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第一部分： 自旋和自旋磁共振

传统高场NMR 零场-超低场NMR 单分子NMR 



内容摘要

第二部分：自旋量子精密测量

p 量子精密测量

p 原子磁力仪

p Rb-Xe磁力仪
p NV磁力仪
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"测量是科学的眼睛和手段”
- 伽利略

"科学是从测量开始的"       
- 门捷列夫

测量是科学发展的第一推动力
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精密测量是推动人类文明进步的重要引擎

• 对时间、质量、磁场、温度、压⼒等物理量精密测量是⾃然学
科的重要基⽯

• 每次测量精度极限的突破，都⾰命性的改变⼈类的⽣活⽅式，
推进⼈类⽂明进步

指南针：催动了航海时代的
地理⼤发现

磁共振成像：已经成为医疗健康必不
可少的检测设备，惠及万千民众

硬盘存储：信息时代必不
可少的信息存储单元

10-5 10-6 10-7 10-8 10-9 10-10 

磁场强度

单位：特斯拉

以磁场测量为例：



经典测量极限

由于经典探测器构筑于宏观经典体系，因此测量灵敏度受到其本底噪

声（包括热噪声、环境噪声等等）的制约。

an unbiased estimator and ν independent measurements, the
Cramér-Rao bound reads

Δθ ≥ ΔθCR ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffi
νFðθÞ

p ; ð6Þ

where
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is the Fisher information (Fisher, 1922, 1925), the sum
extending over all possible values of μ. The factor 1=

ffiffiffi
ν

p

in Eq. (6) is the statistical improvement when performing
independent measurements on identical copies of the probe
state. The Cramér-Rao bound assumes mild differentiability
properties of the likelihood function PðμjθÞ and thus holds
under very general conditions3; see, for instance, Kay (1993).
No general unbiased estimator is known for small ν. In the
central limit ν ≫ 1 at least one efficient and unbiased
estimator exists in general: the maximum of the likelihood;
see Sec. II.B.5.

2. Lower bound to the Fisher information

A lower bound to the Fisher information can be obtained
from the rate of change with θ of specific moments of the
probability distribution (Pezzè and Smerzi, 2009):

FðθÞ ≥ 1

ðΔμÞ2

"
dμ̄
dθ

#
2

; ð8Þ

where μ̄ ¼
P

μPðμjθÞμ, and ðΔμÞ2 ¼
P

μPðμjθÞðμ − μ̄Þ2.
The Fisher information is larger because it takes into account
the change with θ of the full probability distribution, rather
than some moments.
Lower bounds to the Fisher information can also be

obtained from reduced probability distributions. These are
useful, for instance, when estimating the phase shift encoded
in a many-body distribution from the reduced one-body
density, e.g., from the intensity of a spatial interference pattern
(Chwedeńczuk et al., 2012). One finds

FðθÞ ≥ NF1ðθÞ
1þ ðN − 1ÞC=F1ðθÞ

; ð9Þ

where

F1ðθÞ ¼
Z
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1

P1ðxjθÞ

"
dP1ðxjθÞ

dθ

#
2

is the Fisher information corresponding to the one-body
density P1ðxjθÞ, and the coefficient

C ¼
Z

dx1

Z
dx2

P2ðx1; x2jθÞ
P1ðx1jθÞP1ðx2jθÞ

dP1ðx1jθÞ
dθ

dP1ðx2jθÞ
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further depends on the two-body density P2ðx1; x2jθÞ.
Note that C ¼ 0 in the absence of correlations, namely,
P2ðx1; x2jθÞ ¼ P1ðx1jθÞP1ðx2jθÞ, and in this case Eq. (9)
reduces to FðθÞ ≥ NF1ðθÞ.

3. Upper bound to the Fisher information: The quantum Fisher
information

An upper bound to the Fisher information is obtained by
maximizing Eq. (7) over all possible generalized measure-
ments in quantum mechanics (Braunstein and Caves, 1994),
FQ½ρ̂θ& ¼ maxfÊgFðθÞ, called the quantum Fisher information
(see footnote 2 for the notion of generalized measurements and
their connection to conditional probabilities). We have
FðθÞ ≤ FQ½ρ̂θ&, and the corresponding bound on the phase
sensitivity for unbiased estimators and ν independent mea-
surements is

ΔθCR ≥ ΔθQCR ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
νFQ½ρ̂θ&

p ; ð11Þ

called the quantum Cramér-Rao bound (Helstrom, 1967). The
quantum Fisher information and the quantum Cramér-Rao
bound allow one to calculate the optimal phase sensitivity of
any given probe state and interferometer transformation; for
recent reviews, see Paris (2009), Giovannetti, Lloyd, and
Maccone (2011), Pezzè and Smerzi (2014), and Tóth and
Apellaniz (2014). The quantum Fisher information can be
expressed as the variance FQ½ρ̂θ& ¼ ðΔL̂Þ2 of a θ-dependent
Hermitian operator L̂ called the symmetric logarithmic deriva-
tive and defined by ∂θρ̂θ ¼ ðρ̂θL̂þ L̂ρ̂θÞ=2 (Helstrom, 1967,
1976; Holevo, 1982). A general expression of the quantum
Fisher information can be found in terms of the spectral
decomposition of the output state ρ̂θ ¼

P
κqκjκihκj where

both the eigenvalues qκ ≥ 0 and the associated eigenvectors
jκi depend on θ (Braunstein and Caves, 1994; Braunstein,
Caves, and Milburn, 1996):

FQ½ρ̂θ& ¼
X

κ;κ0
qκþqκ0>0

2

qκ þ qκ0
jhκ0j∂θρ̂θjκij2; ð12Þ

showing thatFQ½ρ̂θ& depends solely on ρ̂θ and its first derivative
∂θρ̂θ. This equation can also be rewritten as

FQ½ρ̂θ& ¼
X

κ

ð∂θqκÞ2

qκ
þ 2

X

κ;κ0
qκþqκ0>0

ðqκ − qκ0Þ2

qκ þ qκ0
jhκ0j∂θκij2: ð13Þ

The first term quantifies the information about θ encoded in qκ
and corresponds to the Fisher information obtained when
projecting over the eigenstates of ρ̂θ. The second term accounts
for the change of eigenstates with θ (we indicate j∂θκi≡
∂θjκi). For pure states, ρ̂θ ¼ jψθihψθj, the first term in Eq. (13)

3The Cramér-Rao theorem follows from
P

μ∂θPðμjθÞ ¼ 0

that implies ∂θΘ̄ ¼
P

μ½ΘðμÞ − Θ̄&∂θPðμjθÞ, and the Cauchy-
Schwarz inequality ð∂θΘ̄Þ2 ≤ ðΔθÞ2

P
μPðμjθÞ½∂θ logPðμjθÞ&2. The

equality is obtained if and only if ∂θ logPðμjθÞ ¼ λ½ΘðμÞ − Θ̄&
with λ independent on μ. Equation (6) is recovered when
∂θΘ̄ ¼ 1, using the additivity of the Fisher informationP

μPðμjθÞ½∂θ logPðμjθÞ&2 ¼ νFðθÞ.

Luca Pezzè et al.: Quantum metrology with nonclassical states of …

Rev. Mod. Phys., Vol. 90, No. 3, July–September 2018 035005-7

Cramer-Rao bound 
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Quantum Enhanced Metrology

Quantum mechanics, through the Heisenberg uncertainty principle, imposes 
limits on the precision of measurement. Conven:onal measurement techniques 
typically fail to reach these limits. Conven:onal bounds to the precision of 
measurements such as the shot noise limit or the standard quantum limit are 
not as fundamental as the Heisenberg limits and can be beaten using quantum 
strategies that employ ‘‘quantum tricks’’ such as squeezing and entanglement.

Better Performance Quantum resources:

1307www.sciencemag.org SCIENCE VOL 306 19 NOVEMBER 2004
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his special issue of Science looks at the development of precision measurement, how its tools

have been developed and adapted for better performance, and how the standards used today

may be further improved. Historically, measurements were often based on somewhat arbitrary

local units. In his Viewpoint, Ashworth (p. 1314) describes, from a British perspective, the

development of a standardized metrology as applied to weights and measures and how the

burgeoning commerce of the industrial revolution drove its development. 

Arguably, today’s most important commodity is time. Atomic clocks keep time with an accuracy of about 1

part in 10
15

and already have shown applications in everyday life, from navigation to satellite and high-speed

optical communications. With a view to improving on this, Diddams et al. (p. 1318) review the progress made

with time and frequency standards in the optical regime, where the higher operating frequency offers the

possibility of a finer time scale. [See also the Report by Margolis et al. (p. 1355), who show that the transition

frequency of a strontium ion can now be determined to within 1 hertz, and the

Research Article by Marian (published on Science Express) on using optical

frequency combs for precision spectroscopy.] 

Exploiting the recognition that the ideal way to count quantities would be in

fundamental discrete units, or quanta, was severely hampered by the lack of

technology. Standards of the fundamental units were all based on experimental

artifacts. With improved technology, combined with improved materials and

ingenious engineering, Flowers (p. 1324) reviews the recent progress toward

quantum-based standards. Quantum mechanics is one of the most sophisticated

tools available. Giovannetti et al. (p. 1330) review

theoretical and experimental work on beating the

so-called quantum limit. By playing tricks with

quantum mechanics, such as using quantum

squeezing, they show how measurement can be

improved on.

