model to allow all of the Standard Model interactions to obey 
the PQ symmetry. In another class of models, we instead add extra 
heavy, electrically neutral quarks to the theory (25, 26). Only these 
extra quarks are charged under the PQ symmetry: The canonical 
version of this model has N = 1. The precise values of the axion’s 
mass and interaction strengths depend on these details of the model 
(see the Supplementary Materials).

Interactions
The axion does interact not only with quarks and gluons but also 
with the other particles in the Standard Model. We know that these 
interactions must be very weak for the axion to have evaded detec-
tion so far.

Particle interactions are governed by their symmetries, and the 
axion’s interactions are set by its pseudo-scalar nature. A pseudo- 
scalar field changes sign under a parity transformation, i.e., when 
looking at the universe in a mirror. If we assume that the overall 
interaction is unchanged by a parity transformation, then we find 
that only certain interactions are allowed for a pseudo-scalar 
particle. These can be expressed (schematically) by the nonrelativistic 
Hamiltonian

 H =  √ 
_

    e  0   ─  m  0        g  agg  ∫ aE · BdV +  g  aff   ℏc ∇ a ·  ̂  S  +  √ 
_

  e  0    (ℏc)   3     g  EDM   a ̂  S  · E  (5)

where a is the axion field measured in units energy; gagg is the 
axion’s coupling to photons, g (i.e., to electromagnetism), measured 
in units of inverse energy; gaff is the axion’s coupling to matter 
particles, which are fermions, f (the coupling depends on the parti-
cle in question, we write just one case for simplicity); gEDM is the 
strength of a nuclear EDM induced by the axion; E and B are 
the electric and magnetic fields; and   ̂  S   is the direction of the spin of the 
matter particle in question. e0 and m0 are the permittivity and 
permeability of free space, respectively, constants associated with 
electromagnetism; ℏ is the reduced Planck’s constant, which param-
eterizes the size of quantum effects; and c is the speed of light.

These interactions are very different from the interactions of a 
scalar particle, which can couple directly E2 − B2 (the scalar Maxwell 
term) and to the masses of matter particles. This means that light 
scalar fields can mediate extra long-range forces, and their interactions 
with Standard Model particles are therefore very tightly constrained 
by the nonobservation of these extra forces. In contrast, the couplings 
of pseudo-scalar particles to E · B and to the spins of matter particles 
(27, 28) make them much harder to detect.

What would the axion’s interactions with photons and with 
matter particles look like experimentally? Via its interaction with 
E · B, axion DM would look like an additional electrical current or 
anomalous magnetic field (29). More generally, Maxwell’s equations 
of electromagnetism are modified by the addition of the axion field. 
Further details on how axions modify Maxwell’s equations of 
electromagnetism are discussed in the companion experimental 
review. Via its coupling to nuclear and electron spins, axion DM 
would cause these spins to precess, as they would in a magnetic 
field, but now with an anomalous magnetization caused by the 
invisible presence of the axion field (30, 31).

What are the strengths of the axion’s interaction with Standard 
Model particles? How large are the coupling constants gi in the 
Hamiltonian (Eq. 5)? We know that the interactions must be very 
weak, or we would have found axions already. We expect the axion’s 
couplings to be inversely proportional to the scale of symmetry 
breaking

   g  i   ∼   1 ─  f  a       (6)

This is a consequence of one of the most fundamental ideas in 
particle physics, namely, effective field theory (32), which tells us to 
expect the axion’s interactions to scale inversely with the energy 
scale at which the symmetry giving rise to it originates. As this 
energy fa could be very high, the axion’s interactions could be very 
weak, as required by the experimental constraints. Comparing 
Eqs. 3 and 6, we see that the axion’s couplings obey

   g  i   ∝  m  a    (7)

This is true for most models of the QCD axion, whose couplings 
are generally proportional to its mass, although this relationship 
can be broken in some specific models of the QCD axion. In addi-
tion, as we will see later, the axion is just one particle in the broader 
class of ALPs discussed in more detail below. These ALPs need not, 
in general, solve the strong CP problem or couple to gluons. This 
means that their mass could take any value and need not be propor-
tional to their couplings, and the constants of proportionality differ 
wildly for different ALPs. ALPs could therefore be very weakly 
coupled and hence extremely difficult to detect experimentally. 
Alternatively, nature may provide us with more strongly coupled 
ALPs that can be detected more readily, as discussed below. By 
contrast, for a canonical QCD axion of a given mass, we can predict 
the approximate size of the couplings to Standard Model particles, 
providing a definite target for experimental searches. Further details 
are given in the Supplementary Materials.

