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• 第一部分： 自旋和自旋磁共振
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"for fundamental work in the field of quantum electronics, which has led to the 
construction of oscillators and amplifiers based on the maser-laser principle"

Nobel Prize in Physics 1964



Maser （1953）

王天眷 先生
（创建武汉物数所

-波谱实验室）



Race to Make the first Laser

Maiman, T.H. (1960)

• On May 16, 1960, at Hughes' Malibu, California, laboratories, Maiman's
solid-state pink ruby laser emitted mankind's first coherent light.

• On June 22, submitted to PRL, and got rejected on 24th. 
• One August 6, published on Nature.

https://en.wikipedia.org/wiki/Malibu,_California
https://en.wikipedia.org/wiki/Coherence_(physics)
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1999年诺贝尔物理学奖

飞秒化学的先驱者——1999年诺贝尔化学奖

美国加州理工学院的物理化学和化学物理学家Ahmed H. 
Zewail教授,以表彰他在利用飞秒激光脉冲技术研究化学反应
方面的开拓性工作

"for his studies of the transition 
states of chemical reactions using 
femtosecond spectroscopy"
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阿秒激光
打开通往电子世界的大门

2018年、2023年诺贝尔物理学奖
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自旋
（磁性起源）

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

自旋是量子信息的重要物理载体

磁共振

磁场中的自旋效应

获6次诺贝尔奖



Spin

掌控量子效应、定制量子系统

自旋量子信息处理



发展量子精密测量技术极有望催生科学新发现

量子精密测量促
进基本单位进入

量子时代

开
拓
新
领
域

磁场测量已迈入量子时代
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Figure from: D.Budker. : A new spin on 
magnetometry
Nature (News&Views) 422, 574 - 575 (2003)

• Optical pumping
• Spin precession
• Probe (light intensity/light 

polarization)

Light-atom
interaction

Vapor cell: Alkali metal atoms



Preparation: Optical pumping
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Close to 100% Alkali-metal atomic spin polarization!

Alkali-metal: K or Rb
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Encoding: Lamer processing

𝜔 = 𝛾𝐵



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

news and views

574 NATURE | VOL 422 | 10 APRIL 2003 | www.nature.com/nature

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. ■

David Self is in the Department of Psychiatry,
University of Texas Southwestern Medical Center,
Dallas, Texas 75390-9070, USA.
e-mail: david.self@utsouthwestern.edu
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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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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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亚fT级别磁场测量新方法和技术
混合原子气室
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亚fT级别的磁场探测方法对比
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耦合 Bloch 方程（碱金属电子自旋+惰性气体核自旋） 

引入核自旋的演化方程和费米接触相互作用 

第 2章 混合自旋动力学
会施加一个较大的偏置磁场 𝐵0𝑧（超过 200 nT）。这个磁场会极大的减弱碱金属和
惰性气体自旋之间的耦合，从而使得方程 (2.27)和 (2.28)可以去耦合。在满足以上
条件的情况下，出现以下物理效应：（1）惰性气体自旋极化度的纵向分量 𝑃 𝐾𝑧 可以近似为一个常数 𝑃 𝐾0 ，远大于横向分量 𝑃 𝐾𝑥 和 𝑃 𝐾𝑦 。（2）基于方程 (2.28)，碱金属
自旋在惰性气体自旋上也产生了一个等效磁场 𝛽𝑀𝑒0P𝑒。由于碱金属自旋的横向
磁化强度可以忽略不计，因此该等效磁场近似于 𝑧方向上一个稳定的静磁场，它
的物理效应是会影响惰性气体自旋的拉莫进动频率。通常情况下，施加的 𝐵𝑧0 远大于电子自旋的等效磁场 𝛽𝑀𝑒0𝑃 𝑒𝑧。惰性气体自旋在碱金属自旋产生的等效磁场和偏置场 𝐵0𝑧 的共同作用下演化（下文中默认偏置场 𝐵0𝑧 包含了碱金属电子自旋的等效磁场）。因此，我们可以首先独立求解方程 (2.28)，得到核自旋极化度 P𝐾
的演化。（3）随后，我们可以将 P𝐾 的解代入方程 (2.27)中，将惰性气体自旋的
等效磁场作为碱金属自旋的测量磁场来求解碱金属磁强计的响应。简化的 Bloch
方程可以表示为

∂P𝑒∂𝑡 = 𝛾𝑒𝑄(B0 + 𝛽𝑀𝐾0 P𝐾) × P𝑒 + 𝑃 𝑒0 𝒛 − P𝑒
𝑇𝑒𝑄 , (2.29)

∂P𝐾∂𝑡 = 𝛾KB0 × P𝐾 + 𝑃 𝐾0 𝒛 − P𝐾
{𝑇2𝐾, 𝑇2𝐾, 𝑇1𝐾}. (2.30)

第二个 Bloch方程描述了惰性气体自旋在外界磁场作用下的演化，第一个 Bloch
方程描述了碱金属磁强计的工作原理，即碱金属自旋对磁场信号的响应，和公
式 (2.18)类似。不同的是，公式 (2.18)中 𝐵𝑥和 𝐵𝑦所代表的不仅仅是待测磁场，还包含了惰性气体核自旋产生的横向等效磁场 B𝐾

eff。

2.4 稳态响应
首先，我们考虑稳态响应的情况，即惰性气体自旋在沿 𝑧方向的偏置场 𝐵0𝑧和 𝑦方向交流振荡磁场 𝐵ac cos(2𝜋𝜈II𝑡)𝒚下的演化。惰性气体自旋的拉莫进动频率可以表示为 𝜈I = 𝛾K𝐵0𝑧/(2𝜋)。通过采用旋转波近似（旋转轴为 𝑧），我们可以将惰

