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Quantum Enhanced Metrology

Higher Standards

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.

Quantum resources: Better Performance

Quantum mechanics, through the Heisenberg uncertainty principle, imposes

[TmIts on the precision of measurement. Conventional measurement techniques
typically fail to reach these limits. Conventional 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 “guantum tricks’”” such as squeezing and entanglement.

SCIENCE VOL 306 19 NOVEMBER 2004
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1. Atomic clocks for positioning, navigation, networking, and metrology.

2. Atom interferometers, e.g., gravimeters for remote sensing and accelerometers for navigation.

3. Optical magnetometers for bioscience, geoscience, and navigation.

4. Devices utilizing quantum optical effects for local and remote sensing, networks, and fundamental science.
5. Atomic electric field sensors, e.g., Rydberg atoms for GHz-THz radiation detection.




RSP : Ba)

19455, Rabi 4
NS \\ | | \\‘ : N
BF A5 FR QA

2 IPEE Ry |

l:l:l N 4 = o 4 S Y-
E/\] = :/H\:H?If H é ;%L‘,\ /e 9, 192, 631, 740"\

Rty

HH

FRAD”

A% A RTA




B E T 2 KA B A INX S H

X B EHIA914820 K
TSR BT RN A
N5 -2298 11, 55 &
K, EEFR LR
HAZS e H LI HFAE
517, BEFHEENE

BRI HRERS
ZEkit

FA00TT R+ 2 BAI AR E PN

326 _E 5T AR 300012 5F I~ £ —A)

B ERALIZRI0VEE P HER

Nature volume 658, pages903—908 (2026)
12


https://www.nature.com/

LOGO : 3|17

Laser Interferometer Gravitational-Wave Observatory (LIGO)

Gravitational wave Black hole Spacetime

Beam Light
splitter detector

o Light waves cancel
=
Ve XX@ . each other out
£ .m@ n Light waves hit
the light detector
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General procedure

Quantum parameter estimation

Initial state —> Dynamic process —> Final state —>  Measurement —> Estimator

po AMMA} [0 ( ) est

o AN
POVM
the standard deviation of the parameter
AO A - -
A= —29 AO = /(67 — (O)
10(0) /50

A — 2 2
Quantum Crameér-Rao bound 0 ((00)%)

1
VU Fg(9)

Nat Phys, 2011, 7, 406




Closed quantum systems

Initial state — Dynamlc process —» Final state — !\/\easurement Estimator

(0)
)l ) -

v, (@)=U®)\w,) 0©) = exp(—iHb)

1 oP(x,0)7 .
F(9>=Zp(x |9>[ S;' )] = 4y O)I[H — GOy ).
’ G©O) = (wolHlwo)
F(O) < Hwol(AH) lwo)  AH = H — (H)  Fp0) = 4(wol(AH)wo)

Fo(0) = 4Ly’ @1y’ @) — (W' Olw @)1 1v'©)) = Flw©)

Measurement precision: Different encoding final state



Ramsey Interferometry

A single particle

)= V) el
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Ramsey Interferometry

A form of atom interferometry that uses the phenomenon of magnetic
resonance to measure transition frequencies of atoms

‘ yes
ja) + 1b) 2 ja) + €“Ib) || la) +[b)? )—<

: yes
a) + [b) la)+€”b) || la) +[b)? )—<

: yes
@) + b) )+l || T+l —

N independent (signal) = (o,) = —coswT

“atoms” . 5 _
l (noise) = Ao, = V1 — cos?wT = | sinwT|
A(WT) 1 (noise) 1
W == - — -
VN |ld(signal)/d(wT)| V'N [Frequency measurement

Time measurement
Clock synchronization




Cat-state Ramsey interferometry

AN

< no

/"

< j
yes
la)" + 1b)" >|a)”+e“"|b)” ja)" + 1b)"*2 )—(
AN

#yes (in v repetitions) 1- cosNg Fringe pattern
p .= =
ent v 2 with period 21m/N

(signal) = (o0,) = —cos NwT
Ac. =1 — cos?NwT = |sin NwT|

(noise)

|1 (noise) 11
AW = signal /d@D)] — VEIN

v = (number of trials) N cat-state atoms
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Classical sensing vs. quantum sensing