The interaction between DM axions or ALPs with particles and 
forces in the Standard Model leads to a wide variety of ways to 
search for them. Initially, in the 1980s up to 2010 or so, experiments 
were few and far between. There was just one viable method, the 
microwave cavity haloscope, and the axion interactions are too 
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Quantum spin metrology
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• Alkali-metal atoms    K，Rb，Cs

• Hyperpolarized noble gas 3He，129Xe

! = #$

Precision limit!%! = &
'( )*+,

• !"#$%&'$(&")*+-
• ,-./0%+"1+23&)2*+.
• 43&)+%0#$5$(&")*T0

• Alkali metal atoms: Well-developed pump and probe techniques
• Noble gas: Long coherence time ( >10 s )
• Spin exchange interactions via collisions (Allow information

transfer between them)

Why we choose alkali metal atoms/noble gas？
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Coherence time (!"∗)

3He: I=1/2, T2 >1 h, abundance: 0.01%
129Xe: I=1/2, T2~20 s, abundance: 26.4%

131Xe: I=3/2, T2~5 s, abundance: 21.2%

83Kr: I=9/2, abundance: 83%

21Ne: I=3/2, abundance: 21%



Atomic magnetometer 
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polarization fraction depends on the pump power, detuning, and alkali metal density.  A 
magnetic field perpendicular to the pump beam causes the collective magnetic moment of the 
atoms to reorient.  As a result, the index of refraction of the atomic gas changes.  This change in 
optical properties is measured by detecting the optical rotation of a linearly polarized “probe” 
laser beam typically oriented perpendicular to the pump beam.  Because the measured optical 
rotation is linear in magnetic field, the output signal acts as a magnetic field discriminator. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
The dymamics of the atomic polarization P, from which arises the magnetic sensitivity, are 
described in the equation 
 
 
                                                                                                                          .                                                         
 
The first term describes diffusion, with diffusion constant D, of the alkali metal atoms through a 
helium buffer-gas which is typically added to vapor cells at a pressure near atmospheric pressure.  
The buffer gas slows the polarized atoms’ trajectory to the glass vapor cell wall where their 
polarization is reoriented randomly.  The second results in the precession of the polarization with 
gyromagnetic ratio Ȗ in the presence of a magnetic field B.  The third term represents the optical 
pumping at a rate R along the direction of photon spin s.  The fourth term describes how the 
optical pumping beam destroys the coherence of P.  Finally, the fifth term encapsulates all other 
decoherence processes such as atomic collisions.   

 

Figure 2: Principle of operation of an atomic magnetometer 
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Spin dynamics

2

FIG. 1. 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 are demonstrated in these two systems. Finally, various applications including magnetic-field sensing and searches
for new physics are demonstrated.

where l is the optical path length, re is the classical radius of
the electron, c is the speed of light, f is the oscillator strength,
D(V ) = (V �V0)/[(V �V0)2 +(DV/2)2], V is the frequency
of the probe beam, and DV is the full-width at half-maximum
(FWHM) of the optical transition of frequency V0.

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 equations16,18,19,

∂Pe

∂ t
=

ge

Q
(B0

z ẑ+Ba +bMn
0 Pn)⇥Pe +

Pe
0 ẑ�Pe

{T2e,T2e,T1e}Q
,(2)

∂Pn

∂ t
= gn(B0

z ẑ+Ba +bMe
0Pe)⇥Pn +

Pn
0 ẑ�Pn

{T2n,T2n,T1n}
, (3)

where Pe (Pn) is the polarization of alkali-metal electrons
(noble-gas nuclei), ge (gn) is the gyromagnetic ratio of a
bare electron (noble-gas nuclei), Ba is the external oscillat-
ing magnetic field, Me

0 (Mn
0 ) is the magnetization of alkali-

metal (noble-gas) spins with unity polarization, T1n (T2n) is the
longitudinal (transverse) relaxation time of noble-gas spins,
and T1e(T2e) is the longitudinal (transverse) relaxation times
of alkali-metal spins. Te(T1e ⇡ T2e) can be regarded as the
common relaxation time without distinction here. The factor
Q is the slowing-down factor of alkali-metal atoms depending
on the polarization. Because Pe

z is much larger than the trans-
verse components Pe

x and Pe
y , Q primarily depends on Pe

z ⇡ Pe
0 .