性气体自旋的 Bloch方程在旋转坐标系中重新表述为：
∂∂𝑡 P̌𝐾 = 𝛾KB̌0 × P̌𝐾 − ̌𝑃 𝐾𝑥 𝒙 + ̌𝑃 𝐾𝑦 𝒚𝑇2𝐾 − (𝑃 𝐾𝑧 − 𝑃 𝐾0 )𝒛𝑇1𝐾 , (2.31)

其中 B̌0 = 2𝜋(𝜈I − 𝜈II)𝛾K
𝒛 + 𝐵ac2 𝒚是旋转坐标系中的磁场。通过在旋转坐标系中求

解方程 (2.31)，我们可以得到 P̌𝐾 的三个分量。然后，我们将极化度分量从旋转

36
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On-resonance

Near-resonance

Far-off-resonance

NonlinearLinear Saturated

Far-off-resonance

On-resonance

第 3章 混合自旋平台的搭建和标定
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图 3.6 129Xe核自旋对磁场强度响应
(a) 129Xe核自旋放大器对强度相同，频率不同的交流振荡磁场的响应。8.96 Hz为共振频率，8.30 Hz为近共振频率。(b) 129Xe核自旋放大器对强度相同，频率不同的的交流振荡磁场的响应。8.96 Hz为共振频率，320 Hz为近共振频率。(c)理论拟合129Xe核自旋放大器对共振和非共振交流振荡磁场的磁场强度响应。交流磁场频率为 7.00,8.80,8.96,9.05,320 Hz，强度相同。(d)实验测量 129Xe核自旋放大器对共振和非共振交流振荡磁场的磁场强度响应。交流磁场频率为 7.00,8.80,8.96,9.05,320 Hz，强度相同。
2. 线性响应
我们实验检验了在线性响应区间内（𝐵ac<5 nT）核自旋放大器对不同强度振

荡交流磁场的响应。首先，我们使用任意波发生器沿 𝑦方向施加一个非共振交流
振荡磁场，固定频率为 320 Hz，并对其强度从 15 pT到 45 pT进行扫描。然后，我
们再施加一个共振频率为 8.96 Hz的交流磁场，并重复了上述实验步骤。图 3.6(b)
展示了实验测量的 129Xe自旋等效磁场信号与 87Rb磁强计自身的响应信号，作
为施加振荡交流磁场幅度的函数。在共振情况下，129Xe自旋的等效磁场信号远
大于 87Rb磁强计自身的响应信号；而在非共振的情况下，由于核自旋放大器对
外界交流磁场没有响应，响应信号完由是 87Rb磁强计产生。图中的两个信号强
度都与磁场强度成正比，但斜率不同。斜率的比值为 128，表明核自旋放大器的

57

自旋动力学： 量子放大效应
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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
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(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
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•Large spin-destruction 
cross section
•Short noble gas coherence 
time(~10 s)
•Small noble gas
gyromagnetic ratio (0.0118 
T/Hz)

System improvement

• High-quality hybrid atomic vapor cell with long coherence time
• Active and passive ultra-low magnetic noise shielding system
• Ultra-low noise high-power vacuum heating system

Key experimental technologies 

87Rb-129Xe 39K-3He

• Smaller spin-destruction 
cross section(five orders)

• Longer noble gas coherence 
time(~1000 s)

• Larger noble gas 
gyromagnetic ratio(0.0324 
T/Hz)

Experimental setup
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Floquet(周期驱动)量子放大

Floquet量子体系
具有丰富共振跃迁

自旋相干调控

挑战：
带宽窄

相干时间短

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

观测到Floquet体系的磁场放大效应，
提升磁场测量带宽至少1个量级

Jiang et al., Sci. Adv. 7，eabe0719（2021） 

实现新型微波激射器，创造1-100mHz
频段世界最佳的灵敏度

周期振荡磁场作为
“周期驱动力”

开展Floquet量子放大研究
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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

33

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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《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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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. 17(2021)  PRL 128 (2022)Sci. Adv. 7 (2021)

2023.1
0.8fT/Hz1/2

关键技术突破：
采用3He作为磁
场放大物质

文章准备中文章审稿

磁场测量灵敏度稳步提升，已经进入亚fT世界前沿水平

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



第三部分：自旋量子精密测量

p 自旋与弱磁测量

p 自旋磁力仪
Ø 原子磁力仪
Ø Rb-Xe磁力仪
Ø NV磁力仪

p 弱磁测量应用：暗物质探测



•原子尺度：高空间分辨率
•室温下的长量子相干时间结合动
力学解耦技术：高灵敏度

•被测磁信号可转化为自旋量子干
涉仪的相位信息，光学手段读出

由一个替位的氮(Nitrogen)和
一个邻位空位(Vacancy)组成(简称NV色心)

氮-空位缺陷中心单自旋

637nm

3E

1A

3A

0
2.87 
GHz

t=300ns

-1
1

3E

637nm
1A

3A

0
2.87 
GHz bright

dark
-1
1
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NV 单自旋量子传感器

Diamond nanoscale magnetometry

Nat. Nanotechnol. 3, 643(2008) Nat. Phys. 9, 215 (2013)



NV 单自旋量子干涉仪

将微弱的核自旋信号µn转化为单电子量子干
涉仪的相位信息，利用量子测量加以读出

40



Fundamentals and sensing applications

(a)

(b)

(c)

Figure 1.13: Ramsey or FID experiment. (a) Ramsey pulse sequence (top) and corresponding spin
dynamics on the Bloch sphere (bottom). (b) A typical FID signal from a shallow implanted NV center. (c)
In the frequency domain, the Fourier transform of the signal yielding two HF lines separated by ⇠3 MHz
corresponding to host 15N spin. 33

DC Magnetometry 

Ramsey pulse sequence 

spin dynamics 

Chapter One

power broadening (and hence to enhance the ⌘DC) is to use low powers for laser excitation
as well as MW manipulation. But this will significantly reduce the contrast C and count
rate R, and hence deteriorates the ⌘DC. The best achievable ⌘DC in CW-ODMR is therefore
about 2 µT/

p
Hz.