Classical sensing | Quantum sensing | Quantum sensing
Probe Classical Quantum Quantum
Parameter Classicall’] Classicall™] Classicall™]
Available | Repeated Repeated N-probe
resources | measurement: N measurement: NV entanglement
SpatI?I Macroscale Nanoscale Nanoscale
resolution
R | _ 1
60 = — 60 = — 00 = —
Error N N : N
. (Standard quantum | (Heisenberg quantum
(Central limit) . .
limit) limit)

[*]: 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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Optical Magnetometer

|
Alkali-metal Atomic Magnetometer

D.Budker. : A new spin on magnetometry Nature (News&Views) 422, 574 (2003)

. Optimal pumping/probe + NMR
etector

e 0
Polarization

plane of laser Polarization ' Signal Energy per Spin

rotated

by magnetic field

o . — NMR
Magnetic field - Polarization n
(v direction) () : vector rotated hv,¢

Laser
o 210%]
> o
. . ompeny s Laser
Potassium NMR: np+n; ~ 10 Vo
atom Polarization vector Optically n;-n|
set by laser pump ; -
pumped: ni+ny —1 Q Q 310°J
Sensitivity

x direction

increase by > 10 orders of magnitude
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Alkali Vapor Cell circular  Optical pumping
polarization
L W > > —p>
f:x <_\ - _»—b_, —>
K % X - —>
¥ OEXL N —> - >
¥R Pump -
|
Randomly oriented Spins align with the
atomic spins pump beam

Detect with probe beam
Apply Small Magnetic Field

<«— Output

polarization
5 ()
Out of B ‘
plane
. . . < Input
Spins precess in magnetic field polarization

Probe beam

Oriented spins rotate the polarization
— (Faraday rotation)
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Preparation: Optical pumping

collisional
mixing

Alkali-metal: K or Rb

Close to 100% Alkali-metal atomic spin polarization!
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Encoding: Lamer processing

7\
I . .

1 {———— axis of precession
|

(defines magnetic dipole)

{————— axis of spin
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Readout: Faraday Effect

Polarization rotation due to the Faraday effect

B N Optical rotation used for detection

the plane of polarization

Polarization angle rotation

Eﬂ o

Dmitry Budker

linear polarized light

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.
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Resonance half-width Av (Hz)
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a shot-noise limited
sensitivity: 2 aT Hz 12
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Phys. Rev. Lett., 89:130801, Sep 2002.
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A subfemtotesla multichannel
atomic magnetometer

I K. Kominis*+, T. W. Kornack*, J. C. Allred:: & M. V. Romalis*

* Department of Physics, Princeton University, Princeton, New Jersey 08544, USA

t Department of Physics, University of Washington, Seattle, Washington 98195,
USA

The magnetic field is one of the most fundamental and ubiqui-
tous physical observables, carrying information about all elec-
tromagnetic phenomena. For the past 30 years, superconducting
quantum interference devices (SQUIDs) operating at 4K
have been unchallenged as ultrahigh-sensitivity magnetic field
detectors', with a sensitivity reaching down to 1T Hz ™"
(1T = 107"°T). They have enabled, for example, mapping of

Magnetic field (fT Hz=1/2)

01 1

)

\ ]
Ay \’"/\/\’/VJ‘Z

7 RT

0.54 fT Hz Y2 1in 0.3 cm?

180 ° C

Nature, 422(6932):596-599, 04 2003
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0.16 fT Hz V2 in 0.45 cm?, 200° C

72T
. - = = Single channe
g —— Gradiometer
Tl Probe noise
=1
>

Field s_epsitivit
S

o
&
Magnetization sensitivity
(emu/cmd/Hz!/2)

—

(@)
N
o

40 50 60 70 80 90 100

Frequency (Hz)

APPLIED PHYSICS LETTERS 97, 151110 (2010)
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aT/Hz1/?

Princeton University
(0.16fT/Hz'?) (0.68fT/Hz!/2)

' : - Meas. Sci. and Tech., 2018, 30(1): 015005. X
Materials today, 2011, 14(6): 258-262. (1) HEeEET

45




Sensitivity (fT/Hz"?)
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Frequency (Hz)
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Sensitivity: measuring the ability of the instrument

Key problem: How to improve the practical sensitivity?