Therefore, Q can be approximated as a constant.
Due to the Fermi-contact interactions between alkali-metal

electrons and noble-gas nuclear spins, an effective field
bMe,n

0 Pe,n is induced by the polarization Pe,n, where b =
8pk0/3 and k0 is the Fermi-contact factor. Due to bMe

0Pe ⌧
bMn

0 Pn, we thus neglect the bMe
0Pe term. As a result, the

coupled Bloch equations in Eqs.2 and 3 can be simplified to

∂Pe

∂ t
=

ge

Q
(B0

z ẑ+Ba+bMn
0 Pn)⇥Pe +

Pe
0 ẑ�Pe

TeQ
, (4)

∂Pn

∂ t
= gn(B0

z ẑ+Ba)⇥Pn +
Pn

0 ẑ�Pn

{T2n,T2n,T1n}
. (5)

The solution of the coupled Bloch equations 4 and 5 gives
the performance of the noble-gas spin system. The evolution
of Pn in Eq. 5 is independent on Pe and thus can be calcu-
lated independently. In the following, we consider the re-
sponse of noble-gas spins to a weak external oscillating field
Ba =Ba cos(2pnt)ŷ 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 refs.16,18,19,24).

A. Spin dynamics without a periodically driving field

We first solve the evolution of noble-gas nuclear spins un-
der a bias field B0

z along z and an oscillating magnetic field
Ba = Ba cos(2pnt)ŷ from Eq. 5. With rotating-wave approxi-
mation and Bn

eff = bMn
0 Pn, we can derive the steady-state ef-

fective field experienced by alkali-metal atoms as16,18,19,24

Bn
eff =

1
2

bMn
0 Pn

0 gnBa

⇢
T2n cos(2pnt)+2pdnT 2

2n sin(2pnt)
1+(gnBa/2)2T1nT2n +(2pdn)2T 2

2n
x̂

+
T2n sin(2pnt)�2pdnT 2

2n cos(2pnt)
1+(gnBa/2)2T1nT2n +(2pdn)2T 2

2n
ŷ
�

(6)

where dn = n �n0 is the detuning of the external oscillating
field with respect to the Larmor frequency of noble-gas nu-
clear spins n0 = gnB0

z/(2p). The total magnetic field Btot on
87Rb detected can be written as

Btot = Bn
eff +Ba cos(2pnt)ŷ. (7)

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

We now solve for the evolution of alkali-metal spins from
Eq. 4. In the experimental configuration, the x component of
alkali-metal polarization Pe

x is detected with a probe beam (see
Eq. 1). T hus, we only need obtain the explicit expression of

Coupled Bloch equations 
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FIG. 1. 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 are demonstrated in these two systems. Finally, various applications including magnetic-field sensing and searches
for new physics are demonstrated.
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The solution of the coupled Bloch equations 4 and 5 gives
the performance of the noble-gas spin system. The evolution
of Pn in Eq. 5 is independent on Pe and thus can be calcu-
lated independently. In the following, we consider the re-
sponse of noble-gas spins to a weak external oscillating field
Ba =Ba cos(2pnt)ŷ 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 refs.16,18,19,24).

A. Spin dynamics without a periodically driving field

We first solve the evolution of noble-gas nuclear spins un-
der a bias field B0

z along z and an oscillating magnetic field
Ba = Ba cos(2pnt)ŷ from Eq. 5. With rotating-wave approxi-
mation and Bn
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where dn = n �n0 is the detuning of the external oscillating
field with respect to the Larmor frequency of noble-gas nu-
clear spins n0 = gnB0

z/(2p). The total magnetic field Btot on
87Rb detected can be written as
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We now solve for the evolution of alkali-metal spins from
Eq. 4. In the experimental configuration, the x component of
alkali-metal polarization Pe

x is detected with a probe beam (see
Eq. 1). T hus, we only need obtain the explicit expression of

Fermi-contact factor

Polarized noble-gas nuclear spins 
generate an effective field experienced by 
alkali-metal atoms due to the Fermi-contact 
interactions 

~ 540 (Rb+Xe)
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At least two orders of 
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Jiang et al., Nature Physics (2021). DOI: 10.1038/s41567-021-01392-z

To be measured
magnetic field Xe amplifier Rb detector

128 Ba

Amplification factor:

!" = 1
%&' (T*+
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quency n :

(1) On-resonance case: when n ⇡ n0, the effective field Bn
eff

reaches a maximum and could be much larger than the
oscillating field amplitude Ba, as shown in Fig. 4(a).

