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Quantum Sensing

1. What ?
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What is Quantum Sensing?

measuring of a physical quantity using a device (sensor)

|

@ sound mirror before the invention of Radar “human” sensor
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Navigation and Timekeeping

Four warships of a Royal Navy fleet
were lost at the Isles of Scilly on 22
October 1707. About 2,000 sailors

died in this disaster.

The disaster has been attributed to a
combination of factors, including

the navigators' inability to accurately
calculate the positions, errors in

the available charts and pilot books,
and inadequate compasses.

The Loss of British Fleet (1707)




Navigation and Timekeeping

The Longitude Problem

@ Newton
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The Longitude Act

The Longitude Act of 1714

* 1st prize (£20,000)
1/2 degree of longitude (30 nautical miles)

* 2nd prize (£15,000)
2/3 degree of longitude (45 nautical miles)

* 3rd prize (£10,000)
1 degree of longitude (60 nautical miles)

1 nautical miles = 1.8 kilometers
£10,000 in 1714 = £1.5 million in 2020




What is Quantum Sensing?

John Harrison
1693-1776

Inventor of the

Marine Chronometer

(FniEsh)




What is Quantum Sensing?

accuracy

L
O
n
g
i
f
v
d
0.2s/day = 2.3 x 10°° e

Shortly before he died, Harrison
received nearly the full £20,000.
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What is Quantam Sensing?

physical quantities to be measured

* time, frequency, ...
* position, velocity, acceleration, rotation, ...

* electric field, magnetic field, electromagnetic wave, ...

* temperature, strain, pressure, ...

Quiz: how to measure the thickness of a piece of paper?

what kind of equipment do you need?

what kind of “resource” do you need?
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What is Quantum Sensing?

Quantum sensing is typically used to

describe one of the following:

|.  Use of a quantum object to measure a €) dIiSCF?te
evels
physical quantity (classical or quantum); 9)
Il. Use of quantum coherence (i.e., wavelike
quantum
spatial or temporal superposition states) to ale) +Bl9)  superposition
measure a physical quantity;
Ill. Use of quantum entanglement to improve '/-- ————— — ¥ —2
' P o '\@ _— <~ @/
the sensitivity or precision of a measurement, —~— —
beyond what is possible classically. quantum entanglement

only type-lll is strictly “quantum”

Degen, C. L., Reinhard, F. & Cappellaro, P. Quantum sensing. Rev. Mod. Phys. 89, 035002 (2017)

o ————
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What is Quantum Sensing?

TABLE I.  Experimental implementations of quantum sensors.

Implementation Qubit(s) Measured quantity(ies) Typical frequency  Initalization Readout Type”
Neutral aloms
Atlomic vapor Alomic spin Magnetic field, rotation, de-GlHz Optical Optical 11, 1
rime/frequency
Cold clouds Alomic spin Magnetic field, de-GHz Optical Optical IL. I
acceleration,

tme/Irequency

Trapped 1on(s)

Long-lived Time/frequency THz Optical Optical IT, I
electronic state Rotation Optical Optical I
Vibrational mode Electric ficld, force MHz Optical Optical 1
Rydberg atoms
Rydberg states Electric field de, GHz Optical Optical I 11
Solid-state spins (ensembles)
NMR scnsors Nuclear spins Magnetic ficld de Thermal Pick-up coil I
NV" center Electron spins Magnetic field, de-GHz Optical Optical I
ensembles electric field,
temperature,

pressure, rotation

Solid-state spins (single spins)

£ donor in Si Electron spin Magnetic field dc-GHz Thermal Electrical I
Semiconductor Electron spin Magnetic field, de-GHz Electrical, Electrical, optical T, TI
quantum dots electric field optical
Single NV" center Electron spin Magnetic field, de-GHz Optical Optical I
electric field,
temperature,

pressure, rotation

Superconducting circuits

SQUID" Supercurrent Magnetic ficld de-GHz Thermal Electrical LI
Flux qubit Circulaling currents Magnetic field de-Glz Thermal Electrical I
Charge qubit Charge eigenstates Electric field de-GHz Thermal Electrical |
Elcmcntary paricles
Muon Muonic spin Magnetic field de Rudioactive Radinactive [
decay decay
Neutron Nuclear spin Magnetic field, de Bragg scattering  Bragg scattering [
phonon density,
gravity
o ——
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Examples of Quantum Sensing

e atomic clock

e atom interferometer

BRINGING QUANTUM » optical magnetometer

SENSORS TO FRUITION

A'Report by the R d b t
SUBCOMMITTEE ON QUANTUM INFORMATION SCIENCE ° y e rg a O m S