In pulsed ODMR the issues of laser and MW induced power broadening can be elimi-
nated while achieving an optimum contrast, C [17]. The laser induced power broadening
is avoided in two ways: First, as the MW spin manipulation happens under dark conditions
the laser induced fast dephasing of NV spin is avoided. Second, the photon measurement
times are shortened to only 300 ns, equal to NV metastable state lifetime (figure 1.11b).
As a result the photon counting can extract only the actual contrast of the spin state
(figure 1.11b). Sufficient R can also be obtained as the laser power can now be set to
NV-saturation value.

The power broadening due to MW is canceled by appropriately choosing the MW
duration ⌧mw. By setting ⌧mw ⇡ T ⇤

2 , one can achieve ODMR line with an optimum contrast
Cpulse and the linewidth limited only by the �⇤

2. This duration of the MW corresponding
to T ⇤

2 is known as the ⇡-pulse as it brings the complete population transfer (as in case of
Rabi).

As a result, with pulsed OMDR the ⌘DC can be improved by atleast an order of
magnitude compared to CW-ODMR. An expression for ⌘DC in pulsed ODMR is given by,

⌘DC ⇡
p
2e

✓
~

gµB

◆
1

Cpulse

p
R0t0

1p
T ⇤
2

(1.8)

where, ~-reduced Planck constant; R0 and t0 are rate of detected photons in CW
excitation and photon collection window (300 ns) in pulsed ODMR, respectively. Though
the ODMR provides a simple way of measuring DC fields, the ⌘DC are degraded due to
several factors. The best achievable ⌘DC (in case of single NV) in pulsed ODMR is reported
to be ⇡300 nT/

p
Hz. The optimum value of ⌘DC can be obtained with a Ramsey based

method discussed in the next section.

1.5.1.2 Ramsey method

The Ramsey magnetometry is based on the coherent spin manipulation method discussed
in section 1.4.2.2. Here. the magnetic field is determined by measuring the relative Zeeman
energy shifts of the two spin sublevels induced by static or slowly varying �B (detuning
field). Initially the NV spin is transformed into a equal superposition of |0i and |�1i
states using a ⇡/2 pulse and allowed to precess freely (figure 1.13a).The states acquire a
�B-dependent phase � during the evolution ⌧ ,

� = �e

Z ⌧

0

�B(t)dt (1.9)

This relative phase � is then converted into population difference between the spin
levels using a second ⇡/2 pulse. The population difference is then measured via fluo-
rescence difference and from which the Zeeman shift is estimated. For small �, the
population difference or the magnetometer signal (S 0) is linearly proportional to the field,
S 0 ⇡ �e�B⌧ .
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⻱ᡀۿᢰᵟнӵާᴹ㓣㊣䟿㓗Ⲵオ䰤࠶䗘⦷઼ᗞ

⢩ᯟ᣹䟿㓗Ⲵ⻱⚥᭿ᓖ [4], ⭡Ҿ⍻䟿Ⲵᱟᵲᮓ൪,
ሩᖵ⍻ṧ૱⋑ᴹ৊ᓖᡆ㘵ᶀ䍘Ⲵ㾱≲, 㘼ф⍻䟿ሩ
ṧ૱ᰐᦏ. о㊫լⲴ⻱࣋ᱮᗞ䮌⴨∄, NV 㢢ᗳ⻱
ᡀۿ㜭ཏ㔉ࠪᇊ䟿Ⲵ⻱൪㔃᷌, 㘼фNV㢢ᗳ֌Ѫ
অ㠚᯻᧒䪸, ᡰӗ⭏Ⲵ⻱൪нՊሩᖵ⍻ṧ૱ᴹᢠ
ࣘ. ⭡ҾާᴹⲴ䇨ཊՈ⛩, 䲿⵰ᢰᵟⲴᡀ⟏, สҾ
NV㢢ᗳⲴ䟿ᆀՐᝏಘᐢ㓿൘⻱ᙗ⍻䟿઼ᡀۿ亶ฏ
ӗ⭏ҶаӋ䟽㾱Ⲵ、⹄ᡀ᷌.

2 NV㢨ᗹㆶԁ

NV㢢ᗳᱟ䠁ࡊ⸣ѝⲴа㊫㕪䲧, ⭡ањᴯԓ
⻣৏ᆀⲴ≞ᵲ䍘઼⴨䛫Ṭ⛩Ⲵオսᶴᡀ (മ 1 (a)).
䘉䟼ᡰᤷNV㢢ᗳѪᑖ䍏⭥ⲴNV㢢ᗳ. NV㢢ᗳ
Ⲵ㜭㓗㔃ᶴਟԕ⭡ޝ⭥ᆀ [5−7]ᡆєオイ⁑ර [8]䙊

䗷㗔䇪≲ࠪ, สᘱ㠚᯻Ѫ 1, ަѝঅᘱᱟӊっᘱ,
⴨䖳Ҿй䟽ᘱสᘱᆈ൘ᰦ䰤䖳⸝ [9]. 㜭㓗㔃ᶴ
ྲമ 1 (b)ᡰ⽪, 3E ઼ 3A2࡛࠶ᱟй䟽ᘱⲴ◰ਁᘱ

઼สᘱ, 1A1ࡉᱟঅᘱสᘱ. 㠚᯻й䟽ᘱสᘱⲴ
⻱䟿ᆀᮠmS = 0оmS = ±1ᘱ (ㆰᒦᘱ)ѻ䰤ᴹ
2.87 GHzⲴ䴦൪࠶㻲. NV㢢ᗳ㠚᯻Ӿ◰ਁᘱഎࡠ
สᘱᴹє⿽䙄ᖴ: 䗀ሴ䏳䗱઼䙊䗷ѝ䰤ᘱ 1A1Ⲵ㌫