Quantum noise Classical noise
( Uncertainty principle ) ( Technical noise )
Fundamental limit SQL: « 1/v/N
HL: o«1/N ¥ Overcome
oM

Fundamental _
B = T3m1795
x 1 Enhance

Physical systems Encoding principle = Measurement strategy
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Angular Momentum Reservoirs

m No direct transfer to nuclear spins from photon. However, the
coupling between electronic and nuclear angular momentum 1is
usually strong enough to provide an efficient transfer mechanism.

Nuclear
spin

t Hyperfine

Hyperfine

Absorption
Photon Electron Electron
spin Emission | orbital Spin—orbit|  SPin

t Spin—rotation

Molecular
rotation
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M) Check for updates [

Search for axion-like dark matter with spin-based
amplifiers

Min Jiang"?37, Haowen Su'?37, Antoine Garcon%®, Xinhua Peng©'23>= and Dmitry Budker© 45
B — lanng T B cos(2nvt) +2n(v — vy) Tr, sin(2wve)
cir — n+zn*ac
2 L+ (%uBac/2)*TinTon + 27(V — Vo) |* T,
sin(2vt) — 21 (v — ) Tr, cos(2mve)
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Response signal (V)

Intrinsic time-independent spin systems

5 q""Ba ~ 2 ,l Trr T IB S 2
y‘.m 'Yn V TlnT2n * 'nV TlnT2n,
0.2}

. Near-resonance
L 1]
K
0.1 A 7.00 Hz
4 ¢ 880 Hz |
| ® 896 Hz )
. Far-off-resonance ™ 2.05Hz
- v 320 Hz _
O_éllj‘1l,AL1‘LL41L14A1,‘L
15 30 45 60

Linear

Oscillating magnetic field (nT)

Nonlinear

Saturated

o

Response signal (V)

U

' N ] L] T T T
On-resonance g
0.01 )
: ® =320 Hz |
i r!n»m;=2'5 IJVDT-1 -
0 m

. Far-qff-resonance ,

15 30 45
Oscillating magnetic field (pT)

Slope: Response to the
magnetic field

At least two orders of
magnitude improvement
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Jiang et al., Nature Physics 17, pages 1402-1407 (2021)
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Measurement-feedback spin amplification

Nobel Prize: Maser and atomic clock
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Fquuet maser : ENR{EAFloquet/ Y RIEAIGEETT R
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SCieIlceAdVaIlCGS Contents ~ Careers ~ Journals ~

U ) Floquet maser

P Min Jiang'-23, @ Haowen Su'-23, ® Ze Wu'-2:3, ® Xinhua Peng'-%23.* and @ Dmitry Budker*>:6
PHYSICS

PHYS &%

[
Extending maser techniques to Floquet
systems

techniques to Floquet systems. In their paper

A maser that amplifies e o s
emission of peri()dica]]y PloquUet Systoms. Fen-Bac Liv, with the Chinese
modulated quantum states ]

has uses in metrology physics

New Floquet maser is very good at detecting low frequency

By Ren-Bao Liu? magnetic fields

{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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Enhanced quantum sensing withiamplificationjandideamplification

Min Jiang," % * Yushu Qin,"? * Yuanhong Wang,!-? Ying Huang,""? Xinhua Peng,"-%>3-" and Dmitry Budker*>:°
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Opportunity: Interaction, Correlation, and Entanglement

Alkali-metal = Correlated alkali- Entangled spin
spin gas noble gas gases

NMOR effect

SERF effect Nuclear spin amplification Nuclear spin squeezing

Fano resonance effect Memory-based sensing

SQL: 1/\/1T/ SQL: 1/2\/N Heisenberg Limit: 1/N
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Quantumsensors will starta
revolution —ifwe deploy them right

Kai Bongs, Simon Bennett & Anke Lohmann

From underground
explorationto brainscience
and air-traffic control, the
sensing potential of quantum
devicesisenormous. But
they must first get out of the
laboratory.