The News pages present a spectrum of the

cutting edge of metrology. Andrew Watson

describes efforts to turn measurement standards

into a counting game: counting atoms to define a

kilogram, electrons to define current and capaci-

tance, phonons for temperature, and photons for

luminosity (p. 1308). Watson also describes the

difficulties facing the semiconductor industry in

measuring and reproducing features on chips now

that they are down to a few nanometers in size

(p. 1309). Atomic clocks are already incredibly

accurate, but Robert F. Service found a group that

is pushing the decimal point further back with

some help from quantum entanglement (p. 1310). The European satellite

Hipparcos is the premier metrologist of the heavens, plotting the positions of

stars to unprecedented accuracy. Its plot of the position of the Pleiades, however,

proved to be a headache, as Govert Schilling found out (p. 1312). In an effort to

get a glimpse of lightning-fast processes inside the atom, researchers are striving

to create shorter and shorter laser pulses to provide a flash gun. The fastest pulses

are now measured in attoseconds: a billionth of a billionth of a second. But, asks

Alexander Hellemans (p. 1313), how do you measure a pulse that short?

– IAN OSBORNE AND DANIEL CLERY

Higher Standards
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量子测量突破经典测量极限

量⼦传感器

温度

磁场

压⼒

质量
量⼦测量

输出结果

基于量⼦⼒学原理，利用量⼦⼒学特性(如原⼦能级、光⼦
态或基本粒⼦的自旋)构筑新型量⼦传感器，突破经典测量
极限的灵敏探测



原子钟：时间测量从经典到量子

1945年， Rabi
原子或分子振荡
的周期相当稳定

“国际秒”

天宫
二号
空间
冷原
子钟

北斗系统 铷原子钟

300万年
差一秒

锶原子光钟：300亿年误差不超过一秒！
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我国科学家研制成功核光钟

利⽤⾃主研制的148纳⽶
连续波真空紫外激光以
及掺钍-229氟化钙晶
体，在国际上率先研制
出核光钟并实现其稳定
运⾏，将量⼦精密测量
由电⼦跃迁拓展⾄原⼦
核跃迁。
每400亿年才会出现1秒钟的误差

理论上可以做到3000亿年不差一秒

潜力精度有望逼近10-20甚至更高量级

Nature volume 658, pages903–908 (2026)

https://www.nature.com/
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LOGO：引力波探测

Laser Interferometer Gravitational-Wave Observatory (LIGO)

表彰他们在 LIGO项目和引
力波观测中的决定性的贡献



14

精密测量科学著名案例：引力波探测

2015年4月
LIGO首次直接探测

到引力波

2019年4月
利用压缩光降低量子噪声，
引力波探测数增加20%至50%

2017年8月
LIGO与VIRGO共同探

测到引力波

量子精密测量应用



General procedure

Nat Phys, 2011, 7, 406 
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Initial state Dynamic process Final state Measurement Estimator

x
est
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θ θ

a

b

Figure 1 | Set-ups for quantum parameter estimation. a, General algorithm to estimate an unknown parameter x of an arbitrary dynamical process. The

probe, prepared in a known initial state, is sent through a physical channel. A measurement is performed on the final state, from which the parameter x is

estimated. b Set-up for estimating a phase shift ✓ in an optical interferometer.

channel may be expressed in terms of Kraus operators11 ⇧̂`(x) as
⇢̂(x) = P

` ⇧̂`(x)⇢̂0⇧̂`
†(x), where ⇢̂0 is the initial value of ⇢̂ andP

` ⇧̂`
†(x)⇧̂`(x) = 1. The maximization of (1) over all possible

measurement strategies yields the so-called quantum Fisher
information F Q (refs 7,8,12,13) and the quantum generalization of
the Cramér–Rao inequality,

�x � 1/
p
⌫FQ[⇢̂(xreal)] (2)

For a closed system, evolving under a unitary transformation
Û (x) and prepared in a pure initial state ⇢̂0 = | ih |, FQ can
be expressed as14

FQ[Û (x)⇢̂0Û †(x)] = 4h1Ĥ 2i (3)

where

h1Ĥ 2i ⌘ [h |Ĥ 2(x)| i�h |Ĥ (x)| i2]

and Ĥ (x)⌘ i(dÛ †(x)/dx)Û (x). However for more general situa-
tions, where the initial state is a mixture and/or the evolution is
not governed by a unitary transformation, a closed expression for
FQ as a function of Kraus operators is unknown and finding it
remains an open problem.

Although analytic expressions for FQ have been found for some
specific classes of initial states and non-unitary processes (see, for
instance refs 15–17), in most cases only an upper bound to FQ
can be obtained. For example, when the initial state of the probe is
mixed but the quantum channel is unitary, an upper bound based
on the convexity of FQ can always be established. More recently an
upper bound to FQ, applicable to general quantum channels, was
derived in terms of Kraus operators and was shown to be attainable
for a special class of processes (‘quasi-classical’ processes)18.

Bounds for error estimation in noisy systems
We introduce here an universal upper bound to FQ, expressed in
terms of the initial state of the probe and any Kraus representation
of the quantum channel. This bound is valid for both unitary
and non-unitary processes, and it is always possible to choose a
Kraus representation such that it coincides with the quantumFisher
information. We show that this bound leads to useful analytical
approximations for the precision of parameter estimation.

Let S be the probe used to estimate a parameter of a general
dynamical process. Our strategy consists in introducing additional
degrees of freedom, which play the role of an environment E for
the system S, so that a general dynamical evolution concerning S is

transformed into a unitary evolution for S+E . The problem is thus
reduced to parameter estimation for a unitary evolution. A given
general dynamical evolution of a system S may be related to an
infinitude of unitary evolutions of an enlarged system consisting of
S plus some ‘environment’ E . Fixing the unitary evolution and the
‘environment’ E is equivalent to singling a specific representation of
Kraus operators out from the unlimited number of such represen-
tations that describe the same dynamical evolution of S alone.

The detailed calculation of this upper bound can be found
in the Supplementary Information. An outline of the derivation
is presented in the Methods section. Given an initial pure state
⇢̂0 = | ih | of a system S and an arbitrary process, which
changes the state to ⇢̂(x) ⌘ P

` ⇧̂`(x)⇢̂0⇧̂`
†(x), we get the

upper bound to FQ

CQ(⇢̂0,⇧̂`(x))= 4[hĤ1(x)i�hĤ2(x)i2] (4)

where

Ĥ1(x)⌘
X

`

d⇧̂`
†(x)

dx
d⇧̂`(x)
dx

(5)

Ĥ2(x)⌘ i
X

`

d⇧̂`
†(x)

dx
⇧̂`(x) (6)

the symbol h imeaning h•i⌘Tr[•⇢̂0].
Equations (4)–(6) show that the upper bound CQ can be

explicitly evaluated in terms of the Kraus operators describing the
quantum channel and the initial state of the probe. When the
process is unitary, CQ reduces to the quantum Fisher information,
as given by equation (3). This upper bound can also be applied
to situations with ancillas, where the initial state of the probe
is entangled with some external system. The bound is then
easily calculated from the reduced density matrix of the probe.
The attainability of this bound is demonstrated in the Methods
section, implying that

FQ[⇢̂(x)] = min
{⇧̂`(x)}

CQ[⇢̂0,⇧̂`(x)] (7)

where theminimization runs over all Kraus representations {⇧̂`(x)}
of the quantum channel.

Equation (7) leads to an interesting physical insight, within the
framework of our method: there is always an environment E such
that monitoring it together with the system S does not lead to
more information about the parameter x than that obtained by
monitoring just the system S itself. These considerations motivate

NATURE PHYSICS | VOL 7 | MAY 2011 | www.nature.com/naturephysics 407

Quantum parameter estimation 
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Figure 1 | Set-ups for quantum parameter estimation. a, General algorithm to estimate an unknown parameter x of an arbitrary dynamical process. The

probe, prepared in a known initial state, is sent through a physical channel. A measurement is performed on the final state, from which the parameter x is

estimated. b Set-up for estimating a phase shift ✓ in an optical interferometer.

channel may be expressed in terms of Kraus operators11 ⇧̂`(x) as
⇢̂(x) = P

` ⇧̂`(x)⇢̂0⇧̂`
†(x), where ⇢̂0 is the initial value of ⇢̂ andP

` ⇧̂`
†(x)⇧̂`(x) = 1. The maximization of (1) over all possible

measurement strategies yields the so-called quantum Fisher
information F Q (refs 7,8,12,13) and the quantum generalization of
the Cramér–Rao inequality,

�x � 1/
p
⌫FQ[⇢̂(xreal)] (2)

For a closed system, evolving under a unitary transformation
Û (x) and prepared in a pure initial state ⇢̂0 = | ih |, FQ can
be expressed as14

FQ[Û (x)⇢̂0Û †(x)] = 4h1Ĥ 2i (3)

where

h1Ĥ 2i ⌘ [h |Ĥ 2(x)| i�h |Ĥ (x)| i2]

and Ĥ (x)⌘ i(dÛ †(x)/dx)Û (x). However for more general situa-
tions, where the initial state is a mixture and/or the evolution is
not governed by a unitary transformation, a closed expression for
FQ as a function of Kraus operators is unknown and finding it
remains an open problem.