䰤ヌ䎺 (intersystem crossing, ISC)䗷〻. ISC䗷〻
⎹৺㠚᯻ᘱⲴ᭩ਈ [10,11], нՊ䗀ሴࠪݹᆀ.mS = 0

оmS = ±1㜭ཏ⭘਼а仁⦷◰ݹᇎ⧠䶎ޡᥟ◰ਁ,
mS = ±1㜭ཏ䙊䗷 ISC䗷〻ᰐ䗀ሴ䏳䗱എmS = 0

สᘱ [12,13] (фަ䏳䗱⦷о䗀ሴ䏳䗱᧕䘁), 㘳㲁
ӊっᘱⲴᒣ൷ሯભѪࡠ 250 ns, ᭵mS = ±1ᘱ∄

mS = 0㦗ݹ⦷ሿ 30%ᐖਣ. NV㢢ਁ◰ݹ◰⭘֯
ᗳ㠚᯻ᘱਾ, ṩᦞ㦗ݹ䇑ᮠⲴн਼ቡਟԕᇎ⧠NV
㢢ᗳ㠚᯻ᘱⲴ䈫ࠪ [14]. ਼ṧ, ⭡ҾmS = ±1 ᘱ㜭

ཏԕнሿⲴ䏳䗱⦷䏳䗱എmS = 0สᘱ, 䙊䗷৽༽
◰ਁ, mS = ±1ᘱԕ䖳儈Ⲵ؍ⵏᓖࡠ༷ࡦmS = 0

ᘱ [10,11], ҏቡᇎ⧠Ҷ㠚᯻ᶱॆ.
㘳㲁㠚᯻й䟽ᘱ, ൘㠚᯻㇇ㅖSzᵜᖱ⸒л (䙊

ᑨNV䖤Ѫ zᯩੁ)NV㢢ᗳⲴ૸ᇶ亯䟿а㡜ਟԕ߉
Ѫ [15]

H = DS2
z ± γBzSz, (1)

ᔿѝࡽа亩ᱟ䴦൪࠶㻲亩, ⭡⭥ᆀ㠚᯻ѻ䰤Ⲵ⴨ӂ
֌⭘ሬ㠤, Dᱟ䴦൪࠶㻲; ਾа亩ᱟຎᴬ亩, Bzᱟ

ཆ⻱൪, γᱟ᯻⻱∄. ᇎ䱵к, 䴦൪࠶㻲亩Ѫᕐ䟿,
䶎ሩ䀂亩䘁լѪ䴦. ն൘ᆈ൘⁚ੁ⭥൪ [16,17]ᡆ⁚

ੁᓄ࣋ [18]ᰦ, 䶎ሩ䀂亩нѪ䴦, кᔿн޽┑䏣. 䘉
ҏᱟNV 㢢ᗳ⍻䟿⭥൪઼ᓄ࣋Ⲵ৏⨶. ᆈ൘⁚ੁ⻱
൪ⲴᛵߥлmSн޽ᱟྭ䟿ᆀᮠ, 䘉Պ䙐ᡀmS = 0

оmS = ±1ѻ䰤Ⲵ䏳䗱Ӿ㘼ሬ㠤NV㢢ᗳ㦗ݹ䇑
ᮠⲴл䱽, ᡰԕᇎ傼ѝཆ⻱൪ᯩੁ䙊ᑨ⋯NVⲴሩ
〠䖤䖤ੁᯩੁ. ൘ཆ⻱൪֌⭘л, mS = ±1 ᘱ䀓䲔

ㆰᒦ. ഐ↔mS = 0ਟԕоmS = −1ᡆmS = +1

ᶴᡀањ䟿ᆀ∄⢩, ⭘ᗞ⌒ਟԕ᫽᧗mS = 0 о

mS = −1ᡆmS = +1ѻ䰤Ⲵ䏳䗱. 䘉ṧⲴҼ㜭㓗
㌫㔏ҏᱟሶNV㢢ᗳ֌Ѫ䟿ᆀՐᝏಘⲴส⹰.
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മ 1 NV㢢ᗳᲦփ㔃ᶴ઼㜭㓗㔃ᶴ (a) Ღփ㔃ᶴ; (b)㜭㓗㔃ᶴ
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ᡀۿ㜭ཏ㔉ࠪᇊ䟿Ⲵ⻱൪㔃᷌, 㘼фNV㢢ᗳ֌Ѫ
অ㠚᯻᧒䪸, ᡰӗ⭏Ⲵ⻱൪нՊሩᖵ⍻ṧ૱ᴹᢠ
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NV㢢ᗳⲴ䟿ᆀՐᝏಘᐢ㓿൘⻱ᙗ⍻䟿઼ᡀۿ亶ฏ
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ྲമ 1 (b)ᡰ⽪, 3E ઼ 3A2࡛࠶ᱟй䟽ᘱⲴ◰ਁᘱ
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สᘱᴹє⿽䙄ᖴ: 䗀ሴ䏳䗱઼䙊䗷ѝ䰤ᘱ 1A1Ⲵ㌫
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⎹৺㠚᯻ᘱⲴ᭩ਈ [10,11], нՊ䗀ሴࠪݹᆀ.mS = 0

оmS = ±1㜭ཏ⭘਼а仁⦷◰ݹᇎ⧠䶎ޡᥟ◰ਁ,
mS = ±1㜭ཏ䙊䗷 ISC䗷〻ᰐ䗀ሴ䏳䗱എmS = 0

สᘱ [12,13] (фަ䏳䗱⦷о䗀ሴ䏳䗱᧕䘁), 㘳㲁
ӊっᘱⲴᒣ൷ሯભѪࡠ 250 ns, ᭵mS = ±1ᘱ∄

mS = 0㦗ݹ⦷ሿ 30%ᐖਣ. NV㢢ਁ◰ݹ◰⭘֯
ᗳ㠚᯻ᘱਾ, ṩᦞ㦗ݹ䇑ᮠⲴн਼ቡਟԕᇎ⧠NV
㢢ᗳ㠚᯻ᘱⲴ䈫ࠪ [14]. ਼ṧ, ⭡ҾmS = ±1 ᘱ㜭