uantum sensors exploit the
fundamental properties of atoms
and light to make measurements of
theworld. The quantum states of par-
ticles are extremely sensitive to the
envirdnment, which is a virtue for sensing, if
problematic for making aquantum computer.
Quantumsensors that use particles as probes
can quantify acceleration, magnetic fields,
rotation, gravity and the passage of time more
precisely than can classical devices that are
engineered or based on chemical or electri-
cal signals. They can be used to make atomic
clocks that are smaller and more accurate,

cameras that cansee through fogand around
corners, and devices for mapping structures
underground, among many other potential
applications. They stand to transform a mul-
titude of sectors, from energy, land use and
transportto health care, finance and security.
But their commercial promise needs to be
appreciated more.

Asresearchers developing quantum sensors
in the laboratory, we are keen to make govern-
ments and industry more aware of the possible
benefits —in particular,inimproving the safety
of national critical infrastructure thatrelieson
sensors, such as air-traffic control systemsand
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Application: Fundamental physics & particle physics

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

Quantized angular Quantized energy levels Frequency shift
firai : Axion (dark matter)
< Hamiltonian =
w? o Fa ' ! ,l‘ ," { "\ le “" ‘ln \ll\ “‘\ \\\
; Y Energy shift 1! i €0 J‘ E B dV Axi hot
i ,’/ llllll (T —emt s [ A N MO ga'Y'Y a XlOIl-p oton
a
Field of unknown particles . + gaffhc Va . S Axion-spin
Frequency measurement, energy shift

“pseudo-magnetic” field:

BALp X gann cOs(71a1.01)U
4 o
Amplitude: Oscillation frequency:
Coupling strength ~ Compton frequency

+ V€ (flc)3 gepmaS - E  Axion-gluon
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SAPPHIRE project

—e —

——. _ Spin Amplifier for Particle PHyslcs Research  ——

——9 S —

¢

Wang, Y., Huang, Y., Guo, C., Jiang, M., ... & Budker, D., Sci. Adv.9, eade0353 (2023)
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Axion dark matter searches: Beyond astrophysical limit

naouare
ph Y SI1CS https://doi.org/10.1038/541567-021-01392-=

M) Check for updates

ARTICLES

Search for axion-like dark matter with spin-based
amplifiers

Min Jiang"2?37, Haowen Su"?37, Antoine Garcon?®, Xinhua Peng©'23= gnd Dmitry Budker @ 4.5¢

N —— R ——————
[ j B

10 i’/cisspﬁr-ZULF 3
102 |/ CASPE-ZULF 4 i 3

. 1 = 107 3

< 10-3 E E % E ? . . . .

E L ] o L Astrophysical limits 4 Spm-amphﬁcatlon. 128
S5 | " 2 105l | Sensitivity: 18fT/Hz!?
chr 10k o5 100 s data

e U 5 hours average: 130aT
Axion-nucleon interaction:

i B
100 300 500 700 100 300 500 700 <10°GeV (feV-peV)

Axion mass (feV) Dark photon mass (feV)

5 h data

Establish the most stringent limits on axion-nucleon coupling beyond astrophysical limits
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Searching ultralight dark matter

O Searching for different low energy regions for axions, Z'bosons and
dark photons, providing the latest new constraints

peV (1012eV), neV (10°eV) ueV (10°eV) meV (103 eV
I ' I I |

}

1 1

Exceeding bounds from Setup the most stringent constraints for neutron-neutron, :
astrophysical neutron-electron couplings

fev (10713

Setup the most stringent constraints for . Setup the most stringent constraints for
neutron-electron couplings

neutron-neutron couplings

feV (101 eV) peV (1012eV) neV (10°eV) ueV (10°eV) meV (103 eV
I I I I |
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Correlation sensing via multiple-sensor network

< Single sensor > < N-sensor network >

Localized noise is hard to suppress |:> Suppress the false alarm rate o< p"
Detection deadzone Enhance sensitivity o« 1/v/N
Can’t tell the orientation of DMs Omni-directional detection

Network contains DM orientation inf.