COMMITTEE ON SCIENCE
of the
NATIONAL SCIENCE & TECHNOLOGY COUNCIL

* systems using
quantum resources

MARCH 2022
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Examples of Quantum Sensing: Atomic Clock
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Alkall Metal

The Periodic Table of the Elements w: :

EEEE electron configuration [X] ns'

X=He, Ne, Ar... n=2 3,4...

hyperfine 133Cs hyperﬁne Splitting
struct.

fine struct. - g
porbit Pt . F=4—

Py IR ~ (me=0)

»

F=1-1/2

D 9,192,631,770 Hz
7 Do :

D17 (exact number)

........................

s orbit I ML AT S B~

2S1 F=1-1/2 (me=0)
spin-cljlrbit hyperﬂne ------
couplin : : 5 . ey . ,
P interaction 4 definition of ‘'second’ since 1967
.
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Vacuum Cavity

State Selection Magnets I State Detection Magnets

Getter

. Microwave . .
Cesium X
pu Interrogation Detector
R Cavity

Servo
Feedback

Quartz
Oscillator

Frequency
Synthesizer

9192 631 770 Hz

5 MHz 1 pps




Louis Essen (right) and Jack Parry (left) standing
next to the world's first 133Cs atomic clock

NIST physicist John Kitching and world's
smallest chip-scale atomic clock (CSAC) Cs fountain clock NIST-F1
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Atom Interferometer
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Examples of Quantum Sensing: Atom Interferometer

Optical Interferometer

mirror

Detector 2

{
l

1

| Jlopawg

Beam-splitter

% half-silered
coherent T

mirror
light source /*/ o
g s ————
/ mirrar
e
|
|
Beam splitter :
detectar -
b'z?n
Michelson interferometer Mach—-Zehnder interferometer
e
CSRC
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Examples of Quantum Sensing: Atom Interferometer

Height
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The LNE-SYRTE (France) cold atom gravimeter

1Gal=10"%m/s* ~ 10 °g
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Optical Magnetometer
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Classical
prediction

]

A

/actually observed / ,
M ?‘.VL an "
/N Q

Stern-Gerlach Experiment

What was Silver atoms

& Furnace

Otto Stern Walter Gerlach

Inhomogeneous
magnetic field

Spin is an intrinsic property of electron.

26



The Family of Magnetic Resonance

Mg H IR

=)
* IZHEHEIR(INMR) & B F R EIR(ESR)

O. Stern |. Rabi F. Bloch
1943, phys. 1944, phys. 1952, phys.

EmPS

‘ /:l,ljui\ I{QIL;\EZZ/ \j:h__? ‘ E II_:\EZZ/ \j:)ﬁ

> , N FE
R. Ernst K. Withrich  P. Lauterbur o DFEN) & AARR
1991, chem. 2002, chem. 2003, med. — — —
e=FEE olllE o=FFeid

©
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Examples of Quantum Sensing: Optical Magnetometer

Spin precession in static field

Y J—»w

=2t -2

¥ = 1Bt

magnetic field is inferred from
precession frequency

S (t) o cos(yBt)

Pump + Repump
M — metal shield

[Gocooobooooonooooo) A2
\ PBS
Rb (
/ A4
UUDDDDDDDDDDDDDDDD| Ba|anced PD

X, ¥, 2z RF
coils
y z

Low Noise Bipolar to AOMs for laser
Current Driver pulses and power
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Examples of Quantum Sensing: Optical Magnetometer

Vapor Cell
Magnetoencephalography (MEG)

NS

Boto, E. et al. Nature 555, 657 (2018).
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Optical Magnetometer: Artificial Atoms in Solids

Diamond 4 C’s

Carat

Clarity
Cut

Color

30




Optical Magnetometer: Artificial Atoms in Solids

Negatively charged NV center

carbon sps orbit 3e
nitrogen orbit 2e
negative charge 1e
total 6e

Ground state configuration

I I €x,y
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Optical Magnetometer: Artificial Atoms in Solids
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Rydberg Atoms
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Examples of Quantum Sensing: Rydberg Atoms

Rydberg states

e : principle quantum

—_
T T T

— : number n > 1

—

Energy (eV)
I
N

e Fe~_ | 1
; —@ \ by, Y
-3' ~ // 7 n
_al .
5 ICH D F
i 2 large dipol 2
large size ~ M arge aipoie ~ M
. 5 . . 4
long lifetime ~ N strong interaction ~ 1N

©



Examples of Quantum Sensing:

~ 1 ueVv ~1eV
RADIO | MICRO : A
WAVES ! WAVES INFRARED 1y ygavion K1 X-RAYS RA\S

. A A S .