ཏԕнሿⲴ䏳䗱⦷䏳䗱എmS = 0สᘱ, 䙊䗷৽༽
◰ਁ, mS = ±1ᘱԕ䖳儈Ⲵ؍ⵏᓖࡠ༷ࡦmS = 0

ᘱ [10,11], ҏቡᇎ⧠Ҷ㠚᯻ᶱॆ.
㘳㲁㠚᯻й䟽ᘱ, ൘㠚᯻㇇ㅖSzᵜᖱ⸒л (䙊

ᑨNV䖤Ѫ zᯩੁ)NV㢢ᗳⲴ૸ᇶ亯䟿а㡜ਟԕ߉
Ѫ [15]

H = DS2
z ± γBzSz, (1)

ᔿѝࡽа亩ᱟ䴦൪࠶㻲亩, ⭡⭥ᆀ㠚᯻ѻ䰤Ⲵ⴨ӂ
֌⭘ሬ㠤, Dᱟ䴦൪࠶㻲; ਾа亩ᱟຎᴬ亩, Bzᱟ

ཆ⻱൪, γᱟ᯻⻱∄. ᇎ䱵к, 䴦൪࠶㻲亩Ѫᕐ䟿,
䶎ሩ䀂亩䘁լѪ䴦. ն൘ᆈ൘⁚ੁ⭥൪ [16,17]ᡆ⁚

ੁᓄ࣋ [18]ᰦ, 䶎ሩ䀂亩нѪ䴦, кᔿн޽┑䏣. 䘉
ҏᱟNV 㢢ᗳ⍻䟿⭥൪઼ᓄ࣋Ⲵ৏⨶. ᆈ൘⁚ੁ⻱
൪ⲴᛵߥлmSн޽ᱟྭ䟿ᆀᮠ, 䘉Պ䙐ᡀmS = 0

оmS = ±1ѻ䰤Ⲵ䏳䗱Ӿ㘼ሬ㠤NV㢢ᗳ㦗ݹ䇑
ᮠⲴл䱽, ᡰԕᇎ傼ѝཆ⻱൪ᯩੁ䙊ᑨ⋯NVⲴሩ
〠䖤䖤ੁᯩੁ. ൘ཆ⻱൪֌⭘л, mS = ±1 ᘱ䀓䲔

ㆰᒦ. ഐ↔mS = 0ਟԕоmS = −1ᡆmS = +1

ᶴᡀањ䟿ᆀ∄⢩, ⭘ᗞ⌒ਟԕ᫽᧗mS = 0 о

mS = −1ᡆmS = +1ѻ䰤Ⲵ䏳䗱. 䘉ṧⲴҼ㜭㓗
㌫㔏ҏᱟሶNV㢢ᗳ֌Ѫ䟿ᆀՐᝏಘⲴส⹰.

mS=+1

mS=0

3E

1A1

3A2

D

(a) (b)

V

N

മ 1 NV㢢ᗳᲦփ㔃ᶴ઼㜭㓗㔃ᶴ (a) Ღփ㔃ᶴ; (b)㜭㓗㔃ᶴ
Fig. 1. Crystal structure and energy level structure of NV center: (a) Crystal structure;
(b) energy level structure.

3 ⻷ᙝ⎁䠅

3.1 ⻷൰⎁䠅

俆ݸ, ሩҾ䶉⻱൪⍻䟿, ᴰㆰঅ઼ⴤ᧕Ⲵᯩ⌅
ቡᱟ⍻䟿ޡᥟ䉡, ণݹ᧒⍻⻱ޡᥟ (optical detec-

tion magnetic resonance, ODMR)䉡. ⭡૸ᇶ亯䟿
((1)ᔿ)ਟ⸕, NV㢢ᗳⲴ㜭㓗䲿⵰ཆ⻱൪Ⲵਈॆ㘼
᭩ਈ, Ӿޡᥟ䉡ᗇࡠⲴ㜭㓗ࢸ㻲ቡਟԕ䇑㇇ࠪ⴨
ᓄⲴ⻱൪. 䙊䗷ᗞ⌒᫽᧗࡙⭘NV㢢ᗳⲴ䟿ᆀ⴨ᒢ
ᙗ䍘, ⻱൪⍻䟿ਟԕ䗮ࡠᴤ儈Ⲵ⚥᭿ᓖ. 2008ᒤ,
Taylorㅹ [19]⨶䇪кᨀࠪҶ֯⭘สҾNV㢢ᗳⲴ㠚

130701-2

对于静磁场测量, 最简

单和直接的方法 就是
测量共振谱, 即光探测
磁共振 (ODMR)谱 

从共振谱得到的能级劈
裂就可以计算出相应的
磁场 



Chapter One

(a)

(b) (c)

(d)

Figure 1.15: Spin Echo (SE) measurement on the NV center. (a) Spin dynamics of the NV center in Bloch
sphere under an echo sequence. The MW ⇡/2 and ⇡ pulses are applied along a same axis. (b) Typical SE
measurement on a shallow implanted NV center by sweeping ⌧ yields T2 ⇡ 20 µs. The static field |B| ⇡420
G. The two curves correspond to measurements with the phases of first ⇡/2 pulses altered by 180o. Blue
circles are data points, red line is fit to the stretched exponential function and gray shaded area is the error
in fit. (c) Spin Echo based magnetometry for detection of external AC signal, BAC(t). (d) Magnetometer
signal (S0) as a function of amplitude of external field BAC for a fixed frequency. The magnetometer is most
sensitive to BAC at the maximum slope ( �S

0

�B
)max of oscillation.

36

Fundamentals and sensing applications

two goals: One, it extends the coherence time beyond the inhomogeneous broadening
value T ⇤

2 to a substantially longer T2. Second, one can probe the environmental noise in
the range of kHz to MHz unlike Ramsey method which is sensitive to only static fields.

