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Towards Practical Quantum Technology KST

Scie dTh ology

Technology utilizing quantum ‘enhanced’ measurements beyond the
classical limit using novel quantum mechanical nature..

(Quantum Superposition, Quantum Entanglement etc..)
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Seth Lloyd
MIT

Experimental realization of a quantum al-
gorithm

Isaac L. Chuang', Lieven M.K. Vandersypen?, Xinlan Zhou?,
Debbie W. Leung®, and Seth Lloyd 4

1 IBM Almaden Research Center K10/D1, San Jose, CA 95120, 2 Solid
State Electronics Laboratory, Stanford University, Stanford, CA 94305
3 Edward L. Ginzton Laboratory, Stanford University, Stanford, CA
94305 * MIT Dept. of Mechanical Engineering, Cambridge, Mass.
02139

submitted January 19, 1998; revised March 7, 1998, accepted March
18, 1998.

However, limitations in scalability, slow
gate operations..
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“A classical (computation) is like a solo voice. A quantum
(computation) is like a symphony — many lines of tones
interfering with one another.”

Quantum hype in NMR machines

those systems. On the other hand, because of their

natural isolation from the environmen lnuclear spins
are particularly good| ‘quantum bits’ [° and their use
for quantum computation is possible by applying nu-

clear magnetic resonance (NMR) techniques in an un-
conventional manner ! . Here, we report on the

|. Chuang et. al., Nature 393, 143-146 (1998)
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Why Solid-State Defect for Quantum?

Naturally trapped atoms, from a single to multiple spins (qubit/qudit) in a

Solid-State host material

Solid-state defect spin qubits (e.g. NV center in diamond) are promising..

Long spin relaxation time T;

(ATM, RT operational, T{~5ms at RT)
Long spin dephasing times T, , T,
(T;~50us, T,~500us)

Spin-to-Photon interconnection

Can be combined with cutting-edge nano-
fabrication technique

(i Atomic Defects g

in Solid-State matter

> Long spin relaxation time
(ATM, RT operational, T

» Long spin dephasing time
(T ~50us, T,~500us)

» Spin-to-Photon interconng

» Can be combined with cu
fabrication technique

Walsworth group, UMD
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Solid-State Defect Spins for Quantum Technology

KST
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Diamond based point defects are promising qubit platform for quantum sensing to
gquantum information science

In vivo magnetic
field sensing
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Wide Range of Spin Defects in Solid-State Matter Kl

Different spin defects have different qubit performances
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G. Wolfowicz et. al., Nat. Rev. Mat. 6, 906—925 (2021)
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Diamond Embedded Point Defects Kl

Science and Technology

Diamond based point defects : NV, SiV, Ge-V, SnV etc..

Nitrogen Vacancy center

» Can be operated at RT, ATM

~  Spin state initialization with 532nm laser

> Robust spin state control using microwave
signal

1 Institute of S

[9]
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Building Blocks for the Quantum Sensors K]ST

Mixed hybrid spin network q— z(e n . 2,2 . ..8
trapped in diamond B

K +ZS A i,k Ik + SlDl,]S]

R h22
g, -ttty

Amr3

(§A S5 =308, - 7) (S, .f))

> For strong coupling, |D; ;| > 1/T, yy
(usually r < 10 nm)

|Alk| < |Dl]|

NV, s=1 T
Physical/ » : : :
Ancilla qubit At long range, electronic spin coupling

[3C]=1.1%, I=1/2 much stronger than nuclear spin coupling

Physical/Memory qubit

[10]



Building Blocks for the Quantum Sensors K]ST

Mixed hybrid spin network
trapped in diamond

NV, s=1
Physical/

| ipolar

~ tion
>
I

|

Ancilla qubit

[13C]=1.1%, I1=1/2
Physical/Memory qubit

Science and Technology

Electronic spins for scalable quantum channel

1. Fast single/two qubit gate

2. Realization of multi qubit spin register

Nuclear spins for physical/memory qubit

1. Long spin coherence time

2. Fine control via dynamical decoupling

[11]



Building Blocks for Scalable Quantum Sensors KST

Science and Technology

Mixed hybrid spin network
trapped in diamond
NMR based Quantum Machine

XK Scalability > Deterministic generation

of spin defects

Quantum - High fidelity, fast gate control
ipolar gates of electron spins
Y to
Y< 2 Less error - High purity material engineering
) 4
-