(2) Near-resonance case: the effective field increases when
the frequency of the oscillating field frequency n be-
comes close to the Larmor frequency n0. Thus, there is
a frequency bandwidth for the spin-based amplifier.

(3) Far-off-resonance case: when dn � 0, the term
(2pdn)2T 2

2n is dominant in Eq. 6. In this situation,
the effective field Bn

eff generated by noble-gas nuclear
spins is negligible and the applied oscillating field
Ba cos(2pnt)ŷ is dominant, as shown in Fig. 4(b).

B. Spin dynamics with a periodically driven AC field along

z axis

When an additional magnetic field Bac cos(2pnact)ẑ along
z periodically driving the noble-gas spin system, the to-
tal magnetic field experienced by noble-gas nuclear spins
B = Ba cos(2pnt)ŷ+[B0

z +Bac cos(2pnact)]ẑ. This realizes
a Floquet system with time-dependent Hamitonians H (t +
T ) = H (t)28,29. The periodically driving makes the time-
independent system to be a dressed spin system17, which is
characterized by a series of time-independent Floquet states
and energy levels that are analogous to the Brillouin-zone ar-
tificial dimension30. Similarly, by solving the evolution of
noble-gas nuclear spins from Eq. 5 with the weak field approx-
imation gnBa/2 ⌧ 1/T1n, we obtain the steady-state effective
field experienced by alkali-metal atoms as16,18,19,24

Bn
f,eff = bMn

0 Ba{
+•

Â
l=�•

+•

Â
k=�•

Bk,l(u,n)cos[2p(n + lnac)t]

+Ak,l(u,n)sin[2p(n + lnac)t]},
(10)

where the coefficients Ak,l(u,n) and Bk,l(u,n) are

Ak,l(u,n)=
gnPn

0 T2nJk+l(u)Jk(u)
2

1
1+[2p (kvac �dn)T2n]

2 ,

Bk,l(u,n)=
gnPn

0 T2nJk+l(u)Jk(u)
2

2p (kvac �dn)T2n

1+[2p (kvac �dn)T2n]
2 ,

(11)

where the modulation index u = (gnBac)/nac and Jk is the
Bessel function of the first kind. The physical meaning of
these equations is that the transition amplitudes are propor-
tional 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 in-
trinsic two-level nuclear spin system (e.g., 129Xe) is extended
to an infinite number of synthetic and time-independent en-
ergy levels. |±,ni = |±i ⌦ |ni is introduced as the basis
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FIG. 4. Relationship between the effective magnetic field Bn
eff and

the oscillating field frequency n . (a) When the oscillation frequency
n of an external magnetic field matches the 129Xe Larmor frequency,
the 129Xe spin magnetization is tilted away from the z axis and
generates an transverse effective field Bn

eff on 87Rb atoms. Due
to the Fermi-contact interaction, the amplification factor defined as
h = |Bn

eff/Ba � 1| enables significant amplification of the signal
from the external magnetic field. (b) In far-off-resonant case, 129Xe
spin magnetization is nearly unchanged along z and thus Bn

eff ⇡ 0.
Adapted and reprinted with permission from ref.16.

states, where n signifies the radio frequency photon number of
the driving field, and |±i denotes the eigenstates of the two-
level spin system sz. The Floquet transition between | "in
and | #im states correspond to an oscillating field with the fre-
quency of n0 +knac (here k = n�m), which forms a sideband
around the 129Xe Larmor frequency. Based on Eq. 10 and
the Lorentz factor in Eq. 11, the response of the Floquet sys-
tem reaches the local maximum in resonant case knac = dn ,
which indicates multiple resonance can be realized, as shown
in Fig. 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 ad-
vanced quantum amplification beyond ordinary systems with
improved performance, for example, in operation bandwidth
and frequency tunability.
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Magnetic interaction

External readout (dipole field)

Jiang et al., Nature Physics 17, pages 1402–1407 (2021)

Fermi contact readout

Nuclear spins Alkali-metal spins
Noble-gas + alkali-metal

overlapping spins

èLarge Fermi-contact enhancement (~600 for Rb-Xe)
èWithout spin polarization loss
èContinous measurement

Spin amplifier: Amplification of magnetic field
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Magnetic field is 
amplified by a factor 

of more than 100!