The pulse sequence and corresponding NV spin dynamics on the Bloch sphere are
shown in the figure 1.15a. The first ⇡/2 pulse transforms the NV center into an equal
superposition of its spin sublevels. Just like Ramsey sequence, during the first free
precession (MW-free) time ⌧ /2 the NV spin dephases due to inhomogeneous broadening
caused by the static or slowly varying fields. The middle ⇡/2 pulse flips the NV spin by
180o and the spin is allowed to freely evolve over second free precession (MW-free) time,
⌧ /2. Therefore, at the end of the total ⌧ the spin is refocused back to its equal superposition
state. The phase � acquired during first interval ⌧ /2 is cancelled by -� acquired in the
second interval ⌧ /2. In other words the inhomogeneous broadening has been effectively
cancelled by setting the two intervals equal, thus forming an echo signal [121]. A final ⇡/2
pulse converts the coherence back to the population difference, which gives a spin state
dependent fluorescence. The total � accumulated over one complete pulse sequence can
be written as,

� = �e

 Z ⌧/2

0

�B(t)dt�
Z ⌧

⌧/2

�B(t)dt

!
(1.11)

As can be seen from the equation 1.11, fields which produce equal phase during the
two intervals result in null net phase. Hence, SE sequence is insensitive to static (DC)
fields and fluctuations which vary on time scales longer than the measurement time ⌧ .
This coherent control of the spin using the simple Hahn sequence effectively prolongs
the observation time from T ⇤

2 to T2 by at least an order of magnitude [6, 16]. It varies
from a few µs for the case of nano diamonds [117] to a few ms in isotopically engineered
bulk diamonds [16]. For the case of shallow NV centers at a depth of a few nm below the
surface of bulk diamond (with 1.1%13C), the T2 (Hahn) values are typically around 10 to
30 µs [122, 123]. Figure 1.15b shows such a measurement giving a value close to 20 µs.

The data is fitted to a stretched exponential function e
�
⇣

⌧

T2

⌘p

, where the parameter p=2.
This value of T2 obtained is 10 times higher than T ⇤

2 ⇡2 µs (figure 1.13b).
The SE sequence is sensitive to AC fields whose frequency f is matched to the Echo

duration, f=1/⌧ . This allows us to probe the external fluctuating fields with sensitivity ⌘AC

which depends on T2 [6, 11, 16].
Consider a time varying magnetic signal applied along the NV axis,

B(t) = BAC cos(2⇡ft+ �0) with an amplitude BAC , frequency f , and phase �0 (fig-
ure 1.15c). The ⇡ pulse is applied exactly when the signal changes its sign so that the time
evolution of the NV spin happens in a reverse direction during second half of the sequence.
As a result, the net acquired by the NV spin at the end of the sequence is non-zero and is
given by [9],

� =
2

⇡
�eBAC⌧ cos(�0) (1.12)

This � is converted to population difference and read out optically.
As in the case of Ramsey magnetometry, the AC magnetometry can be performed by

locking the f of the AC signal to the Echo sequence and slowly ramping the amplitude
of the signal. Owing to the increase in �, the fluorescence shows periodic modulation
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Figure 1.16: Schematic of the AC signal sensing using multipulse sequence. Locations of ⇡ pulses are
made to coincide with the nodes of the signal so that maximum � is accumulated. Modulating function of
the sequence periodically inverts the NV spin resulting in a rectified DC signal.

(figure 1.15d). The minimum detectable field Bmin is estimated from �s/(
�S0

�B )max, where
�s-standard deviation of the magnetometer signal (S 0) and ( �S

0

�B )max is the maximum slope
of its response. The photon shot noise limited sensitivity ⌘AC for a measurement time ⌧ is
then given by [6],

⌘AC = Bmin

p
⌧ ⇡ ⇡

2

1

�eC
p
T2

(1.13)

Comparing this with the equation 1.10, since T2 � T ⇤
2 , the sensitivity is improved by a

factor of ⇡
q

T ⇤
2

T2
. Currently the best achieved ⌘AC values are in the range of a few nT/

p
Hz

for single NV centers.
Note that for the case of ensemble NV centers, the expressions for both ⌘DC and ⌘AC

contain an additional factor
p
N in the denominator, where N is the number of NV centers

[18].
The T2 values obtained from the simple Hahn or SE sequence discussed above can

be further enhanced to reach actual T2 by making use of multipulse sequences known as
dynamical decoupling (DD) protocols [116, 117, 119, 124]. These pulse sequences are
unique to AC sensing as they are intrinsically insensitive to DC fields. Basically they are
an extension of the SE sequence with more than one ⇡ pulse added so that the T2 time and
accordingly the ⌘AC could be improved. This is discussed in the following section 1.5.3.

1.5.3 Dynamical decoupling
Multipulse sequences were initially developed for studies in NMR for refocussing the
ensemble of spins [125]. Recently they have been extensively utilized for dynamicaly
decoupling the various solid state systems including the NV sensors from the environment
[9, 28, 126]. Basically they contain a series of n number of ⇡ pulses equally separated by

38

Fundamentals and sensing applications

⌧ . Most commonly used DD sequences are based on family of Carr-Purcell-Meiboom-Gill
(CPMG) pulse sequences [127, 128]. As mentioned earlier, NV center’s coherence is
strongly reduced due to its interaction with the surrounding bath of nuclear spins. In a
typical CPMG-n sequence, the NV spin is periodically flipped so as to cancel the effect of
its environment, which increases the T2 [119]. The sequence can be regarded as a high pass
filter because it cancels out all the noise frequencies which are smaller than the frequency
of the pulse spacing [118].