106 108 lﬂw lol'z 1014 101(» 1018 lo:ﬂ

Frequency (I12)

o
- -
-~ /,.
O} e\\ 7Sy,
Pz
® Les,

e

CSRC

Rydberg Atoms

THz electric field sensing

by Rydberg atoms
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Quantum Resource
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Examples of Quantum Sensing: Quantum Resource

First observation of gravitational waves
black hole merge event in 2016

Nobel Prize in Physics 2017

1 | ||

Inspiral Merger RIng-
down

- -

o U»m o OO, D
(\/>
=
o
=
=

Strain (10 %%)

— Numerical relativity U
 Recorstructed (templete)
i

= T T 1 & Rainer Weiss Barry C. Barish Kip S. Thorne
206} q =
2 0.5 H = Black hole separatior -3 _g
g) 0.4 »--_ Rlack hole relative velocity 2 ‘é
S03f 1 | o 8 "for decisive contributions to the LIGO detector
0.30 0.35 D.40 045 9 . oL .
Time (s) and the observation of gravitational waves.
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Examples of Quantum Sensing: Quantum Resource

GEo 00 I =mcunssen
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GW-strain (HZ'VZ)

QObservatery noise, calibrated to
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Frequency (Hz)

squeezed light: beyond the quantum shot-noise limit
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What is Quantum Sensing?




Quantum Sensing

2. Why ?
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Improving Measurement Precision
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1. determine orbits of GPS satellites.

2. transmits orbital data, time
corrections, and location of other

satellites

3. transmit synchronized time and
orbital data to Earth.

4. GPS receivers compute location
using orbital data and the

difference in arrival times of the

signals of at least 4 satellites

@ Accurate time (frequency) measurement is crucial!

CSRC -



pendulum clock
1904-1929

@ ~1x107

CSRC

Early time standard before atomic clock

quartz crystal oscillators, 1929

bestaccuracy 1 x 1072 (1950)

43
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GOSNIC PENDULUNY
FOR CLOCK PLANNED

Radio Freguencies in Hearts of
Atoms Would Be Used in Most
Accurate of Timepieces

DESIGN TERMED FEASIBLE

Prize Winner, Tells of
" Newest Developments

By WILLIAM L. LAURENCE

Blueprints for the most accurate
clock in the universe, tuning in on
radio freguencim in the hearts of
atoms and thus beating in har-
mony with the “cosmic pendulum,”
were outlined yesterday at the an-
nual New York meeting of the
American Physical Society, at Co-
lumbia Univergity, by Prof. 1. I
Rabi, who delivered the Richtmyer
Memorial Lecture under the aus-
pices of the American Association
of Physics Teachers.

L esmemameasae

The first atomic frequency standard, based on the
ammonia molecule, with accuracy ~ 2 x 1078 in 1949

Harold Lyons (right) & Edward Condon (left)

44



National Primary Frequency Standards

NBS-4 3 x 1013 NBS-6, 1975 8 x 107!

NBS = National Bureau of Standards - &
NIST = National Institute of Standards and Technology NIST-7,1993 5§ x 10~ %°

45




¥) = |0) + B|1)

v 0 .
— cos —|0) + sin —e'?|1
>10) + sin 1)
. normalization condition )
o|* + |8 =1
>y  global phase does not change \¢>