NV, s=1 Spin defect-based Quantum Machi
Physical/ pin defect-based Quantum Machine
Ancilla qubIt | (7135121 19, 1=1/2

Physical/Memory qubit

[12]



Diamond-based Quantum Machine

Science and Technology

\
M Mask ion implantation technique (Ax~5nm) or
single ion implantation + AFM tip (Ax~5nm)
: J
. //_/'/,\,/‘:L/
Physical qubit P [l
Nuclear ~_ J-- \ A \W 4 | ‘\\ e
spin /’ !ﬂ\@w’/ 2] Single node
ﬂ EIectt.‘onic /) e / ~ 50 CIUbltS
spin P - -
) -
Ancilla qubit .
r i p
™ CVD 1.1% natural 13C (up to 50 qubits) or
G 13C enriched diamond (up to 100 qubits)
N (phys.org) Y

K\
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Optical Initialization and Readout Kl

@ Room Temp, ATM
Laser excited
state A Y
932 nm —— singlet
excitation states
640 - 800 nm D=2.87GHz
fluorescence y=2.8MHz/G
Spin triplet state (S = 1 )
P P ( ) . -, = |+ 1)
triplet Dl
Zero-field splitting due to spin- ground
spin interactions (D=2.87GHz) state — ,, — |0) ‘

[14]



NV center under the Static B-field K]ST

@ Room Temp, ATM

Q> excited
state
A A

— 1
% 532 nm —— singlet
3 0.995 excitation states
27 28 28 3  640-800nm (D=2.87GHz
Microwave frequency [GHz] fluorescence y=2.8MHz/G
B=Dbias field
Optically-detected magnetic | 1) T _1m —[+1)
resonance (ODMR) t”p'etd DI HEZ A
grotn Zeeman
state . = 10)  Spiitting ®
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NV spin Qubit Control via MW K]ST

Science and Technology

@ Room Temp, ATM

Resonance frequencies

(1)2 — D - )/B
Hamiltonian

H = D(S,)* +yBS, + Q, cos(w4t) S,

+Q, cos(w,t) S,

D=287GHz

Y = 2.8MHz/G — Can be used as a Qubit / Qutrit
. B = bias field |

JHL et. al., npj. Quantum Info. 9, 77 (2023) [15]



NV spin Qubit Control via MW K] T

@ Room Temp, ATM

Rabi oscillation
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Quantum Parameter Estimation K] T
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Measurement
i (M) | | |
’0(6) — Hest AW}_
6: an unknown parameter Ae,, Parameter
> 0
0

est

~  What is the best possible precision allowed?

— Classical Fisher information (CFl : F.): It measures how sensitively the distribution changes with 6.

— Quantum Fisher information (QFI : Fy,): the ultimate information about 6 contained in the state.

— Quantum Cramér-Rao bound for unbiased estimator 8 , N independent measure:

Abesy =

1 1
>
JNF.  /NF,

[17]



Three Steps in Quantum Sensing

& 1st step : & 2" step :

Using a quantum system Using a quantum coherence

(Ex. Zeeman effect)

Y/ ]
‘ vB,

(Ex. Superposition)

Single photon,
Single charge,

: . Mach-Zehnder,
Single spin etc..

»10)

f () S

\ 4 |1>

Ramsey interferometry,

& 3"dstep :
Using a quantum resources
(Ex. Entanglement)

Ent

0e. e,

~

Korea Institute of S
Science and Technology

. {00 ...0)

L

\

111 ... 1)

Entangled state,
Squeezed state etc..

[18]



Example : Ramsey Interferometry Kl

Science and Technology

€ QFI from Ramsey
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1 .
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Different Perspectives in QFl parameter Kl

Science and Technology

€ QFI from Ramsey

|0) A10) TBZ A|0) A 10) A 10)
Ls 4
ﬁ(cborB) QFZ £ SN vy &
1) \

/1) Y1) Y1) Y|1)
»  QFI with as phase parameter »  QFI with as signal parameter
N B N
Fy Fo
1 ¢} = VeB,ts

B as signal to detect

S
N
[ r g

¢ ts

Phys. Rev. A 09, 042406 (2024) [19]



How to Further Enhance QFI?