Although analytic expressions for FQ have been found for some
specific classes of initial states and non-unitary processes (see, for
instance refs 15–17), in most cases only an upper bound to FQ
can be obtained. For example, when the initial state of the probe is
mixed but the quantum channel is unitary, an upper bound based
on the convexity of FQ can always be established. More recently an
upper bound to FQ, applicable to general quantum channels, was
derived in terms of Kraus operators and was shown to be attainable
for a special class of processes (‘quasi-classical’ processes)18.

Bounds for error estimation in noisy systems
We introduce here an universal upper bound to FQ, expressed in
terms of the initial state of the probe and any Kraus representation
of the quantum channel. This bound is valid for both unitary
and non-unitary processes, and it is always possible to choose a
Kraus representation such that it coincides with the quantumFisher
information. We show that this bound leads to useful analytical
approximations for the precision of parameter estimation.

Let S be the probe used to estimate a parameter of a general
dynamical process. Our strategy consists in introducing additional
degrees of freedom, which play the role of an environment E for
the system S, so that a general dynamical evolution concerning S is

transformed into a unitary evolution for S+E . The problem is thus
reduced to parameter estimation for a unitary evolution. A given
general dynamical evolution of a system S may be related to an
infinitude of unitary evolutions of an enlarged system consisting of
S plus some ‘environment’ E . Fixing the unitary evolution and the
‘environment’ E is equivalent to singling a specific representation of
Kraus operators out from the unlimited number of such represen-
tations that describe the same dynamical evolution of S alone.

The detailed calculation of this upper bound can be found
in the Supplementary Information. An outline of the derivation
is presented in the Methods section. Given an initial pure state
⇢̂0 = | ih | of a system S and an arbitrary process, which
changes the state to ⇢̂(x) ⌘ P

` ⇧̂`(x)⇢̂0⇧̂`
†(x), we get the

upper bound to FQ

CQ(⇢̂0,⇧̂`(x))= 4[hĤ1(x)i�hĤ2(x)i2] (4)

where

Ĥ1(x)⌘
X

`

d⇧̂`
†(x)

dx
d⇧̂`(x)
dx

(5)

Ĥ2(x)⌘ i
X

`

d⇧̂`
†(x)

dx
⇧̂`(x) (6)

the symbol h imeaning h•i⌘Tr[•⇢̂0].
Equations (4)–(6) show that the upper bound CQ can be

explicitly evaluated in terms of the Kraus operators describing the
quantum channel and the initial state of the probe. When the
process is unitary, CQ reduces to the quantum Fisher information,
as given by equation (3). This upper bound can also be applied
to situations with ancillas, where the initial state of the probe
is entangled with some external system. The bound is then
easily calculated from the reduced density matrix of the probe.
The attainability of this bound is demonstrated in the Methods
section, implying that

FQ[⇢̂(x)] = min
{⇧̂`(x)}

CQ[⇢̂0,⇧̂`(x)] (7)

where theminimization runs over all Kraus representations {⇧̂`(x)}
of the quantum channel.

Equation (7) leads to an interesting physical insight, within the
framework of our method: there is always an environment E such
that monitoring it together with the system S does not lead to
more information about the parameter x than that obtained by
monitoring just the system S itself. These considerations motivate

NATURE PHYSICS | VOL 7 | MAY 2011 | www.nature.com/naturephysics 407
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Fig. 1. The general procedure for a measurement process in quantum mechanics. An initial
state is sent through a physical channel and evolves into the final state under a parameter-
dependent dynamical process. Then, the final state is read out and the unknown parameter
is estimated. From Ref.52.

Û (θ). If the evolution is unitary, the density matrix for the final state is
given by,

ρ(θ) = |ψ(θ)〉〈ψ(θ)| = Û (θ)ρ0Û †(θ). (2)

Then, a measurement of a suitable observable Ô is made on the final state
|ψ(θ)〉. To successfully extract the unknown parameter θ , the observable
Ô should have θ-dependent expectation values 〈Ô〉.

If one has a prior knowledge of the evolution and the dependence of
the observable expectation 〈Ô〉 on the parameter θ , the information of the
parameter θ can be revealed according to the measurement results of the
observable Ô . According to the error propagation formula, the standard
deviation of the parameter is given by

$θ = $Ô

|∂〈Ô〉/∂θ |
, (3)

where the standard deviation of the observable is defined as

$Ô =
√

〈Ô2〉 − 〈Ô〉2 (4)

with

〈Ô〉 = 〈ψ(θ)|Ô|ψ(θ)〉, (5)

〈Ô2〉 = 〈ψ(θ)|Ô2|ψ(θ)〉. (6)

It clearly shows that the standard deviation of the parameter$θ is dependent
on θ itself. In addition, the minimum standard deviation of the parameter
$θ corresponds to the maximum slope of the expectation value with respect
to the parameter θ , |∂〈Ô〉/∂θ |.
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Fig. 1. The general procedure for a measurement process in quantum mechanics. An initial
state is sent through a physical channel and evolves into the final state under a parameter-
dependent dynamical process. Then, the final state is read out and the unknown parameter
is estimated. From Ref.52.

Û (θ). If the evolution is unitary, the density matrix for the final state is
given by,

ρ(θ) = |ψ(θ)〉〈ψ(θ)| = Û (θ)ρ0Û †(θ). (2)

Then, a measurement of a suitable observable Ô is made on the final state
|ψ(θ)〉. To successfully extract the unknown parameter θ , the observable
Ô should have θ-dependent expectation values 〈Ô〉.

If one has a prior knowledge of the evolution and the dependence of
the observable expectation 〈Ô〉 on the parameter θ , the information of the
parameter θ can be revealed according to the measurement results of the
observable Ô . According to the error propagation formula, the standard
deviation of the parameter is given by

$θ = $Ô

|∂〈Ô〉/∂θ |
, (3)

where the standard deviation of the observable is defined as

$Ô =
√

〈Ô2〉 − 〈Ô〉2 (4)

with

〈Ô〉 = 〈ψ(θ)|Ô|ψ(θ)〉, (5)

〈Ô2〉 = 〈ψ(θ)|Ô2|ψ(θ)〉. (6)

It clearly shows that the standard deviation of the parameter$θ is dependent
on θ itself. In addition, the minimum standard deviation of the parameter
$θ corresponds to the maximum slope of the expectation value with respect
to the parameter θ , |∂〈Ô〉/∂θ |.
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Û (θ). If the evolution is unitary, the density matrix for the final state is
given by,

ρ(θ) = |ψ(θ)〉〈ψ(θ)| = Û (θ)ρ0Û †(θ). (2)

Then, a measurement of a suitable observable Ô is made on the final state
|ψ(θ)〉. To successfully extract the unknown parameter θ , the observable
Ô should have θ-dependent expectation values 〈Ô〉.

If one has a prior knowledge of the evolution and the dependence of
the observable expectation 〈Ô〉 on the parameter θ , the information of the
parameter θ can be revealed according to the measurement results of the
observable Ô . According to the error propagation formula, the standard
deviation of the parameter is given by

$θ = $Ô

|∂〈Ô〉/∂θ |
, (3)

where the standard deviation of the observable is defined as

$Ô =
√

〈Ô2〉 − 〈Ô〉2 (4)

with

〈Ô〉 = 〈ψ(θ)|Ô|ψ(θ)〉, (5)

〈Ô2〉 = 〈ψ(θ)|Ô2|ψ(θ)〉. (6)

It clearly shows that the standard deviation of the parameter$θ is dependent
on θ itself. In addition, the minimum standard deviation of the parameter
$θ corresponds to the maximum slope of the expectation value with respect
to the parameter θ , |∂〈Ô〉/∂θ |.
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Fig. 1. The general procedure for a measurement process in quantum mechanics. An initial
state is sent through a physical channel and evolves into the final state under a parameter-
dependent dynamical process. Then, the final state is read out and the unknown parameter
is estimated. From Ref.52.

Û (θ). If the evolution is unitary, the density matrix for the final state is
given by,

ρ(θ) = |ψ(θ)〉〈ψ(θ)| = Û (θ)ρ0Û †(θ). (2)

Then, a measurement of a suitable observable Ô is made on the final state
|ψ(θ)〉. To successfully extract the unknown parameter θ , the observable
Ô should have θ-dependent expectation values 〈Ô〉.

If one has a prior knowledge of the evolution and the dependence of
the observable expectation 〈Ô〉 on the parameter θ , the information of the
parameter θ can be revealed according to the measurement results of the
observable Ô . According to the error propagation formula, the standard
deviation of the parameter is given by

$θ = $Ô

|∂〈Ô〉/∂θ |
, (3)

where the standard deviation of the observable is defined as

$Ô =
√

〈Ô2〉 − 〈Ô〉2 (4)

with

〈Ô〉 = 〈ψ(θ)|Ô|ψ(θ)〉, (5)

〈Ô2〉 = 〈ψ(θ)|Ô2|ψ(θ)〉. (6)

It clearly shows that the standard deviation of the parameter$θ is dependent
on θ itself. In addition, the minimum standard deviation of the parameter
$θ corresponds to the maximum slope of the expectation value with respect
to the parameter θ , |∂〈Ô〉/∂θ |.
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Fig. 1. The general procedure for a measurement process in quantum mechanics. An initial
state is sent through a physical channel and evolves into the final state under a parameter-
dependent dynamical process. Then, the final state is read out and the unknown parameter
is estimated. From Ref.52.