(o) = sinf cos
(0,) =sinfsin g

(0,) = cosb
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Vacuum Cavity

State Selection Magnets I State Detection Magnets

Getter

. Microwave . .
Cesium X
pu Interrogation Detector
R Cavity

Servo
Feedback

Quartz
Oscillator

Frequency
Synthesizer

9192 631 770 Hz

5 MHz 1 pps
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Vacuum Cavity

State Selection Magnets State Detection Magnets ' ‘ 1

Mictowave

Cgti:nm ¢ Intertogation Detector
:: Ca;'Vi'ty “t \\
[ ' S - o L 2 AT L 2 AL
Frequency . ~ Quartz™-._ Servo Py (T , A) = cos“| — | = cos” | —
Synthesizer . Oscillator Fegdback Y 2 20
9 192 631,770 Hz < f M
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1)

t<0
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NIST-7, 1993

5 x 10~ 1°

(& | oy -13 .
“I

NBS-1,1959 1 x 10~ NBS-6,1975 8 x 107 *

Vacuum Cavity

State Selection Magnets L State Detection Magnets
> | : r’\ ; “:o
. Gener . V;‘ ; . " / | "
~100m/s 00 NP

~ l Getter

Frequency Quartz Servo
Synthesizer Oscillator  Feedback Y

Microwave
Interrogation
Cavity

Cesium

Oven Detector

9192 631 770 Hz e e

5MHz - - » 1 pps

155 cm, 62 Hz
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NIST-F1

Lases The Nobel Prize in Physics 1997

~1 m/s

1 : y
\‘.‘ —
s .
- 3 ey 5:',"“ {
Prede laser (4 d - :
-~ -1 Detector \ )

Clocx cavity

-7 - » .
. Steven Chu Claude Cohen-  William D. Phillips
S g Tannoud;i
e "for development of methods to cool
";,m, 0 g and trap atoms with laser light."

Cs fountain clock 4 x 10719 cold atom era!

50



Optical Clock

A
'P l_ 1388 nm

o
=)

o
N

Atomic excitation ratio
N,/ (N, + N,, )
o
~

0 N . e e
-20 -10 0 10 20

Laser detuning (Hz)

clock transition frequency ~ 500 THz

CSRC =
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2 e
g -y '\
% 1E-12 o
| Q
8 1513
Cs atomic clock built for the 5%
first GPS satellites (late 1970s) e
3
=
© 1E-15
|u|r_.u. =
= 17-
) s 1E-16
kS
Eé LE-17
= 1| = Microwa
P~ 1E-18
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DPrede laser ! J 4)
-~ ==
-
-

1960 1970 1980 1990 2000 20

:w o Year
S "'Jh = from microwave clock to optical clock
— i
0 the era of 107
@ Cs fountain clock
CSRC T
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New Features of Quantum Sensing

(1) Spatial Resolution

53






Sensing

Toward Molecular-Scale MRI

“molecular diagnosis” from Science 2013

Sensing single nuclear spins

©
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Sensitivity (T/Hz'"2)

Sensing

Resolution vs. Sensitivity

1 1 1
, Hall Probe 2 (2004)
107 - ¢ ¢ Hall Probe 1 (2004)

+ Hall Prebe 4 (2002)

)
10" - ¢ NV nanocrystal (2008) ¢ Hall Probe 2 (2004)
NV single cryslal (2008)
o ¢ ¢ Hall Probe 5 (1996)
10 0
+ SQUID 1 (1995)
+ BEC (2007)
10712 ¢ SQUID 3 (2003)
¢ Vapour Cell 1 (2007)
10 14
¢ SQUID 2 (2006)
¢ Vapour Cell 2 (2003)
107"¢-

1= 10° 107'° g

10 107
Detection volume (m?)

J. R. Maze, et. al. Nature (2008)




c Frequancy w/2x (kHr)

Coherance

3 ) N .
5 -
5 ¢ / / ' m
~ ity =100n oty =300t =500 erd
0 o s w0 5
0 2 4 B 8

Time (me)

CSRC

we/2ne=333%Hz

I G

]

/ -
e /LN

/
v

]

TL+IT
7\, aIn

/ - |
/ N =51.3¢Mz2

\K

U

)
(&)
Q)
Q

Small Molecules

(5 molecules on top of NV are enough)