& To beat the Standard Quantum Limit

— Need to use non-classical states, ex) Entangled state, Squeezed state etc..

Ex) GHZ (Greenberger—-Horne-Zeilinger) state

1 .
[W)g = ﬁ(lm +e7|1))

N

/
P+)

Rev. Mod. Phys. 89, 035002 (2017)
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1 .
W)y = 5000..00) +e7NP|11..11))
N : number of qubits

[ Fg o N }

K\
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Hahn-Echo Measurement K] T

1 Institute of S

Science and Technology

€ Hahn Echo pulse sequence

|0) /\lO) /\|0> |0>

S SN SN S B

1) Y1) Y1) Y|1) Y1) V1) 1)

n-refocusing pulse cancels out the phase accumulation by B,

— DC field noise can be suppressed, longer spin coherence time T,

[21]



Hahn-Echo T, time K]ST

€ Hahn Echo pulse sequence . .
€<>

>
= /@
2V e

>~ Limited spin coherence time T, due to
the nearby magnetic fluctuation noise

0.15 1

0.10
> Refocusing m-pulse cancels DC noise,

but susceptible to AC noise

Contrast

0.05

10 20 30 40 50
Full spin free precession time (us)

[22]



AC-field Sensing Protocol K]ST

€ AC field sensing protocol

10) A10)

1)

V|1>

[23]



AC-field Sensing Protocol K]ST

Science and Technology

€ AC field sensing protocol

external
magnetic field

NV center

B-field at the NV center

——_—_—

0.05|

1

012 0.14

016 0.18 020 0.22 12 13 14 15 16 17

Full spin precession time (us) Frequency (MHz) [24]



Enhanced AC-field Sensing Protocol K]ST

Korea Institute of
Science and Technology

external
magnetic field

XY-N pulse sequence

1T
(W )y @y (3)
I 27 I 2T ITI Y

l

T

(5) @ @, @,
MW yl TI 2T I ZTI
|

NV center

N

Dynamical decoupling pulse allows longer
coherence time T, y suppressing nearby magnetic

T fluctuation noise

Bandwidth
< 1/N

ratio

By sweeping N and 7, we can engineer a filter
function, and detect specific AC frequency signal

Freq J

Spectral resolution of the signal FFT depends on
TZ,N

T.H. Taminiau et. al., Nat. Nano. 9, 171-176 (2014)
S. Kolkowitz et. al., PRL 109, 137601 (2012)

[25]



Example : Nuclear Spin Detection via NV Spin KST

XY-8 pulse sequence measurement

0.8

0.6

0.4

0.2

0.0

il
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3

_____

Spi

\ath ‘,
Bex = 441G (A),A1)= (565, 220) kHz

Experiment
Fit

1

2

Time interval t [us]

Detecting 7 different
13C nuclear spins

@0‘ i-Q'LA)L
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Ingredients Towards Quantum Enhanced Sensing KST

K a Institute of
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Optimal engineering of non-classical state is important

Spin squeezing with
spin ensemble

(b)

T
o,ﬂ*}
]

Nature 646, 74-80 (2025)

%,

—m/2

NV-Nuclear spin Electron spin
entanglement entanglement

a b Ry Entangler e-i¢Jz Rx

2/ J)
-
[ oo lo T
@ @ é)‘ @ ;‘3 \3’

1st generation 31st generation  63rd generation
0.02 . mHL

71 (bs)

Sci Adv 7 32 (2021 ) npj Quant. Info. 8, 150 (2022)

» Generation of spin-squeezing with solid-state electronic spins via strong

dipolar interaction.

» Small-scale local multi-qubit entanglement using hyperfine or dipolar

interaction.

[27]
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Defect Quantum Sensing for HEP

-

N
Directional recoil-track

readout with quantum
defects

Phys. Rev. D 96, 035009 (2017)
Quant. Sci. Tech. 6, 024011 (2021)

-

Phys. Rev. Appl. 17, 024041 (2022))

N
HEP detector

Instrumentation and
radiation diagnostics

Nano Letters 23, 9811-9816 (2023)
J. Phys. Chem. C 129, 2739 (2025)

kRSC Advances 15, 1011-1019 (2029)

K!
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dT chnology

[

) 4

Recoil-created color
centers and defect
channels

Phys. Lett. B 782, 242-250 (2018)
Phys. Rev. Appl. 16, 064060 (2021)