Femtotesla-level 
sensitivity!

Jiang et al., Nature Physics 17, pages 1402–1407 (2021)
1fT=10-15T

Ultrasensitive magnetic field sensing

2pT/Hz1/2

2 orders of magnitude 

18 fT/Hz1/2
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Periodically driven (Floquet) spin systems
5
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b

FIG. 5. (a) Energy levels of a periodically driven two-level system
(the Floquet system). (b) The corresponding Floquet states and mul-
tiple rf photon transitions. Adapted and reprinted with permission
from ref.17, Copyright @ 2021 American Association for the Ad-
vancement of Science.

III. NOBLE-GAS AMPLIFICATION EFFECT

Measuring weak electromagnetic and hypothetical fields
assisted by quantum amplification is important for funda-
mental physics and practical applications including low-
noise masers31,32, ultra-sensitive magnetic resonance spec-
troscopy33, weak field and force measurements34. In the
noble-gas system, the resonant oscillating field can induce an
oscillating noble-gas nuclear magnetization, which can gen-
erate a considerable effective magnetic field Bn

eff or Bn
f,eff on

alkali-metal atomic spins, which could be much larger than
the applied oscillating field Ba. Due to the weak coupling
during collisions (Fermi-contact interactions) between alkali-
metal electron spins and noble-gas nuclear spins2, the nuclear
spins can function as an amplifier for the resonant magnetic
field and the electron spins act as an atomic magnetometer to
measure the enhanced field. To quantify the amplification ef-
fect, we define an amplification factor:

h = |Bn
eff/Ba|; h f = |Bn

f,eff/Ba|, (12)

for the inherent and Floquet systems, respectively.

A. Spin amplification

We first derive the amplification factor h on resonance for
the inherent system. When (gnBa/2)2T1nT2n ⌧ 1, the spin-

based amplifier works in the sensitive linear-response regime
and Bn

eff in Eq. 6 can be written as

Bn
eff(n = n0) =

1
2

bMn
0 Pn

0 gnT2n[cos(2pnt)x̂+ sin(2pnt)ŷ]Ba.

(13)
Thus the effective field Bn

eff is a circularly polarized field and

its amplitude is equal to
1
2

bMn
0 Pn

0 gnT2n ·Ba. As a result, the
amplification factor is

h =
1
2

bMn
0 Pn

0 gnT2n. (14)

From Eq. 14, there are various methods to increase the ampli-
fication factor, such as prolonging relaxation time T2n and im-
proving equilibrium polarization Pn

0 . Based on the calculation
in refs. 16,18,19, the amplification factor can be as large as 104

in a 3He-K system. The sensitivity of 3He-K magnetometer
can be improved by four orders of magnitude and potentially
reach a few aT/Hz1/2.

The amplification factor h is experimentally calibrated by
the following steps:

(i) A resonant oscillating field is applied along y. The out-
put signal of alkali-metal magnetometer is recorded and
its amplitude

A(Bn
eff) µ Pe

x (Bn
eff) µ h 1p

[(B0
z )

2 +(DB)2]
Ba. (15)

Due to the exact Larmor frequency is generally un-
known without prior calibration, an alternative way is
to scan the oscillating field frequency over a small fre-
quency range, corresponding to the narrow bandwidthp

3L of the spin-based amplifier from the on-resonant
effective field

|Bn
eff| µ L/2p

(dn)2 +(L/2)2
. (16)

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

A(Baŷ) µ Pe
x (Baŷ) µ DB

[(B0
z )

2 +(DB)2]
Ba. (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
F(n0) = A(Bn

eff)/A(Baŷ), we have

h = F(n0)/

s

1+
✓

n0

gnDB

◆2
. . (18)