Û (θ). If the evolution is unitary, the density matrix for the final state is
given by,

ρ(θ) = |ψ(θ)〉〈ψ(θ)| = Û (θ)ρ0Û †(θ). (2)

Then, a measurement of a suitable observable Ô is made on the final state
|ψ(θ)〉. To successfully extract the unknown parameter θ , the observable
Ô should have θ-dependent expectation values 〈Ô〉.

If one has a prior knowledge of the evolution and the dependence of
the observable expectation 〈Ô〉 on the parameter θ , the information of the
parameter θ can be revealed according to the measurement results of the
observable Ô . According to the error propagation formula, the standard
deviation of the parameter is given by

$θ = $Ô

|∂〈Ô〉/∂θ |
, (3)

where the standard deviation of the observable is defined as

$Ô =
√

〈Ô2〉 − 〈Ô〉2 (4)

with

〈Ô〉 = 〈ψ(θ)|Ô|ψ(θ)〉, (5)

〈Ô2〉 = 〈ψ(θ)|Ô2|ψ(θ)〉. (6)

It clearly shows that the standard deviation of the parameter$θ is dependent
on θ itself. In addition, the minimum standard deviation of the parameter
$θ corresponds to the maximum slope of the expectation value with respect
to the parameter θ , |∂〈Ô〉/∂θ |.

 A
nn

ua
l R

ev
ie

w
 o

f C
ol

d 
A

to
m

s a
nd

 M
ol

ec
ul

es
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

ifi
c.

co
m

by
 S

U
N

 Y
A

T-
SE

N
 U

N
IV

ER
SI

TY
 o

n 
05

/3
0/

18
. F

or
 p

er
so

na
l u

se
 o

nl
y.

POVM

February 25, 2014 14:50 Annual Review of Cold Atoms and Molecules, Volume 2 9inx6in b1749-ch07

374 J. Huang et al.

The probability of getting a particular measurement data xn on a state
|ψ〉 is given by,

P(xn) = 〈ψ |Ê(xn)|ψ〉 = T r[ρ Ê(xn)], (29)

where ρ = |ψ〉〈ψ | is the density matrix. Therefore, by making a measure-
ment on the final state, one can obtain the conditional probability of the
measurement data xn given the parameter θ ,

P(xn|θ) = 〈ψ(θ)|Ê(xn)|ψ(θ)〉 = T r[ρ(θ)Ê(xn)]. (30)

If X has continuous values x , the corresponding conditional probability
density of the measurement data x given the parameter θ reads as,

p(x|θ) = 〈ψ(θ)|Ê(x)|ψ(θ)〉 = T r[ρ(θ)Ê(x)]. (31)

According to the definition of the Fisher information (9), one can
find that F(θ) is a function of all conditional probabilities P(xn|θ) which
depend on the final state |ψ(θ)〉 and the POVM Ê(xn). Therefore, to
optimize the Fisher information, we need to construct a suitable state
and measure a suitable observable. Further, for a given final state, the
Fisher information can be maximized by trying different measurement
strategies. The maximum of the Fisher information through out all pos-
sible quantum measurement strategies is called the quantum Fisher infor-
mation,53,55,56

FQ(θ) ≡ max
{Ê(xn)}

F[θ; {Ê(xn)}], (32)

where {Ê(xn)} = (Ê(x1), Ê(x2), . . . , Ê(xN )). The corresponding Cramér-
Rao bound is called the quantum Cramér-Rao bound,

$θ =
√

〈(δθ)2〉 ! 1
√

v FQ(θ)
. (33)

We now show how to derive the quantum Fisher information and the
quantum Cramér–Rao bound for a pure state under a unitary evolution.62

Here, we consider a probe in the initial state |ψ0〉 undergoing an evolution
described by the operator Û (θ) = exp(−i Ĥθ) with the generator Ĥ .
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The probability of getting a particular measurement data xn on a state
|ψ〉 is given by,

P(xn) = 〈ψ |Ê(xn)|ψ〉 = T r[ρ Ê(xn)], (29)

where ρ = |ψ〉〈ψ | is the density matrix. Therefore, by making a measure-
ment on the final state, one can obtain the conditional probability of the
measurement data xn given the parameter θ ,

P(xn|θ) = 〈ψ(θ)|Ê(xn)|ψ(θ)〉 = T r[ρ(θ)Ê(xn)]. (30)

If X has continuous values x , the corresponding conditional probability
density of the measurement data x given the parameter θ reads as,

p(x|θ) = 〈ψ(θ)|Ê(x)|ψ(θ)〉 = T r[ρ(θ)Ê(x)]. (31)

According to the definition of the Fisher information (9), one can
find that F(θ) is a function of all conditional probabilities P(xn|θ) which
depend on the final state |ψ(θ)〉 and the POVM Ê(xn). Therefore, to
optimize the Fisher information, we need to construct a suitable state
and measure a suitable observable. Further, for a given final state, the
Fisher information can be maximized by trying different measurement
strategies. The maximum of the Fisher information through out all pos-
sible quantum measurement strategies is called the quantum Fisher infor-
mation,53,55,56

FQ(θ) ≡ max
{Ê(xn)}

F[θ; {Ê(xn)}], (32)

where {Ê(xn)} = (Ê(x1), Ê(x2), . . . , Ê(xN )). The corresponding Cramér-
Rao bound is called the quantum Cramér-Rao bound,

$θ =
√

〈(δθ)2〉 ! 1
√

v FQ(θ)
. (33)

We now show how to derive the quantum Fisher information and the
quantum Cramér–Rao bound for a pure state under a unitary evolution.62

Here, we consider a probe in the initial state |ψ0〉 undergoing an evolution
described by the operator Û (θ) = exp(−i Ĥθ) with the generator Ĥ .
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Inserting the density matrix (2) into the conditional probality (30), we obtain

∂P(xn|θ)
∂θ

=
[

d
dθ

〈ψ(θ)|
]

Ê(xn)|ψ(θ)〉 + 〈ψ(θ)|Ê(xn)

[
d

dθ
|ψ(θ)〉

]

= i〈ψ(θ)|Ĥ Ê(xn)|ψ(θ)〉 − i〈ψ(θ)|Ê(xn)Ĥ |ψ(θ)〉
= i〈ψ(θ)|[Ĥ , Ê(xn)]|ψ(θ)〉
= −2Im[〈ψ(θ)|Ĥ Ê(xn)|ψ(θ)〉]. (34)

Introducing an arbitrary real function G(θ) into Eq. (34), we have

∂P(xn|θ)
∂θ

= −2Im{〈ψ(θ)|[Ĥ − G(θ)]Ê(xn)|ψ(θ)〉}, (35)

and so that

(
∂P(xn|θ)
∂θ

)2

= 4{Im{〈ψ(θ)|[Ĥ − G(θ)]Ê(xn)|ψ(θ)〉}}2

! 4|〈ψ(θ)|[Ĥ − G(θ)]Ê(xn)|ψ(θ)〉|2 (36)

! 4〈ψ(θ)|Ê(xn)|ψ(θ)〉〈ψ(θ)|[Ĥ − G(θ)]
×Ê(xn)[Ĥ − G(θ)]|ψ(θ)〉

= 4P(xn|θ)〈ψ(θ)|[Ĥ − G(θ)]Ê(xn)[Ĥ − G(θ)]|ψ(θ)〉.

Therefore, one can obtain

F(θ) =
∑

n

1
P(xn|θ)

[
∂P(xn|θ)
∂θ

]2

(37)

! 4
∑

n

〈ψ(θ)|[Ĥ − G(θ)]Ê(xn)[Ĥ − G(θ)]|ψ(θ)〉

= 4〈ψ(θ)|[Ĥ − G(θ)]2|ψ(θ)〉.
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If X has continuous values, the corresponding Fisher information reads as

F(θ) =
∫

dx
1

p(x|θ)

[
∂p(x|θ)
∂θ

]2

(38)

! 4
∫

dx〈ψ(θ)|[Ĥ − G(θ)]Ê(x)[Ĥ − G(θ)]|ψ(θ)〉

= 4〈ψ(θ)|[Ĥ − G(θ)]2|ψ(θ)〉.

If we choose G(θ) = 〈ψ0|Ĥ |ψ0〉, due to 〈Ĥ〉 = 〈ψ0|Ĥ |ψ0〉 =
〈ψ(θ)|Ĥ |ψ(θ)〉, the Fisher information attains its minimum and the above
inequality reads as

F(θ) ! 4〈ψ0|($Ĥ )2|ψ0〉 (39)

with $Ĥ = Ĥ − 〈Ĥ 〉. Therefore, the quantum Fisher information for a
pure state can be defined as

FQ(θ) = 4〈ψ0|($Ĥ)2|ψ0〉, (40)

which is a function of the generator Ĥ and the initial state |ψ0〉.
By using |ψ(θ)〉 = Û |ψ0〉 = exp(−i Ĥθ)|ψ0〉 and |ψ ′(θ)〉 =

d
dθ |ψ(θ)〉 = (−i Ĥ )|ψ(θ)〉, the quantum Fisher information can be
expressed as

FQ(θ) = 4[〈ψ ′(θ)|ψ ′(θ)〉 − |〈ψ ′(θ)|ψ(θ)〉|2], (41)

which is a function of the final state |ψ(θ)〉 and its derivative with respect
to the parameter θ .