_ arXiv:2503.20732 (2025) )

—

Imprint Search

NV magnetometry and
spin metrology for
wavelike dark matter

JHEP 03, 083 (2025)
Phys. Rev. D 111, 075028 (2025)

Phys. Rev. A 113, L060802 (2026))

—

Direct Search

gl

[28]



Defect Quantum Sensing for HEP

e

N
Directional recoil-track

readout with quantum
defects

Phys. Rev. D 96, 035009 (2017)
Quant. Sci. Tech. 6, 024011 (2021)

-

Phys. Rev. Appl. 17, 024041 (2022))

N
HEP detector

Instrumentation and
radiation diagnostics

Nano Letters 23, 9811-9816 (2023)
J. Phys. Chem. C 129, 2739 (2025)

kRSC Advances 15, 1011-1019 (2029)

K!
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-

) 4

Recoil-created color
centers and defect
channels

Phys. Lett. B 782, 242-250 (2018)
Phys. Rev. Appl. 16, 064060 (2021)

_ arXiv:2503.20732 (2025) )

—

Imprint Search

NV magnetometry and
spin metrology for
wavelike dark matter

JHEP 03, 083 (2025)
Phys. Rev. D 111, 075028 (2025)

Phys. Rev. A 113, L060802 (2026))

—

Direct Search

gl

[28]



Directional Recoil-Track Readout with Defect Qubits KST

€ Directional Detection of Weakly Interacting Massive Particles (WIMPs)

@ Damage probability
® Typical damage cascade

o". e 0 VRS

0 10 20 30 40
[nm]

Damange cluster with 30keV ions

Phys. Rev. D 96, 035009 (2017)

WIMP scatters within a crystal

— induces a nuclear recoil that creates a
localized "damage cluster" approximately 50 nm
in size

Damage cluster induces local strain in the crystal
lattice

— shifts the energy levels of nearby quantum
defects

These shifts can be measured optically or
through paramagnetic resonance

[29]



Directional Recoil-Track Readout Steps K]ST

scanning
microscop
objective

detector:
sectioned

diamond
pull out
section

. damage track
scattering event recoil

nucleus

=10

Walsworth group at UMD

Phys. Rev. D 96, 035009 (2017)

>
=

~

>

Korea Institute of
Science and Technology

15t step : Use conventional detection
techniques (like collecting ionization or
scintillation) to narrow down the recoil event
to a millimeter-scale region

2nd step : Interrogate the quantum defects

specifically in that vicinity to determine the
high-resolution directional information

[30]



Why Directional Readout with Defects? KST

K a Institute of
dTI nology

€ Directional detection of particles
Phys. Rev. D 96, 035009 (2017)

1 007 —

:'_0_ -— —— 1(H) keV
x 09 5_/60f events _ 30 keV
g ] WI4|| be falsly 8 006 4 10 keV
£ ] oriented 5 2 LaV/
= 3 keV
g 08 - ] 1keV
= - - — e
2 — — — — w— — — g 005 —
E 07 — '_p'] Hs
> 4 72% ofevents 2
® 05 - can be correctly S
5 ] oriented 2004 H
E 3 z
205 I £
© c
e £ 003
£ 04 3
" | 2
g 5 o
3 03 - | 2. 002 -
e I 3
G 02 — 3
w01 false positive | direction cannot|  direction can

region be determined be determined
0 . T T T ™1 1 0 T T T T T T T T [0 B o e e s O B S S B S S B B D B B B B B B B e e e e e
| 1 T T T T | | I I 1
107! 100 10! 0 10 20 30 40 50 60 70 80 a0
Damage Asymmetry Angle between initial recoil and damage direction

» Recoll direction allows researchers to distinguish between WIMP and solar neutrinos

~  Solid-state densities, much larger target mass (and thus a higher chance of a WIMP
hit) can be packed into a smaller, more manageable detector volume (~1m3)

- Efficiency greater than 70% and a false positive rate of less than 5% for 10 keV recoil

energies, representing a high level of precision for such low-energy events
[31]



Experimental Demonstration of NV Strain Sensing Kl

€ High sensitivity strain sensing with NV center

1.5x106

0.5

-0.5

215 Allan deviation at 1 second

Camera

LP filter ﬁ >~ pulsed quantum interferometry for strain sensing

»  The protocol exceeds the sensitivity benchmarks
required for the directional detection of WIMP