Figure 6(a) shows the experimental results for the
frequency-response of the 87Rb magnetometer and the cali-
bration of the spin amplification factor in the 87Rb-129Xe sys-
tem. In the experiments, the bias field B0

z is set as ⇡ 759 nT

Floquet levels/Floquet states

Many Floquet
transitions

Extended to a 
series of

Floquet states

One transition

Two-level spin 
system



25

Floquet spin amplification

Jiang et al., PRL 128, 233201 (2022)

10 times improvement in
the detection range,
fT/Hz1/2 detect sensitivity

Editors’suggestion

Amplification factor:
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飞特斯拉（fT）级别的自旋传感装置
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A feedback mechanism 

Spin amplifier Spin Maser

Coherent spin 
oscillations

“Atomic clocks”

Noble-gas masing effect
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FIG. 9. Experimental test for damping feedback mechanism in
129Xe-87Rb system. (a) Measured free decay 129Xe signals for dif-
ferent feedback gains (corresponding to different Td). Here the spin
population Pz and the feedback gain c are initially set as Pz> 0, c<0
or Pz< 0, c>0. Td is well determined by corresponding decay time
T2 with ⇠ p

15 excitation angle. (b) Transient maser operations after
flipping ⇠ p angle, inducing the inversion of 129Xe spins popula-
tion. The decay signal can be fitted with a hyperbolic secant function
shown in the inset. (c) Time-domain signal and spectrum of 129Xe
maser (i.e., nac = 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
ref.17, Copyright @ 2021 American Association for the Advance-
ment of Science.

maximum at t = t0 and then decreases to be zero, which can
be described by a hyperbolic secant function, as shown in
Fig. 9(b). As first reported in ref.40, this is a transient maser
when the threshold of the damping time Td/T2n ⌧ 1 is ful-

filled. However, the transient maser cannot oscillate continu-
ously because the population inversion is transient. In order
to generate stationary maser dynamics31,37,42, we can reverse
the circular polarization of pump laser, or alternatively reverse
the sign of the feedback gain c , and simultaneously set the
damping time smaller than the intrinsic decoherence time (i.e.,
Td/T2n < 1).

(2) When Pn
z > 0, c > 0 or Pn

z < 0, c < 0 and Td/T2n < 1,
stationary maser dynamics is generated. Under these condi-
tions, coupling of the spins to the damping feedback circuit
can produce a self-sustained masing signal33,41. The station-
ary solution of equation 24 can be obtained as

Pn
x =

s

(1/T1n + gse)

✓
1
Td

� 1
T2n

◆
TdPn

0 cos2pn0t,

Pn
y =

s

(1/T1n + gse)

✓
1
Td

� 1
T2n

◆
TdPn

0 sin2pn0t.

(27)

Equation 27 represents that the noble-gas nuclear spins pro-
cess at the frequency n0 with a non-attenuating amplitude and
forms a steady maser. Figure 9(c) shows the time-domain
masing signal and spectrum of the 129Xe maser measured in
129Xe-87Rb system. Based on numerical simulations, we find
that small transverse polarization component caused by mis-
alignment or quantum fluctuation is sufficient for activating
the maser.

B. Floquet spin maser

We now consider the spin dynamics of the Floquet spin sys-
tem, i.e., Bac 6= 0, under the damping feedback field. The Flo-
quet system can be treated as a time-independent one with an
infinite set of energy levels, shown in Fig. 5(a). The key to a
maser based on Floquet systems is the preparation of spin pop-
ulation between those Floquet states. In our experiments, pop-
ulations between Floquet states (|+in and |�im) of the Floquet
nuclear spins can be continuously prepared through the noble-
gas spin-exchange collisions. The threshold of Td/T2n < 1 is
satisfied by adjusting the feedback gain c . When the feedback
circuit is suddenly on, a feedback Bf(t) is induced by the Flo-
quet system itself and oscillates with the frequencies of Flo-
quet sidebands. The feedback field produces a torque on the
spins that changes spin polarization33,41. This self-coupling
can lead to stimulated Rabi oscillations between the Floquet
states |+in and |�im and a steady-state maser oscillation is
build up. For different Floquet states pair n,m, the maser os-
cillation frequency is En,m/2p = (n�m)nac +n0.