CH,

———

N
H ™~

H
H, -

N

-~
N o

4



Sensing

Diamond sample

o — b 10 :
/’/ ' Q ‘\\\ - . Tongr =111 ps
,,’ Y 0.8 s
B N 0° oo 3 -
/ ’I . ‘ \ = Bl ~21.
0 Y Qo & 06
© - e P o % Of \\ \ M
& Vo @ i & : il L
. T — o ' . w 0.4 -
’ (] O W 3 b
\\ ‘ ° ' ‘ . 'l . ) -
. g > ©
N / 0.0 | |
\\*q:‘ «17”/ 0 50 100 150 200
~. -~ : .
. yd Time (ps)
Parmanent “\\ e
magnet \E . o Microwaye
N - |sotope purified diamond sample:
\l/ «12C > 99.99%, 100 times purer than natural
'\M;:T'O"»:'O[‘.'r: Y — \ Ciamond abu ndance
ohjectiva . .
C— «Typical FID T,* time ~ 200 ps
N H *Typical nearest 13C-NV distance: ~ 3 nm

*Hyperfine coupling strength ~ kHz
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Sensing

Microscopic Model

H=AS2—~,BS,+8S,-A-1—~:BI,

& A
ST Conditional Hamiltonian of 13C
- /\4/ Hgi3(ms = 0) = —vy¢BI,
TS Hcqs (mS = :|:1) = —vcBIl, A 1

X

Effective Larmor frequency for given mis
27TfLa,rmor (mS) — _/YC’B +mg - Az

for |yoB| > |A|
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Ccherence

Sensing

Effective Larmor frequency for given transition

27"-]L‘Larmor(0 A mS) — _’YCB_I_mS ) Az/2

(Zk=1TN/B(G )

d -
® NV-A Ve
15 | m NV-B /
"‘"
) 7
3 / -
4 /
E 1 O - ) /' o /“
2 /, . //
— / al
- y¥ a7
5 y /’ - -
,// ///
L
O _r L] I L) l
0.0 C.5 1.0 1.5 20
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Lonersnre

Crnberencs

Coherence

Sensing

More than one 13C nuclear spins

L=
1
a

g
:f:P-;
00 8
\\ P - 1 l-é :
-10 C—n ’ CEMG-10
I ' 1
100 100 W00 o000

lime (us)

33606

U+ " CPMG-30

Cohererce

T T T T T T T T T
350 400 450 500 350 400 450 S00
Time (us) lime us)

NTE
b
w
@
L
(2]
o

1C1C ] 10,106

CPMG-10 | Oe—1 CPMG-10
) l ' ' | ' l '
200 200 a0 &no 200 400 500 800
lime (us) lime Cus)

Positions of each 13C nuclear spins could be identified
through the B fields dependence
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Sensing _

Proof-of-Principle measurement for single nuclear spin NMR

Coherence
(&)
n
|

N0 -
- CPMG-10 1.6 Gauss CPMG-7C
C‘.S T | T T T //'//'/ | T | T | T
1,400 1,600 1,800 2,600 2,800 3,000 3,200
Time (us)

long coherence time T, ~3 ms

measured hyperfine coupling ~300 Hz
distance: ~ 3 nm from NV center

CSRC
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Sensing

From non-interacting nuclear spins to interacting clusters

______________________________

e
-

am o o o - S S S S S S S S S S S e e e .

~1nm

Theory: Zhao, N., et. al, Nat. Nanotech. 6, 242 (2011)
Experiment: Shi, F.Z., et. al, Nat. Phys. 10, 21 (2014)

L
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Sensing

Nano-scale NMR/ESR/MRI with NV

sensing electron spins | an.
1. Grinolds, M. S., et. al, Nat. Phys. 9, 215 (2013) [Harvard] 5?’ e
2. Sushkov, O., et. al, Nano Lett. 14, 6443 (2014) [Harvard] “""m\;‘.‘..“.
3. Shi, F.Z., et. al, Science 347, 1135 (2015) [USTC] Dissiond

sensing nuclear spins

s SRR =
4. Zhao, N., et. al, Nat. Nanotech. 7, 657 (2012) [Stuttgart] N "%,"'"e.‘ ra
5. Kolkowitz, S., et. al, PRL 109, 137601 (2012) ‘Harvard] | N
6. Taminiau, T. H., et. al, PRL 109, 137602 (2012) Delft] '
/. Staudacher, T., et. al, Science 339, 561 (2013) Stuttgart]
8. Mdller, C., et. al, Nat. Comm. 5, 4703 (2014) Ulm] e iy

¥ e _’nwb‘“’; “ .,,,"' ‘hj'f ~
9. Zhao, N., et. al, Nat. Nanotech. 6, 242 (2011) [HK, theory] L e q‘?% (*','s'{
S ampe . b l‘ e nc‘)ex youme ~