Ultralight dark matter with long de Broglie wavelength enables the network detection

1feV de Broglie wavelength

~

100 times the Earth diameter




Dark photon network searches ( AMAILS )

nature commumnications

New limits on dark photon dark matter

Article 1814

Long-baseline quantum sensor network as
dark matter haloscope

Received: 13 September 2023 Min Jiang®?3"2, Taizhou Hong'?3"2, pongdong Hu34%"2, Yifan Chen®,
Fengwei Yang ® €, Tao Hu?, Xiaodong Yang?’, Jing Shu®°'° |, Yue Zhao® ®©
Xinhua Peng ® 23 & Jiangfeng Du® 231

Accepted: 4 April 2024

BT S5696T7IN:
126.642464E

Collaboration with Yue Zhao, Jing Shu, Yifan Chen
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Correlation sensing via multiple-sensor network

Article

Constraints on axiondark matter by
distributed intercity quantum sensors

Nature 650, 314 (2026)

https://doi.org/10.1038/s41586-025-10034-w Yuanhong Wang', Ying Huang', Xiang Kang', Dangui Chang?, Jiaxuan Xu', Yifan Chen3%,
Szymon Pustelny®, Wenqgiang Zheng?, Min Jiang'=, Xinhua Peng'®’* & Jiangfeng Du®®

Received: 15 April 2025

T T T

[=10%eV /

f=10%eV

10%F

107

Stations

ac

i

<

( [
St -
<
(0]
~ »
°.
@
‘ J/
Coupling strength, f-!'(GeV™')

Astrophysical limits ]
f,=100eV ]

10l i
? 10 -/;B=10I05 ev
Galaxy
/
o/, 10"
Defez%al 16-" | 16-" | 1(1)»7 | 10°
Axion mass, m, (eV)

Earth Solar system Collaboration with Szymon Pustelny

76




The first nuclear-spin quantum senor network

e B o A% FE b AR iR Ay &%, RERE
HFPELFE RS T4 IR SC7 M A KR

The world’s first nuclear-spin quantum sensor network surpasses observational
limits for axion dark-matter astronomy associated with topological defects.




Earth as a source (nuclear spins)

Surface- NMR detector

37
o
Surface-NMR detector D 2 2 X 10
, g
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E: By :
10%F BIZ-B
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Nuclear shell model ~ 573 X 1037 Time (s)
Schmidt model :
FLP semiempirical model > 1016 times than Lab
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Constraints on spin- spin- interaction coupling constants
.

Z' boson—mediated proton- neutron coupling

axial- vector/axial- vector coupling axial- vector/vector coupling

A . Mass Se\lfj) .
10" \ 1(') 8 19 3] B

Ledbetter 2013, V,
Kimball 2910, v,

107 10
I I

107

Wang 2023, V.
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C . ) This work
10° 10° 10° o 16 ‘ ‘ TS ‘ T
Ledbetter 2013: Phys. Rev. Lett. 110, 040402 (2013) Wang 2023: Sci. Adv. 9, eade0353 (2023).
Kimball 2010: Phys. Rev. A 82, 062714 (2010).

This work: Wang et al., Sci. Adv. 12, eaeg0974 (2026)




physzcs searches

R e

National Science Review

PERSPECTIVE 12 nwatass, 2025 I
https://doi.org/10.1093/nsr/nwaf389 M

Advance access publication 22 September 2025

PHYSICS

Quantum sensors in space: unveiling the invisible universe

Yuanhong Wang'-2-t, Xingming Huang'-2-T, Min Jiang'-2-*, Qing Lin3®4, Wengiang Zheng?,
Yuan Sun @°, Liang Liu %, Xinhua Peng'-2-*, Zhengguo Zhao3-* and Jiangfeng Du 5?2

PHYSICAL REVIEW D 112, ()95015 (2()25)

Hunting for exotic bosons with flying quantum sensors in space

. 1 34
Xingming Huang®, Yuanhonfy W"mcr Xnnﬂ K’mo Jiaxi Li®,"? Haowen Su,' Zehao Wang®, Qing Lin®,

17, 12,75 3, - 8
Wengiang Zheng,” Yuan Sun,® Liang Liu® Min Jiang,”"" Xinhua Peng®, Zhengguo Zhao,™" and Jiangfeng Du
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