Recently, the first experimental demonstration of a “Flo-
quet maser” is successfully achieved with periodically driven
129Xe spins17. The experimental results are shown in
Fig. 10(a) and (b). In contrast to conventional masers exploit-
ing inherent transitions28,33, the Floquet maser oscillates at
the frequencies of transitions between Floquet states. Multi-
frequency ultrahigh-resolution spectra of the maser are ob-
served with the bandwidth 0.3 mHz, which is two orders
of magnitude narrower than the decoherence-limited resolu-
tion. Compared to conventional masers, the Floquet maser

Radiation Damping

Spin amplification combines with a !cavity-like"feedback

feedback



Spin amplification combines with a feedback

28

C. Townes G.Basov M. Prokhorov N. F. Ramsey

Radio
frequency

（feedback Coils）

Microwave
frequency
（Cavity）

Optical
frequency

（Optical cavity）

Nobel Prize: Maser and atomic clock
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traditional maser

Floquet maser

Jiang et al. Floquet maser, Science Advances 7，eabe0719（2021）

Extended to a 
series of

Floquet states

Pseudo-magnetic 
field from particles

Two-level spin 
system

Periodically driven (Floquet) spin maser



频率梳~130
条跃迁线

30

Periodically driven (Floquet) spin maser
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Jiang et al.  Science Advances 7，eabe0719（2021）

Best sensor for 1-100mHz！

S" ∝ J"(
γB()
υ()

) ≈ γ
2υ()

B()

1-1000mHz!axion-mass 10-17eV-10-14eV

Floquet-maser-based sensing
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!Science"Perspectives reports#
$… demonstrate a new type of maser…

Conceivable applications of this work include 
precision clocks and detection of ultralight dark 

matter particles such as axions”



Spin amplification

33

fT/Hz1/2
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Outline
• Dark Matter and Axion!What is it and Why now?
• Quantum sensors! How to see it?  
• Noble-gas spin systems: intrinsic systems vs. 

Floquet systems
• Noble-gas spin amplification effect
• Noble-gas spin Masing effect

• Dark matter searches with spin-based-amplifier 
magnetometers
• Axion dark matter
• Exotic interactions mediated by new particles 

(the fifth force)
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Spin Amplifier for Particle PHysIcs Research

“Sapphire” project
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“蓝宝石”计划：
自旋放大、fT灵敏度、
阵列探测、桌面式

!

间接探测：
新奇相互作用

新粒子作为传播子

!

"#

直接探测：
暗物质候选粒子
轴子、暗光子

Spin Amplifier for Particle PHysIcs Research

Sapphire project （“蓝宝石”计划）



Direct detection for ALP

37

Resonance frequency probes the mass  mALP
Amplitude BALP probes the coupling value of gaNN

More sensitive detector  Smaller coupling gaNN

Lighter mass mALPLower-frequency detector  

Goal: to detect an oscillating nuclear-spin-dependent energy 
shift caused by the weak coupling between Spin and Axion



Beyond the astrophysical limits

38
Jiang et al., Nature Physics 17, pages 1402–1407 (2021)

New constraints on axion-neutron coupling



Beyond the astrophysical limits

39
Jiang et al., Nature Physics 17, pages 1402–1407 (2021)

At least five orders of magnitude improvement, 
beyond the astrophysical limits
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Exotic interactions beyond the standard model

B. A. Dobrescu I. Mocioiu

Extend axion to new mediator 
bosons and lead to 16 interactions

B. Dobrescu, I. Mocioiu, JEHP 11, 005 (2006)
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“Spin source” “Spin sensor”

Energy shift

Coupling to be measured

More sensitive detector  Smaller coupling  f

Exotic (pseudo-magnetic) field

How to see it？

Electron!
Proton!
Neutron!
nucleon

Noble-gas
spin amplifier

xeon-129:
~70% neutron
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Searched exotic interactions in our study

Unpolarized nucleon
(BGO crystal)

polarized electron/proton
(rubidium vapor)

polarized electron/proton
(rubidium vapor)

V3 exp. V11 exp. V4,5 and V12,13 exp.

force mediator: axion force mediator: Z’ bosons



Various spin sources
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II: BGO crystal
high nucleon density
Non-magnetic effect

Nucleon-neutron coupling

I: electron/proton (Rb) vapor
high polarization
Short force range (small size)

Electron/proton-neutron coupling

Develop spin sources for different exotic interaction searches
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Resonant detection with spin amplifiers

Static exotic field

Modulating spin 
polarization

Modulating the 
distance between 
spin source and 

sensor

Oscillatory field

Resonantly searches
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Searches for an axion-mediated interaction
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Axion-mediated dipole-dipole interaction

axion window High-temperature QCD
SMASH model

Axion string networks 

Axion window
10 ;eV ~ 1 meV,
≲ 2cm force range

Axion mass ,- (eV) 

Spurious dipole field: Search remains challenging in the axion window 
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How to shield the spurious ordinary field?