If the interpulse delay ⌧ is swept, the sequence decouples the NV spin from every
other frequency except for a set of frequencies given by fL = k

2⌧ , where k=1,3,5,...is the
resonance order [92]. For this specific set of frequencies the decoupling fails resulting in
recoupling. The NV spin then acts as a narrow band filter with a bandwidth (full width at
half maximum) �f = 1

n⌧ [9]. Therefore by increasing n, the filter can be made narrower
to increase the frequency resolution. The resulting spectrum shows the presence of NV
coherence (or ‘Bright’ state) for all the frequencies where the decoupling happened and a
decoherence (or ‘Dark’ state) where the recoupling took place. Any k can be chosen to
observe the peak, but k=1 gives the strong signal and accordingly most experiments are
done with that value. The maximum and minimum fL that can be sensed depends on the
Rabi frequency (which determines the width of the ⇡ pulses) and T2 time, respectively.

Generally, the phase � acquired during a pulse sequence containing n number of ⇡
pulses with a spacing ⌧ is written as [9],

� =

Z T

0

�eB(t)g(t)dt (1.14)

where, T = n⌧ is the total sequence time, B(t) is the oscillating signal and g(t) is the
modulating function that changes sign whenever a ⇡ pulse is applied and takes values -1
and +1 (figure 1.16). The � acquired during a sequence depends on the relative phase
difference between the B(t) and modulation function g(t). For a signal that is in phase
with the g(t) (or when the nodes of the signal coincide with the ⇡ pulse timing), maximum
� occurs and for out of phase B(t), minimum � occurs. Further, as the train of ⇡ pulses
periodically invert the sign of the B(t), we obtain a ‘rectified’ DC signal with fluctuating
amplitude (figure 1.16). Since a DD sequence is nothing but a set of ⇡ pulses embedded
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第三部分：自旋量子精密测量

p 自旋与弱磁测量

p 自旋磁力仪
Ø 原子磁力仪
Ø Rb-Xe磁力仪
Ø NV磁力仪

p 弱磁测量应用：暗物质探测



粒子物理标准模型成功描述了基本粒子及其相互作用，
被认为是二十世纪物理学最成功的理论之一

被Science杂志列为125个最具挑战性科学问题的第一个

宇宙由何构成？

电子 1906 汤姆孙

正电子 1932 安德逊

介子 1949 汤川秀树

W/Z 玻色子 1984 卡罗鲁比亚等

中微子 1988,1995,2002,2015

希格斯玻色子 2013 希格斯等人

夸克 2004 格罗斯等人

16次



标准模型正面临重大挑战

暗物质存在的证据（天文观测）

星系旋转曲线 子弹星系团

二十一世纪物理学

的两朵“乌云”

标准模型所能
描述的物质

？
？

1.参与引力相互作用，具有质量属性 

2.与光子、电子和质子之间的相互作用极其微弱

(甚至没有) 



星系中的幽灵“雾霾”

• 每秒约有108个暗物质（100GeV）
穿过身体

• 每个人身体上有1029个原子

可是每年暗物质和每个人的碰撞次数 <1
而我们的身体每天和环境中的
宇宙射线和伽马射线碰撞108次

每秒有多少暗物质穿过人的身体？

暗物质晕
在最大尺度上，暗物质主宰着宇宙

暗物质的局部密度～10-21 kg/m3

人体的密度～1000 kg/m³

我们所处地区

每秒，每个人会经历2.5 ×10-16kg
的暗物质穿过身体

（实验结果）



超越标准模型的新物理

理论学家提出了暗物质可能是由一种或者多种超越标准模型的新粒子组成。

热门的暗
物质候选
粒子

90 个数量级 
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10-22 eV 10-18 eV 10-14 eV 10-3 eV

高能区暗物质： 粒子性
粒子探测器

105 eV

地下实验
(PandaX、CDEX等)

空间实验
(DAMPE、AMS等)

低能区暗物质： 波动性
德布罗意波长通常大于观测仪的尺寸

对撞机实验
(LHC、BESIII等)

目前仍未找到证据



高能区暗物质： 粒子性
粒子探测器

低能区暗物质： 波动性
德布罗意波长通常大于观测仪的尺寸
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DeMille et al., Science 357, 990 (2017)

Safronova et al., Rev. Mod. Phys. 90, (2018)

新途径：量子精密测量技术 n 高灵敏：受限于量子噪声
n 小型化：不受实验场地限制
n 阵列式：更高精度和置信度

为超轻质量暗物质搜寻提供全新
的研究手段，带来新的机遇！

ü 能区范围广 ü 信号极其微弱
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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 
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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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2

Thus the spread in axion velocities leads to a spread in
observed frequencies, giving the axion field the Q shown
in Eq. (3).

The axion field seen by a detector on the Earth is
a(t) = a0 cos(!0

t), a field oscillating at ⇡ !a, and the
amplitude of the field a0 can be estimated by assuming
the energy of the axion field comprises the totality of the
local dark matter energy density ⇢DM ⇡ 0.4 GeV/cm3

[14–16]:

⇢DM ⇡ c
2

2~2m
2
aa

2
0 . (5)

To detect such an oscillating axion field with a terres-
trial sensor, one searches for (non-gravitational) interac-
tions of a(~r, t) with Standard Model fields and particles.
Axion/ALP fields a(~r, t) possess three such interactions,
in general, that can be described by the Lagrangians
(given in natural units where ~ = c = 1) [17]

LEM ⇡ ga��a(~r, t)Fµ⌫ F̃
µ⌫

, (6)

LEDM ⇡ � i

2
gda(~r, t) n�µ⌫�5 nF

µ⌫
, (7)

Lspin ⇡ gaNN [@µa(~r, t)] n�
µ
�5 n , (8)

where ga�� parameterizes the axion-photon coupling, gd
parameterizes the axion-gluon coupling that generates
nuclear EDMs, gaNN parameterizes the coupling to nu-
clear spins,2 Fµ⌫ is the electromagnetic field tensor,  n

is the nucleon wave function, and � and � are the stan-
dard Dirac matrices. Note that the coupling constants
ga�� , gd, and gaNN are proportional to 1/fa [17]. The
axion-photon interaction described by Eq. (6) is used in
a variety of “haloscope” experiments3 to search for axion
dark matter as discussed elsewhere in this volume, such
as the Axion Dark Matter eXperiment (ADMX) [32, 33],
the Haloscope At Yale Sensitive To Axion Cold dark mat-
ter (HAYSTAC) [34], and CAPP’s (Center for Axion and
Precision Physics Research) Ultra Low Temperature Ax-
ion Search in Korea (CULTASK) [35]. In contrast to
other haloscope experiments searching for axion-photon
interactions, the Cosmic Axion Spin Precession Exper-
iment (CASPEr, see Ref. [36]) exploits the axion cou-
plings to nuclear spins described by Eqs. (7) and (8).