The quantum Fisher information provides a powerful tool for param-
eter estimation only dependent on the state of the system but not on the
procedure of measurement.67–70 As long as the initial state and the final
state of the probe after the parameter-dependent evolution are known, one
can immediately predict the minimum uncertainty of the parameter to be
estimated. Generally speaking, the quantum Cramér–Rao bound is the ulti-
mate bound on the parameter uncertainty, and the parameter uncertainty in
realistic measurements may be larger.
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Inserting the density matrix (2) into the conditional probality (30), we obtain

∂P(xn|θ)
∂θ

=
[

d
dθ

〈ψ(θ)|
]

Ê(xn)|ψ(θ)〉 + 〈ψ(θ)|Ê(xn)

[
d

dθ
|ψ(θ)〉

]

= i〈ψ(θ)|Ĥ Ê(xn)|ψ(θ)〉 − i〈ψ(θ)|Ê(xn)Ĥ |ψ(θ)〉
= i〈ψ(θ)|[Ĥ , Ê(xn)]|ψ(θ)〉
= −2Im[〈ψ(θ)|Ĥ Ê(xn)|ψ(θ)〉]. (34)

Introducing an arbitrary real function G(θ) into Eq. (34), we have

∂P(xn|θ)
∂θ

= −2Im{〈ψ(θ)|[Ĥ − G(θ)]Ê(xn)|ψ(θ)〉}, (35)

and so that

(
∂P(xn|θ)
∂θ

)2

= 4{Im{〈ψ(θ)|[Ĥ − G(θ)]Ê(xn)|ψ(θ)〉}}2

! 4|〈ψ(θ)|[Ĥ − G(θ)]Ê(xn)|ψ(θ)〉|2 (36)

! 4〈ψ(θ)|Ê(xn)|ψ(θ)〉〈ψ(θ)|[Ĥ − G(θ)]
×Ê(xn)[Ĥ − G(θ)]|ψ(θ)〉

= 4P(xn|θ)〈ψ(θ)|[Ĥ − G(θ)]Ê(xn)[Ĥ − G(θ)]|ψ(θ)〉.

Therefore, one can obtain

F(θ) =
∑

n

1
P(xn|θ)

[
∂P(xn|θ)
∂θ

]2

(37)

! 4
∑

n

〈ψ(θ)|[Ĥ − G(θ)]Ê(xn)[Ĥ − G(θ)]|ψ(θ)〉

= 4〈ψ(θ)|[Ĥ − G(θ)]2|ψ(θ)〉.
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If X has continuous values, the corresponding Fisher information reads as

F(θ) =
∫

dx
1

p(x|θ)

[
∂p(x|θ)
∂θ

]2

(38)

! 4
∫

dx〈ψ(θ)|[Ĥ − G(θ)]Ê(x)[Ĥ − G(θ)]|ψ(θ)〉

= 4〈ψ(θ)|[Ĥ − G(θ)]2|ψ(θ)〉.

If we choose G(θ) = 〈ψ0|Ĥ |ψ0〉, due to 〈Ĥ〉 = 〈ψ0|Ĥ |ψ0〉 =
〈ψ(θ)|Ĥ |ψ(θ)〉, the Fisher information attains its minimum and the above
inequality reads as

F(θ) ! 4〈ψ0|($Ĥ )2|ψ0〉 (39)

with $Ĥ = Ĥ − 〈Ĥ 〉. Therefore, the quantum Fisher information for a
pure state can be defined as

FQ(θ) = 4〈ψ0|($Ĥ)2|ψ0〉, (40)

which is a function of the generator Ĥ and the initial state |ψ0〉.
By using |ψ(θ)〉 = Û |ψ0〉 = exp(−i Ĥθ)|ψ0〉 and |ψ ′(θ)〉 =

d
dθ |ψ(θ)〉 = (−i Ĥ )|ψ(θ)〉, the quantum Fisher information can be
expressed as

FQ(θ) = 4[〈ψ ′(θ)|ψ ′(θ)〉 − |〈ψ ′(θ)|ψ(θ)〉|2], (41)

which is a function of the final state |ψ(θ)〉 and its derivative with respect
to the parameter θ .

The quantum Fisher information provides a powerful tool for param-
eter estimation only dependent on the state of the system but not on the
procedure of measurement.67–70 As long as the initial state and the final
state of the probe after the parameter-dependent evolution are known, one
can immediately predict the minimum uncertainty of the parameter to be
estimated. Generally speaking, the quantum Cramér–Rao bound is the ulti-
mate bound on the parameter uncertainty, and the parameter uncertainty in
realistic measurements may be larger.
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d
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eter estimation only dependent on the state of the system but not on the
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Ramsey Interferometry
A single par,cle

2.1. Quantum metrology with single-particle states
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Ramsey Interferometry
A form of atom interferometry that uses the phenomenon of magne2c 
resonance to measure transi2on frequencies of atoms
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Optimizing with respect to all available resources can be a dif-
ficult problem. For simplicity we will focus on the parallel strate-
gies in Fig. 2 while also briefly discussing sequential strategies in 
the caption of Fig. 3. In this context the conventional approach 
is to split the optimization into two stages23,25,26,36,37: first fixing a 
(possibly entangled) state ρ0

(n) of the n probes and optimizing with 
respect to the measurements, and then minimizing the overall 
error with respect to ρ0

(n). From the results of the previous section 
it follows that the accuracy of the first stage will not be larger than 
the q-CR bound associated with the selected state. Thus, the sec-
ond optimization yields

>δXn minρ(n)
                                                                                                   (4)1

J(ρ   )x
(n)0

where J(ρx
(n)) is the quantum Fisher information of the output state ρx

(n). 
Because the function J is convex23, the minimum is always achieved 
by choosing pure states. In addition, owing to the additivity proper-
ties of J, it is clear that by restricting the minimization in equation 
(4) to input states that are separable with respect to n probes, as in 
the classical input, classical output (CC) or classical input, quantum 
output (CQ) strategies of Fig. 2, one can achieve a maximum scaling 
of n–1/2 (SQL)34. Achieving a better scaling requires the use of entan-
gled states, as in the quantum input classical output (QC) or quan-
tum input quantum output (QQ) strategies of Fig. 2. To exemplify 
this, we focus on the special case in which the channel Φx performs 
random unitary rotations of e−iHx. This is a paradigmatic model, 
which, among others, includes the Ramsey set-up of Fig. 1 and the 
Mach–Zehnder interferometer1,2,41,42. Assume that the total number 
n = νN of probes is split into ν >> 1 groups of N elements, where 
each group is prepared in the same entangled input state |Ψ0

(N)®. The 
output state of all n probes after passing through the black-boxes is  
|Ψx

(N)®�ν := (e−iHx)�ν|Ψ0
(N)®�ν. Equation (4) can then be evaluated using 

equation (3), yielding34

>                                                     (5)δXn N ν
c

where c is the inverse of the largest gap in the spectrum of the 
generator H of the transformation Φx. For N > 1, equation (5) 

presents a N1/2 enhancement with respect to the SQL. The term 
on the right, known as the Heisenberg bound, can be attained 
by preparing the probes of each group in the entangled state  
|Ψ0

(N)® = (|λmax®�N + |λmin®�N)/√2, where |λmax® and |λmin® are the eigen-
vectors associated with the maximum and minimum eigenvalues 
of H, respectively. For the Ramsey set-up, |Ψ0

(N)® corresponds to the 
maximally entangled state (|a®�N + |b®�N)/√2 of Fig. 1. In the litera-
ture of atomic physics, where |a® and |b® refer to different atomic 
levels, |Ψ0

(N)® has characteristics analogous to ‘spin-squeezed 
states’43,44 or ‘Schrödinger’s cat states’45–47, which have been experi-
mentally demonstrated using trapped ions45–48, Bose–Einstein 
condensates49, macroscopic atomic ensembles50 and NMR51. From 
the previous section it follows that equation (5) is asymptotically 
attainable through a maximum-likelihood approach for ν >> 1 by 
exploiting POVMs that act locally on the blocks. Alternatively34, 
equation (5) is also achievable through adaptive strategies based 
on a POVM that acts locally on each probe, so that the yield of QC 
strategies is similar to that of QQ strategies.