10.Shi, F.Z., et. al, Nat. Phys. 10, 21 (2014) USTC, exp.] —~— A l =

The Next Breakthrough
@ single-proton & single-molecule outside diamond

CSRC -



CSRC

New Features of Quantum Sensing

(2) System Miniature
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Navigation Method

sextant

.

satellite (GPS)

Observation of the Outside World !
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Inertial Navigation System

An inertial navigation system (INS) is a navigation aid that uses a
computer, motion sensors (accelerometers) and rotation sensors
(gyroscopes) to continuously calculate via dead reckoning the
position, orientation, and velocity (direction and speed of movement)

of a moving object without the need for external references.
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https://en.wikipedia.org/wiki/Navigation
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Inertial Navigation System

gyroscope: an example

\u,
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Classical Gyroscope
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Ring Laser Gyroscope

Sagnac effect

¥} irrr;'//

counter-clockwise Q‘ Mirror

fvlilTOl

-:Iockwis.c
I'c4) |
Aaam

Liiees ;pliﬁer
X T
Dclector

8mA

Ap = —w
AC

size: ~ 1000 cm3

weight: ~ kg
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Gyroscope Performance

hlgh . l I : H 1 T Y T Y Y T . T .\
precision : LaSGF/FIber '," .
— 3500 S)J(eSleeosll~ -1 | Cold atom
— — | gyroscope
o future
L
o X
2 L2771 NMR
o 350] o e I: — Gyroscope
-.g ""¢ v
® & '\ (> MEMS
E : e’ <> FAY /> Mechanical
: Tt ) Optical
low i et <> [ Atomic
precision 35 Q' - R S S R TP o 1 - :
107 10 10° 10®% 10° 10° 10° 10° 10° 1072

CSWaP [$- m®. kg: W]

——-sseme-—->
small, portable, cheap, ... big, heavy, expensive...

©
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Quantum Gyroscope: Spin-Based Systems

Spin precession in static and rotating frame

yL &' = (cos Qt, sin Ot)

L

Sy (t) o< cos(yBt — Qt)

A

Sz (t) o< cos(yBt)

In a rotating frame with angular velocity () YBt — Qt = YBeast

Gyroscope = Magnetometer

Bgyro = B — Bmeas — 9/7
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l<[ environmental noise field J

<[ earth magnetic field J

magnetic field

1o
3 1
_|
_l

<
---------I-—---------
N

[ ve =1 MHZIG

electron spin [earth rotation 10-° HZJ
precession ’ = = = = : : i - | . ! |
nHz uHz mHz Hz kHz

GHz

[ynuc ~ 1 kHz/G

nuclear spin
precession

pHz nHz uHz mHz Hz kHz MHz

@ 360° /day = 15° /h ~ 10 °Hz




current

magnetic field

nuclear spin
precession

©
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current source
uncertainty ~yA

~105 <[ full range 100 mA ]

A PA NA A HA mA A KA
[earth rotation 105 HZJ 100 nT/mA J
| . | , H . . . . ‘ i ,
i T P nT T mT T
? 1 Hz/mA ]E E
: </ 100 Hz |
pHz nHz uHz mHz Hz " KHz MHz
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Two Species: 129Xe & 131Xe

Y129 = —27 X 11.86 mHz/nT 9129 — »-)/1293 — 0
Y131 — 2m X 3.516 mHz/nT ngl p— fylng — Q

0O — 712952131 — V131 leg

Y131 — Y129

magnetic fluctuations (due to current noise) can be eliminated.
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NMR Measurement

s ® 5
'.7 ¥ Xe
. ‘.‘—_?
.
Rb *

unpolarized optical pumping exchange pumping
atoms -(52) -(12)

resonant driving |

' | |
<Iy>(t) precession | <Sw>(t) Faraday rotatlon= NMR signal
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Micro-NMR Gyroscope by Northrop Grumman Corporation

2MMENMREZE

Phase-1,3000cm?.
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Quantum Sensing

3. How ?
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Quantum Sensor is a toolbox

clock, magnetometer, gyroscope,
interferometer, electric field sensor,
gravitational wave sensor...

thermal atoms, cold atoms, atomic
spins, solid-state defects, lasers,
superconducting devices, ...
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How to measure the thickness of a piece of paper?

what kind of equipment do you need?

what kind of “resource” do you need?

uncertainty:

©
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How to measure...

thickness of a piece of paper ?

single meas.:

multiple meas.: ] IZAd/\/N D/N +Ay/N

+/ N enhancement

©
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* ruler uncertainty

* signal-to-noise ratio (SNR)
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Central Limit Theorem

* independent and identically distributed random variables { X, X5, ...}

- expected value: E(X;) = 0 ; variance : var(X;) = 0% < o0

X1 +Xo 4+ Xn

N approaches to normal distribution.