2
There can be a similar coupling to electron spins.

3
Haloscope experiments directly detect the dark matter from the

galactic halo [18, 19]. Complementary approaches include (1)

“helioscope” experiments that search for axions emitted by the

Sun; (2) “light-shining-through-walls” experiments where axions

are created from an intense laser light field passing through a

strong magnetic field (which facilitates mixing between photons

and axions) and then detected by converting them back to pho-

tons after they cross a wall that is transparent to them but com-

pletely blocks the light; and (3) indirect experiments that search

for modifications of known interactions due to exchange of virtual

axions. Constraints on axions and ALPs can also be obtained

from astrophysical observations, see for example Refs. [20–28].

These alternative approaches are reviewed in Refs. [29–31].

The Lagrangian LEDM describes an oscillating nuclear
EDM ~dn(t), generated by a(t) along the direction of the

nuclear spin ~̂�n, given in natural units by the expression

~dn(t) = gda0 cos(!at)~̂�n , (9)

that interacts with an external electric field ~E. The os-
cillating EDM amplitude can be estimated from Eq. (5):

dn = gda0 ⇡ gd

ma

p
2⇢DM , (10)

⇡ 6⇥ 10�25 e · cm⇥
gd

⇥
GeV�2

⇤

ma[eV]
, (11)

where [· · · ] indicates the units of the respective quantity.
The non-relativistic Hamiltonian describing this interac-
tion is

HEDM = �~dn(t) · ~E , (12)

and there is a corresponding spin-torque ~⌧EDM

~⌧EDM = ~dn(t)⇥ ~E . (13)

The Lagrangian Lspin results in a non-relativistic
Hamiltonian (in natural units)

Hspin = gaNN
~ra(~r, t) · ~̂�n , (14)

which describes the interaction of nuclear spins with an
oscillating “pseudo-magnetic field” generated by the gra-
dient of the axion field. The magnitude of the gradient
~ra(~r, t) can be estimated by noting that since ~p = �i~~r,

���~ra

��� ⇡
mav

~ a0 . (15)

This is the so-called “axion wind” which acts as a pseudo-
magnetic field directed along ~v [17]. The resultant Hamil-
tonian is

Hwind ⇡ gaNNmaa0 cos(!at)~v · ~̂�n , (16)

⇡ gaNN

p
2~3c⇢DM cos(!at)~v · ~̂�n , (17)

where the amplitude of the axion field assumed in Eq. (5)
was used in Eq. (17), in which Hwind is expressed in
Gaussian units. Given a nucleus with a particular gy-
romagnetic ratio �n = gnµN/~, where gn is the nuclear
Landé factor and µN is the nuclear magneton, the ampli-
tude Ba of the oscillating pseudo-magnetic field produced
by the axion field can be estimated to be

Ba ⇡ 10�3 ⇥ gaNN

~�n

p
2~3c3⇢DM , (18)

Ba[T] ⇡ 10�7 ⇥
gaNN

⇥
GeV�1

⇤

gn
, (19)

where we have assumed that v ⇡ 10�3
c, the virial ve-

locity of the axions. Analogous to the case of the axion-
induced oscillating nuclear EDM ~dn(t) discussed above,
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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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arXiv:2305.00890v1 (2023) 
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最新的dark photon暗物质结果
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空间量子精密测量网络：“天地一体化”

中国空间站

发展空间弱磁量子精密测量技术，探索重大基本科学问题，
服务深空探测

ü 不同实验尺度可以检验不同力程（质量）的轴子相互作用
ü 天然的高速运动实验室：（部分）轴子诱发的自旋-自旋作用被增强
ü 提供天然的大尺度且高达1042极化电子数的极化粒子源
ü 人类文明影响小（各种人造电磁波影响）
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利用量子

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

利用量子
相干叠加

利用量子纠缠
（关联）特性

量子传感的三种类型

SQUID、质子磁力
仪、原子磁力仪

……

突破经典
物理的限

但技术成
熟度较低

Rev. Mod. Phys., 89:035002, Jul 2017.



Classical sensing vs. quantum sensing

Classical 
sensing

Quantum 
sensing

Quantum 
sensing

Probe Classical Quantum Quantum

Parameter Classical[*] Classical[*] Classical[*]

Available 
resources

Repeated
measurement: N

Repeated
measurement: N

N-probe 
entanglement

Spatial 
resolution Macroscale Nanoscale Nanoscale

Error
(Central limit) (Standard 

quantum limit)
(Heisenberg 

quantum limit)

1
N

dq = 1
N

dq =

[*]: Classical signal (e.g., magnetic field) or classical parameter of a quantum 
object (e.g., Zeeman frequency of a spin-1/2, parameters in a wave function)
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1
N

dq =



弱磁探测战略意义

面向国家重大需求

面向人民生命健康

面向世界科技前沿

面向经济主战场

自主导航 磁异常探测 暗物质搜寻 引力波探测

医学成像 心脑疾病诊断 小型化零场磁力计 钻石原子力显微镜



总结：自旋与弱磁探测

nm空间分辨率

fT磁探测灵敏度
量子放大

里德堡原子微波电
场探测： μV/cm 
1—500 GHz超宽频段 
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