In contrast, the situation is more complicated for finite ν — spe-
cifically for ν = 1 — where equation (5) would yield the impressive 
n–1 scaling for the RMSE of the Heisenberg bound. This problem 
was analysed in refs 29,38 for the special case in which Φx induces 
unitary transformations, where a scaling of the order of n–1

 log(n) 
was achieved through local adaptive strategies. In ref. 38 it was also 
observed that if the Φx channels are programmable, then a sub-
shot-noise scaling of the accuracy is not allowed (Φx are ‘program-
mable’ if they can be expressed in terms of a constant interaction 
with an external ancillary system B whose initial state encodes a 
dependence on the parameter x; that is, Φx(u) = TrB{V[σx � (u)]V+}, 
where V is a unitary transformation acting on B and S, σx is the 
state of B, and TrB is the partial trace of B; ref. 52). Examples for 
which the no-go theorem of ref. 38 hold are provided by classical 
channels (quantum channels that cannot carry quantum informa-
tion) and depolarizing channels37; for these families of maps the 
best estimation accuracy of the parameter x will scale at most as 
n–1/2. It was also recently pointed out that for finite ν, the two-step 
optimization approach adopted in the derivation of equation (4) in 
general fails to provide the achievable bound24,53. Instead, one must 
adopt a min–max optimization scheme that minimizes the maxi-
mum RMSE, which always yields attainable bounds. This method 
gives slightly worse performance than the two-step approach, but, 
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Figure 1 | Ramsey interferometry. The aim of Ramsey interferometry is to measure an unknown relative phase φ picked up by two orthogonal states (|a®, 
|b®) of an atomic probing system. This procedure can be generalized to other interferometric measurements such as frequency-standards, magnetometry 
and optical phase2. a, In a conventional set-up, ‘probe preparation’ consists of producing each atom in the superposition |Ψin® = (|a® + |b®)/�2, which yields 
the output state |Ψφ® = (|a® + eiφ|b®)/�2 after the probing stage (shown as grey boxes). ’Readout’ consists of checking whether |Ψφ® is still in the initial 
state |Ψin®, which occurs with probability p = |�Ψin | Ψφ®|2 = (1 − cosφ)/2. Thus, by taking the ratio between the number of successes and the total number of 
readouts, we can recover the phase φ. If we repeat this measurement n times, the associated error on our estimation of φ can then be evaluated using the 
standard deviation on the determination of p and by error propagation theory to obtain an SQL scaling of n1/2. b, The quantum-enhanced case. A simple 
quantum strategy consists of dividing the n probes into groups of N, prepared in an entangled state (|a®�N + |b®�N)/�2. Because each of the N vectors |b® 
acquires a relative phase φ, the final state is (|a®�N + eiNφ|b®�N)/�2. The probability that this state is equal to the initial one is now pent = (1 − cosNφ)/2. 
Because we have ν = n/N groups of probes, we can repeat this procedure ν times with the same resources to obtain an error of δφn = 1/�(nN), which is an 
N1/2 increase in precision over the previous case, namely the Heisenberg bound, which scales as 1/(N�ν) (refs 3,4).
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Classical sensing vs. quantum sensing
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量子精密测量：国际战略布局
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2019年7个国际基本计量单位“量⼦化”
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量子精密测量

量子体系分立能级

测量精度受限于标准量子极限

单电子晶体管
光力传感器等

量子相干叠加 量子纠缠（关联）特性

原子磁力仪、
金刚石缺陷等

有望突破经典物理极限

压缩态、NOON态

利用高精度量子操控和探测突破经典手段探测极限

!1 N !1 N



电荷
（电流起源）

自旋
（磁性起源）

古希腊时期：摩擦起电现象

1858年：发现阴极射线

1897年：汤姆逊实验

1909年：密立根油滴实验

1922年：斯特恩-盖拉赫实验

1924年：泡利不相容原理

1925年：乌伦贝克-古兹密特理论

1928年：狄拉克电子相对论波动方程

这两大属性构成了现代科技特别是信息技术的物理基础

自旋是量子信息的重要物理载体

电子的两大内禀属性
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DNA

自旋无处不在

磁是普遍存在的自然属性



极弱磁场科学与技术
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精密测量科学
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提升极弱磁场的测量精度，将推动相关科学发展
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自
旋

磁场精密测量：从经典到量子技术
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磁场探测具有重要科学意义
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基于经典物理原理的磁力计

霍尔效应磁力计

洛伦兹力磁力计

磁通门磁力计

精度：uT-mT

0.1-1uT

1nT
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态
原
子

液态原子核

固态原子

光泵磁力计

无自旋交换
弛豫

（SERF）原
子磁力计

共磁力计

原子自旋磁力计

质子磁力计

金刚石色心

灵敏度最高

空间分辨率最好
（!"n$)

". !&'/ )*". !+'/ )*

0.75f'/ )*

国际公开报道最高：
普林斯顿160 aT/Hz1/2

北航680 aT/Hz1/2

自旋放大
磁力计

0.8 f'/ )*
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Alkali-metal Atomic Magnetometer

Why Use Lasers for MR ?
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碱金属原子

最外层只有一个末配对的电子
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Optical pumping

Review of noble-gas spin amplification via the spin-exchange collisions
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Due to isolation from 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 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.

I. INTRODUCTION

Noble-gas science came to life one century ago and has
been expanding ever since. The discovery and studies of no-
ble gas were recognized in 1904 by Nobel physics and chem-
istry prize. Following the discovery of nuclear spins in 1933
recognized by Nobel physics prize1, 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 lungs2,3. The chemical inertness
of noble gas provides the prerequisite to function as a probe
of other systems and surface interactions4. Second, noble-gas
nuclear spins can be highly polarized to close to 100% using
spin-exchange (SEOP) and metastability-exchange (MEOP)
optical pumping2,5. Highly-polarized noble gas enables one to
obtain large signal-to-noise ratio in precision measurements,
such as magnetic field sensing6–10, atomic gyroscope11, and
realizing the highest resolution imaging of human air spaces3.
Third, nuclear spins of noble gas can maintain coherence for
hours, because they are well isolated from environment with
the protection of the full electronic shells. Long-lived coher-
ence makes polarized noble gas extremely stable and sensi-
tive for precision measurements12. These outstanding features
provide a variety of concrete applications, ranging from mag-
netic resonance imaging10, magnetic field sensing2,5, inertial
rotation sensing11, and quantum information science13–15 to
searches for new physics beyond the standard model16–23.

In this brief review, we focus on the recent development
of noble-gas spin amplification, which is the key to the re-
cently demonstrated maser, Floquet maser17, spin-based am-

a)dxjm@ustc.edu.cn
b)xhpeng@ustc.edu.cn

plifier16, Floquet spin amplifier24, and their applications in
precision measurements18,19. As shown in Fig. 1, we first in-
troduce 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.

II. NOBLE-GAS SPIN SYSTEMS

Figure 2 shows a typical experimental arrangement for
noble-gas (e.g., 129Xe-87Rb) spin system demonstrated in
refs16–19,24. A glass cell of a few cm3 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 temperature to ensure an adequate saturated vapor
pressure (typically 1011 to 1014 cm3) from a few droplets of
alkali metal (several miligrams) in the cell. Two sets of three
pairs orthogonal coils are placed around the vapor cell to pro-
vide bias and oscillating magnetic fields in an arbitrary direc-
tion. A bias field B0

z is applied along z to tune the noble-gas
Larmor frequency. A circularly polarized pump beam along
z polarizes the alkali-metal electron spins. The noble-gas nu-
clear spins are polarized through the spin-exchange collisions
with polarized electron spins. The electron spin polarization
Pe

x of alkali-metal atoms along x is detected through the op-
tical rotation of a linearly polarized probe beam along x (see,
for example, refs.25–27):

q =
1
4

lrec f nPe
x D(V ), (1)

Polarization rotation due 
to the Faraday effect

利⽤原⼦⾃旋效应测量磁场
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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 γ 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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Close to 100% Alkali-metal atomic spin polarization!

Alkali-metal: K or Rb



39

Encoding: Lamer processing

! = #$



Polarization rotation due to the Faraday effect

linear polarized light

Readout: Faraday Effect

the plane of polarization

On page 596 of this issue, I. K. Kominis
and colleagues1 report on a new type of
atomic magnetometer that achieves

unparalleled sensitivity to small magnetic
fields as well as millimetre-scale spatial reso-
lution. This device may open up exciting
frontiers in diverse areas of science, ranging
from biomagnetic imaging to testing funda-
mental symmetries of nature.

The most sensitive magnetometers of 
this type use vapours of alkali atoms, such 
as potassium, that have a single unpaired
electron. When the atoms are subject to a
beam of resonant, polarized light (such as
from a laser), these unpaired electrons 
are excited to a higher energy level, but 

subsequently return to their ground state by
spontaneously emitting the energy or losing
it through collisions. This ‘pumping’ process
transfers the polarization of the incoming
light to the atoms, affecting the direction 
of their electronic spins. But imparting
polarization to the atoms like this, in turn,
modifies the optical properties of the atomic
medium; for example, it changes the way it
absorbs laser light. The sensitivity of such a
system to an external magnetic field comes
from the torque that the field exerts on 
the magnetic moments of the atoms, 
which are themselves proportional to the
electron spin. 

In ‘all-optical’ magnetometers, such as

the one developed by Kominis et al.1, 
detecting an external magnetic field can be
thought of as a three-stage process (Fig. 1) —
although, in fact, all three stages may occur
simultaneously. First, the atoms are optically
pumped and adopt the polarization of the
pumping laser beam. Second, the magnetic
field to be measured causes the atomic 
polarization to evolve: in the simplest case,
the atomic magnetic moment precesses
around the direction of the magnetic field.
Finally, the evolution of the polarization 
is probed using laser light — either from 
the same laser beam that produced the
pumping, or from a separate source (as it is
in Kominis and colleagues’ set-up).

According to the laws of quantum mech-
anics (namely, the uncertainty principle), for a
given time-duration of the measurement,
the intrinsic sensitivity to magnetic fields is
inversely proportional to a product of three
quantities. These are the magnetic moment
of the atoms, the square root of the number of
atoms involved in the measurement and the
square root of the spin-relaxation time —
that is, the length of time for which polarized
atoms maintain their polarization in the
absence of pumping. So, to improve the sensi-
tivity beyond levels already achieved in other
devices (which, for a measurement lasting
one second, is at best about 1 femtotesla — 
1 fT = 10!15 T), the number of atoms in the 
system and their spin-relaxation time should
be maximized.