Axion window
Mass range       Force range

10 #eV ~ 1 meV 0.2 mm ~ 20mm

High-permeability materials: #-metal

Meter scale Centimeter scaleDecimeter scale

Y. Wang, H. Su, M. Jiang†, X. Peng† et al., PRL 129, 051801 (2022)
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Spurious dipole field is suppressed at least ~104

!"#

How to shield the spurious ordinary field?

Y. Wang, H. Su, M. Jiang†, X. Peng† et al., PRL 129, 051801 (2022)
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Search for an axion-mediated interaction

Polarized 
electron

Neutron-electron
interaction

Resonantly search for the 
exotic interaction between 

electron and neutron

Y. Wang, H. Su, M. Jiang†, X. Peng† et al., PRL 129, 051801 (2022)
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Search for an axion-mediated interaction

The most stringent constraints on !"#!"$ within the 
axion window

Y. Wang, H. Su, M. Jiang†, X. Peng† et al., PRL 129, 051801 (2022)
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arXiv:2205.07222 (2022); under review in Science Advances

Search for exotic parity-violation interactions

+

Parity-odd spin-spin interaction mediated by Z" boson
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Search for exotic parity-violation interactions

Experimental setup

arXiv:2205.07222 (2022); under review in Science Advances



Constraints on electron-neutron coupling 
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A five-order-of-magnitude improvement

arXiv:2205.07222 (2022); under review in Science Advances



Constraints on proton-neutron coupling 
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p – valence protons within the Rb nuclei in the source

n – valence neutrons within the Xe nuclei in the sensor

arXiv:2205.07222 (2022); under review in Science Advances
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Search for exotic spin-dependent interactions

H. Su,Y. Wang, M. Jiang†, X. Peng† et al. Science Advances 7, eabi9535 (2021).

Velocity dependence

Spin-1 
Z’ bosons

!"Spin sensor # Moving Mass
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5.25Hz

Search setup
Spin-mass coupling

129Xe

H. Su*,Y. Wang*, M. Jiang#, X. Peng# et al. Science Advances 7, eabi9535 (2021).

Rotator

BGO
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Constraints on spin-dependent interactions

At least 2 orders of magnitude 
improvement on constraints on Z’boson

H. Su,Y. Wang, M. Jiang†, X. Peng† et al. Science Advances 7, eabi9535 (2021).
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SAPPHIRE projected sensitivity

3He-K spin amplifier Solid-state spin source

4 orders of magnitude improvement 1018 cm-31014 cm-3

8 orders of magnitude improvements are ongoing!
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正在开展: aT级别弱磁测量新方法和技术

普林斯顿160aT/Hz1/2 北航680aT/Hz1/2

核心挑战：弱磁探测响应机理，厘清经典/量子噪声机制及抑制技术

基于原子自旋新效应：
自旋量子放大
自旋协同效应
多体量子相变等

发展超低噪声器件及噪声抑制技术：
高性能原子气室设计和加工
（高气压、长寿命、低漏率）
超导屏蔽技术、超稳激光等

aT测量技术：开启科学新大门

新方法 新技术

亟需突破

国际公开报道最高指标
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正在开展: “蓝宝石”计划及暗物质测量网络

提高灵敏度 ∝ 1/ N 显著降低报警率∝ pN 结构信息

空间站、月球与深空USTC： 1台 USTC：4台 4个城市：5台

ü 研究趋势：从单个传感器到阵列式；从单一类型到多种类型

!"#$%&'()*2021-2024+

建成5台探测器阵列（合肥，杭州，苏州，哈尔滨）
已完成2个月数据采集和分析，即将公布结果！

2022年2021年2019-2020年 2022-

“蓝宝石”计划发展规划
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Develop sensitive 
spin amplifier for 
particle physics 
(SAPPHIRE)

!

Exotic fifth force 
between SM 

particles

!

"#

Search for axions, 
axion-like 

particles, dark 
photon

Summary
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