N-sample average Xy =

2

UW standard deviation

(uncertainty)
I , Std(XN)

1z ] £5 3 &h o w
Comn Up CarUp

- expected value: E(X ) = 0; variance : var(Xy) =

5620
O

200

=

1320

1ea

10co -

€a -

4£0 -

o

CSRC -



Oscillator Frequency

¢ k
requency f, — | — = AL = Ly — L,

Laser

v

I =1Iycos’(k-AL)

i
l' 4 l"

~output (1)
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-
-
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e
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-
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1) 1 Iinax _ signal: /(7) noise: 01
E——
'/ \"'D; . . .
A \ Signal to Noise Ratio
) .N':'i' }'?' > l‘
‘A". f‘v
\ 7 Linax
™ M SNR =
.‘“‘\\‘ A //A/ 51’
“'*"'vf'\w[\_/

A

; m < //
A4
<

Phase Uncertainty d¢ = SNR ™!

Fundamental noise:

e laser shot noise
* Poisson process
e oscillator quantum noise

e laser ‘disturbs’ the oscillator
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* page vs. book

» system coherence
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Oscillator Frequency

Ik

il

frequency
k

wo = 2mfo =

>

x(t) 1

N tn — 1o 5 St
A a': ..? i Ly f' \ T — T~ —

CSRC

Zero-crossing
testing error

" measurement
time

- 5t

uncertainty
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Two Decoherence Mechanisms

il
x(2) 1 ideal oscillation
f,.'""\'\ ',/h\.. ."f— S, '.f' N ."/\* .,/-\,.' ',,/‘-\, .,/"\‘ .',/'\' .,/\\
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Coherence time 75 : max. measurementtime L.« ~ 19

CSRC

characteristic time that the
phase is predictable.

Coherence time limits the
measurement precision.

89



Forced Oscillator with Damping

frequency

k

;/;/;’ k
’j//;/' I | B p— CU() — 27Tf0 — —
T s F(t) = Fy coswt m

o FO

f=—w r+2lz +w(2)a: = Ecoswt

damping rate T" = ~/(2m)

(w3 — w?) cos(wt) + 2Twsin(wt) F,

AT2 w2 + (w2 — w3)2 m

steady state solution  x(t) =

@ amplitude / \ phase
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A%(w)] "\ Amplitude-Frequency Response
/ o\ or , 1
/N (w— wp)? + I
line width I = 7,
Phase-Frequency Response
H), o, o AETEY RSP
— 5 .
7 d(w) = arctan( )
—— W — Wo
2
o Near the resonant point

CSRC
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@
Pw) Near the resonant point

-
w—wy = —I (qb—l——)

7 : 2

- pe

frequency w — @, is derived

from measured phase ¢

ow=1I"-0¢
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F ~1 m/s

dw = 155 cm, 62 Hz T

-y e
- @m >
sl -
> E - n
— Y -
NBS-1, 1959 NBS-6, 1975 8 x 10
1 x 1071 NIST-7. 1993 9 X 10~ 1° Cs fountain clock
4 % 10710
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iIncoherent coherent

“Signal” should be accumulated

as coherently as possible.
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Quantum Entanglement and Quantum Correlation




Summary

What is quantum sensing?

« Atomic Clock * Atom Interferometer « Optical Magnetometer

* Rydberg Atoms » Sensing with Quantum Resources

Why do we study quantum sensing?

 High Precision « Spatial Resolution « System miniature




what is NOT covered in this talk

dw =

» what causes the decoherence?
 atomic collision
* light scattering
* inhomogeneous fields

 how to increase coherence time?
» decoupling environment
* noise compensation

I

SNR

* more about quantum resource
e quantum radar
e quantum imaging
e quantum illumination

* quantum metrology theory
e quantum Fisher information
* Cramér-Rao bound
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