There are several mechanisms that limit
spin-relaxation time, one of the most
important being depolarization caused by
collisions with the cell walls that enclose the
atomic vapour. The best way to get long
spin-relaxation times has been to use vapour
cells whose inner walls are coated with paraf-
fin. An atom can bounce many thousands of
times against a paraffin-coated wall before
becoming depolarized; relaxation times are
of the order of a second for a cell that is 10 cm
in diameter. The atom density inside such
cells, however, is usually relatively low, fewer
than 1010 atoms per cubic centimetre: at
higher densities the spin-relaxation time
decreases because of spin-exchange colli-
sions between the alkali atoms. 

In a spin-exchange collision, the electron
spins of the colliding atoms rotate with
respect to their combined spin, which is con-
served in the collision. All alkali atoms have
non-zero nuclear spin, I, and their ground
states are split into two ‘hyperfine-structure’
components, characterized by the total
angular momentum F = I"1/2. The direc-
tion of magnetic precession, determined by
the relative orientation of the electron spin
with respect to the total angular momen-
tum, is opposite for the two hyperfine states.
Thus, in the presence of a magnetic field, 
the spin-exchange collisions that randomly
transfer atoms between these states normally
lead to spin-relaxation, as atomic spins
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fast-scan cyclic voltammetry, the authors
could measure 100-millisecond pulses of
dopamine — in the past, only minute-to-
minute changes had been studied.

Phillips et al. found that a brief dopamine
pulse was released just a few seconds before
the animals became interested in approach-
ing and pressing a lever that delivered
cocaine injections. (This pulse is thought to
be triggered by the context of the drug-
associated test chamber, a pavlovian associa-
tion.) Dopamine levels continued to
increase during the final approach to the
lever, and peaked just a few seconds after the
lever press, while the cocaine injection and
an audiovisual cue were delivered simultane-
ously. In animals that had learned to associ-
ate the audiovisual cue with cocaine, the cue
itself caused a rapid increase in dopamine
levels for several seconds (Fig. 1), even when
it was presented in the absence of lever press-
ing or cocaine injections. This did not occur
in animals that had never learned to associate
the cue with cocaine. Finally, electrical stim-
ulation of dopamine-producing neurons
triggered a drug-seeking response — rats
approached and pressed the lever.

These findings suggest that naturally
evoked dopamine pulses are involved in 
both triggering and pursuit of reward-
seeking behaviour, and that environmental
cues (here, the test chamber or the audio-
visual cue) use this mechanism to prime 
such behaviour. Previous studies detected
prolonged increases in dopamine levels that
lasted for several minutes following a drug
reward. But drug-seeking behaviour ceases
during these large, post-injection dopamine
increases. Moreover, such studies generated

mixed, and even contradictory, findings
regarding events that happen before the drug
reward is received. Phillips et al.4 suggest that
subsecond dopamine pulses are released
only when drug-induced dopamine levels
fall below a certain threshold. Similarly, they
propose that environmental cues trigger
reward seeking only when this subsecond
regulation of dopamine pulses is possible.

It seems that dopamine represents both
the chicken and the egg in the events under-
lying behavioural reinforcement. Dopamine
acts as a reward for behaviour that precedes
its release, and subsequently it triggers 
pursuit of the same reward after its release.
As a rat chases its tail, so drug addicts may
suffer a similar vicious circle of priming 
and reward controlled by these dopamine
signals. Therapies aimed at preventing one
or both of these signals could be effective
treatments for addiction. ■
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Atomic physics

A new spin on magnetometry 
Dmitry Budker

The capability to measure small, localized magnetic fields is valuable in
biology as well as physics. A new device, based on spin-polarized alkali
atoms, achieves better sensitivity and resolution than before.

© 2003        Nature  Publishing Group

Optical rotation used for detection 
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PRL 31, 273 (1973)

Atomic number density  
Magnetic field

1973 年，Happer 等发现， 1977 年推导出这⼀现象的理论解释
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无自旋交换弛豫效应（SERF效应）
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10 f Hz−1/2  a shot-noise limited 
sensitivity: 2 aT Hz−1/2  
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either superconducting or atomic magnetometers. The active
measurement volume used by each channel is only 0.3 cm3.
The inset to Fig. 3b shows the magnetic noise in the difference

between two channels as a function of the distance between them—
that is, the baseline of the gradiometer. The probe beam slightly
expands in the ŷ direction, so the channel spacing is 0.28 cm, 10%
smaller then the photodiode element separation. We expect the
noise to increase with the baseline d of the gradiometer owing to
the magnetic field gradient noise. A fit of the form N ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N2

1 þN2
2 þ d2G2

p
; where N1 and N2 are the intrinsic noise levels

in each channel, gives a magnetic field gradient noise G ¼
1 fT cm21Hz21/2, which is somewhat larger than our estimate of
0.5 fT cm21Hz21/2 for the gradient noise produced by the magnetic
shields18. This probably indicates that some noise comes from local
sources—perhaps the metal in the temperature sensor near the cell.
We can also form a second-order gradiometer using three adjacent
channels. We find that the intrinsic sensitivity of each channel
measured in this way is slightly better, but the improvement is not
significant.
We also investigated the performance of the magnetometer in a

multichannel imaging mode. We first apply a uniform oscillating
magnetic field gradient dBy/dy to check the linearity of the device
(Fig. 4a). With the exception of the outer channels, which are not
fully illuminated by the pump laser, the response is quite linear, and

the measured gradient agrees to within 4% with the strength of the
applied gradient. To simulate a biological source, we place a small
coil about 5.3 cm from the centre of the magnetometer. We apply an
oscillating current to the coil with a frequency of 25Hz, and analyse
the data in 1-s intervals (Fig. 4b). We fit the data to the magnetic
dipolar field profile, and find that after 1 s of averaging the
uncertainty in the distance to the dipole is 2mmand the uncertainty
in its absolute size is 13%.

The spatial resolution of the magnetic field measurements inside
the magnetometer cell is limited by the diffusion of the K atoms. On
the basis of a detailed model of diffusion, we determine the
resolution to be about 2mm for our conditions, slightly smaller
than the spacing between the channels. The accuracy of localization
of magnetic field sources outside the magnetometer depends on a
number of factors, including the signal-to-noise ratio, the distance
from the magnetometer, and the uniformity of the magnetometer
response. Typically, the magnetic field sources can be localized to a
fraction of the detector size, so localization uncertainty of the order
of 0.2mm can be expected in our magnetometer for sufficiently
high signal-to-noise ratio.

In addition to its high sensitivity, the SERF magnetometer
described here does not require cryogenic cooling, making it very
attractive for a wide range of applications, particularly outside
laboratory environments. The bandwidth and size of the magne-
tometer are well suited for detection of biological fields. Two
technical modifications would be needed to use the magnetometer
for magnetoencephalography (MEG). First, the magnetometer
would have to be placed in larger magnetic shields (similar to the
magnetically shielded rooms at present used for MEG with SQUID
magnetometers24), so as to accommodate a patient inside the
shields. Second,more efficient thermal insulation and active cooling

Figure 3 Magnetic field sensitivity and bandwidth of the magnetometer. Magnetic field
noise in a single channel (a, dashed line), and intrinsic magnetic field sensitivity of a single
channel extracted from the difference between adjacent channels (a, solid line). The
magnetic field sensitivity data are obtained by recording the response of the

magnetometer for about 100 s, performing a fast Fourier transform (FFT) without

windowing; and calculating r.m.s. amplitudes in 1 Hz bins. A peak due to the calibrating By
field is seen at 25 Hz. To obtain absolute field sensitivity, we divide the magnetometer FFT

by a normalized frequency-response function shown in b with a fit to A /(f 2 þ B 2 )1/2,

where the bandwidth B ¼ 20 Hz. Inset, magnetic field noise in the channel difference as a

function of the distance between channels. The fit assumes that the noise increases owing

to contributions from magnetic field gradient noise. a.u., arbitrary units.

Figure 4 Magnetic gradient imaging. a, Measured response for an applied uniform
gradient dBy=dy ¼ 315 fT cm21 oscillating at 25 Hz. Only data represented by filled

symbols are used in the linear fit, which gives a slope of 301 fT cm21. b, Measured
response from a magnetic dipole m ¼ 1.25mA cm22 located 5.3 cm away and oscillating

at 25 Hz, with the magnetic dipole field fit. The large error bar on the middle data point

represents the single-channel noise level after 1 s of integration. The small error bars

represent the noise in the relative signal between adjacent channels.
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close to photon shot noise at 40 Hz. The intrinsic magnetic
field noise obtained from the gradiometer measurements
reaches 160 aT /Hz1/2 at 40 Hz. It is still not limited by the
probe noise and is likely due to imperfect cancellation of the
1 / f ferrite noise and local sources of Johnson noise, such as
droplets of K metal in the cell. The magnetization sensitivity
of the gradiometer for our geometry with a 1 cm3 sample
reaches 6!10−11 emu /cm3 /Hz1/2.

The material samples are introduced into the apparatus
through the access tube at ambient pressure. The sample is
held at the end of high purity quartz tube by pumping on its
other end with a vacuum pump. After thorough cleaning the
quartz tube did not present a significant magnetic back-
ground. The quartz tube and the sample are rotated around
the axis at about 7 Hz to distinguish sample magnetic fields
from constant backgrounds and move the signal to a region
of lower magnetic field noise.

A 9 mm diameter, 13 mm long cylinder was prepared
from a sample of weakly magnetized !635 Ma Raven-
sthroat formation peloidal dolostone from the Mackenzie
Mountains, Canada. Two vector components of the rock
magnetization were determined by measuring the phase of
the recorded signal relative to the sample rotation phase.
Higher frequency rotation and gradiometry were not neces-
sary to record even the weakest magnetization of this sample
with high signal-to-noise. The absolute value of the magne-
tization transverse to the rotation axis is plotted in Fig. 4 as a
function of temperature. The sample is continuously rotated

and slowly heated over a period of about 2 h. The magneti-
zation drop at 300–350 °C is due to unblocking of pyrrho-
tite or titanomagnetite crystals with the remaining magneti-
zation most likely carried by magnetite.

In summary, we have described what we believe is the
most sensitive centimeter-sized detector of magnetic fields
and magnetization operating at low frequency. The absence
of cryogenics allows for much larger thermal power dissipa-
tion, so sample temperatures can be varied over a wide range
without extensive radiation shielding. We have achieved
sample temperatures up to 500 °C and higher temperatures
should be possible with thicker heating wires. Samples have
also been maintained at room temperature by gently blowing
air through the sample tube. The small size, low laser power,
and continuous magnetic field recording allow versatile use
of the magnetometer. In addition to the paleomagnetic appli-
cation explored here, many other uses can be readily imple-
mented, including detection of magnetic nanoparticles,21

nuclear magnetic resonance,22 and weak high-temperature
ferromagnetic ordering.23 The fundamental sensitivity limits
of SERF magnetometers have not yet been reached, so fur-
ther improvements can be expected.

We would like to thank Nick Swanson-Hysell and John
Tarduno for useful discussions. This work was supported by
NSF Grant No. PHY-0653433.
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SERF原⼦磁强计：世界上最灵敏的磁力计

钾原子 0.16 fT Hz−1/2 in 0.45 cm3, 200°C 
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Princeton University
(0.16fT/Hz1/2)

2002年首次在实验层面验证SERF理论：
n气室原子密度足够大
n待测磁场足够小
n预言SERF理论灵敏度最高可达1
aT/Hz1/2

碱金属原子Materials today, 2011, 14(6): 258-262.

北航
(0.68fT/Hz1/2)

Meas. Sci. and Tech., 2018, 30(1): 015005.

当前灵敏度最高的磁力计，无需低温、可小型化、结构简单，已成为SQUID的有力
替代方案。
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0.5fT/Hz1/2

中国科大实验平台

我们组的研究进展： SERF磁力计

实现0.5fT/Hz1/2磁场探测灵敏度（地磁场的1000亿分之一）
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Key problem: How to improve the practical sensitivity? 

Quantum noise
（Uncertainty principle）

Encoding principle

SQL：∝ 1/ )
HL： ∝ 1/)

Fundamental limit
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关键科学问题

基本灵敏度
信号响应

测量噪声

旋磁比
自旋驰豫时间

原子数

测量时间

光泵磁强计
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混合原子气室

混合原子气室

核
心
思
想

取
长
补
短

碱金属
电子自旋
磁矩大

自旋寿命短
（ms级别）

数密度小
（1014cm-3）

惰性气体
核自旋

磁矩小（小103倍）

自旋寿命长
（100s级别）

数密度大
（1019cm-3）

!" = 1
%P '(T*+

基本灵敏度

相互补充？
新的效应？

提升灵敏度？



Angular Momentum Reservoirs
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n No direct transfer to nuclear spins from photon. However, the 
coupling between electronic and nuclear angular momentum is 
usually strong enough to provide an efficient transfer mechanism. 



两种自旋的耦合布洛赫方程
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惰性气体-碱金属自旋演化的布洛赫方程

静磁场 等效磁场

待测交流磁场

电子自旋

核自旋
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磁场放大倍数：

磁场放大因子 功率饱和效应 共振响应

自旋的磁场放大效应



Intrinsic time-independent spin systems

53

On-resonance

Near-resonance

Far-off-resonance

NonlinearLinear Saturated

Far-off-resonance

On-resonance

Slope: Response to the 
magnetic field

At least two orders of 
magnitude improvement
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磁场放大增益:

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

4

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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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.

惰性气体的磁场量子放大效应
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最新进展：0.8fT/Hz1/2

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

2pT/Hz1/2

2 orders of magnitude 

18 fT/Hz1/2

利用自旋、原子、分子等物理体系实现磁场的超低噪声放大

惰性气体的磁场量子放大效应



自旋破环碰撞截影响大

Xe原子相干时间短(~10s)

放大倍数(~100)

混合体系的优化

• 长相干时间低漏率的优质K-3He混合原子气室
• 坡莫合金与铁氧体的低磁噪声屏蔽系统
• 超低噪声的高稳定度无磁控温系统

关键技术的突破

87Rb-129Xe 39K-3He

自旋破坏碰撞小5个量级

He原子相干时间长(1000s)

更大的放大倍数 (>1000)

Experimental setup
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提出自旋放大频梳技术，实现多频段探测

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

提 出 Floquet spin
amplification概念，
给出理论放大增益

挑战：放大频率带宽有限，仅在共振频率附近才能实现放大

提高放大带宽～10倍，均
达到fT/Hz1/2灵敏度

PRL: Editors’suggestion



Measurement-feedback spin amplification
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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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Weak
Floquet
driving

Strong
Floquet
driving

Floquet maser：首次使用Floquet介质作为增益介质

M. Jiang et al. Science Advances 7，eabe0719（2021）
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磁场精密测量（via量子振荡器）：超低频率段

边带测磁灵敏度：
!" ∝ $%&

世界上最佳的超低频灵敏度！
突破低频噪声极限和磁

屏蔽约束！

S( ∝ J((
γB-.
υ-.

) ≈ γ
2υ-.

B-.



61

《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”
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PNAS， 121 (17) e231569612（2024） Phys. Rev. Lett. 133, 023202 (2024)
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PNAS 2025 Vol. 122 No. 19 e2419683122
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700fT/Hz1/2
（ 1-100mHz国际最高）

2020 2022.6 2022.8

开
展
研
究

2018 2021

利用量子反馈解决
自旋退相干问题：
新型微波激射器

首次发现惰性气体
的磁场放大效应：
增强自旋磁场响应

将量子放大扩展到
周期自旋体系：
解决带宽窄难题

18fT/Hz1/2
（核自旋国际最高）

10-30fT/Hz1/2
(提升带宽1个量级)

发现暗态量
子放大效应

3fT/Hz1/2

Nat. Phys. (2021)  PRL (2022)Sci. Adv. (2021)

2023.1
0.8fT/Hz1/2

关键技术突破：
采用3He作为磁
场放大物质

磁场测量灵敏度稳步提升，已经进入亚fT世界前沿水平

混合气室研究进展情况

低漏率气室 铁氧体屏蔽 差分探测电子学真空无磁加热

技
术
突
破

PRA (2026)PNAS (2024)



Alkali-metal 
spin gas

NMOR effect
SERF effect

Nuclear spin amplification
Fano resonance effect

Correlated alkali-
noble gas

Entangled spin 
gases

Noble
gas

Entangl
ement

Nuclear spin squeezing
Memory-based sensing

Opportunity: Interaction, Correlation, and Entanglement
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SQL: 1/ # SQL: 1/Σ # Heisenberg Limit: 1/#





分子结构

! = !#$%& + !#$%&(#$%& + !)*%+,- + !./0 + !12 + !&34 56+)3

分子手性 分子
宇称

外磁场
惯性转动

fT-nT 1-
100fT

0.5fT 0.1fT

暗物质 第五种力

未知，<0.01fT

不同强度大小的 伴随着精密测量

标准粒子物理模型 新物理
自旋磁共振观测到 迄今未观测到
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Application: Fundamental physics & particle physics 

Frequency measurement, energy shift

Chadha-Day et al., Sci. Adv. 8, eabj3618 (2022)     23 February 2022

S C I E N C E  A D V A N C E S  |  R E V I E W

5 of 19

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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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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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 

D
ow

nloaded from
 https://w

w
w

.science.org on M
ay 16, 2022

Hamiltonian =
Axion (dark matter)

Oscillation frequency：
Compton frequency

Amplitude：
Coupling strength

Exotic interactions (e.g., axion-spin coupling) induce spin energy shift

Axion-gluon



70

pin Amplifier for article ys cs search

Wang, Y., Huang, Y., Guo, C., Jiang, M., ... & Budker, D.， Sci. Adv.9, eade0353 (2023)

!

!
"#



71
Establish the most stringent limits on axion-nucleon coupling beyond astrophysical limits  

Astrophysical limits
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Axion dark matter searches: Beyond astrophysical limit
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类比于望远镜的发展思路：“暗物质望远镜”
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Ultralight dark matter with long de Broglie wavelength enables the network detection

Localized noise is hard to suppress
Detection deadzone
Can’t tell the orientation of DMs
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Constraints on spin- spin- interaction coupling constants
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Z′ boson–mediated proton- neutron coupling
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Kimball 2010: Phys. Rev. A 82, 062714 (2010).

Wang 2023: Sci. Adv. 9, eade0353 (2023).
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