> Yet, the spatial resolution needs to be improved from um

Phys. Rev. Appl. 17, 024041 (2022) to 50nm scale

[32]



Collaboration with KEK QUP K]ST
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€ QUP at KEK

mini-workshop on quantum sensing with diamond NV center

@ Tuesday May 12,2026, 200 PM = 500 PM Asia/Tokyo
Q 2F meeting room (QUP bidg )

2
Tsutomu MIBE (XEX IPN:

Description  This workshop aims to being together researchers working in the fields of diamond NV center to discuss recent progress, share new ideas, and
explore future directions. The program will consist of invited talks and discussions in an informal setting. encouraging active participation and
collaboration. We warmly invite interested researchers and students 10 participate

U

International Center for

200PM — 230PM  Tour of QUP facilities ©®30m

230PM —300PM Coffee ® 30m

3:00PM — 330PM NV research at Arai-lab at Science Tokyo @ 30m

Quantum-field Measurement Systems for Speakr Ko e i
Studies of the Universe and Particles EI0P 400 W rsnrch o IS ks o s O30

WPI research center at KEK

400PM — 430PM Quantum sensing with NV atQUP  ®30m
Speaker. David Herbschled (U

» Launched initial collaboration with KEK QUP, for NV magnetometry for wavelike
dark matter

> This requires high fidelity gate control of NV center and nuclear spins (from KIST)

[33]



NV Magnetometry for Wavelike Darkmatter Kl
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€ Axion-nuclear spin direct interaction

Axion dark matter as a classical field with coherent oscillation, which
interacts with fermion spins as an effective magnetic field

Using Axion-Nuclear spin (*N) interaction as Hamiltonian, determined
by the axion interaction with neutron and proton spins, g,n, and gupp

N e
> This changes the nuclear spin’s accumulated phase, and can be readout
via NV center through e-N two qubit gate
5 7 By ~ —2 (e | Gann V2pa 30
Hin = ywBn () - T, (28) wBy == (Lt Pava;  (30)
with the effective magnetic field defined as with 9, = ¥, /v,. For convenience, we define
By (t) = By, ot : 29 8 -1
N() NV cos(m +¢) ( ) fa — Gapp + Gann : (31)
2my,  2my,

Phys. Rev. D 111, 075028 (2025)

€) T T mI A= Nuclear spin DC magnetometry
IN) 4 R;"* HR¢™ H RY/?

[34]



Nuclear Spin Ramsey for Wavelike Darkmatter KST

K a Institute of

€ Nuclear spin Ramsey interferometry €) T : gy
IN) 4 Ry/> H R¢™ H R/
N : number of spins
Frequency m,/(2) [Hz] Frequency ma/(2m) [Hz]
Eg 10’ N =102, tops=1yr . H d s 12_85 H»"

o INeutron star cooling /l‘Jl”; : 1079 ’_/’A\Jl\,l
107 4 S S N | f ~ 3SN1987A J——— =
10-10 ]  KHe--— U e S : 2
1o~ F/:tfelgomigrefﬁe o +ChangE/ S e 107 N=10%, tops = 1yr / g‘g‘?&eﬁ\\: 9
10-12-% : o . Opfs?g r\\\)\é%\’\ iz_z _§Proton Storage Ring' i OP‘%? =
12:21 Electrostatlc storage r|ng '. : TZN—ZT 725 ms 10-14 _.._ TzN—ZT 725 ms

1072 10 10 10 10 10 10 610! ;;))a [ng]lo 10 10 10 10 10 10 10‘5 1071 ma [eV]

> The method is sensitive to a broad frequency range (<100 Hz), corresponding to
axion masses m, < 4x10713 eV
Phys. Rev. D 111, 075028 (2025) ~ Nuclear spins have long coherence times (T, ~7.25 ms)
[35]



€ Nuclear spin multi-pulse interferometry

Phys.

For Enhanced Sensitivity for Wavelike Darkmatter KST

K a Institute of
dT chnology

A

T
N &y B2 H B HRe H Ry

Yy
Frequency m,/(2m) [Hz] Frequency m,/(2m) [Hz]
uHz mHz Hz kHz MHz GHz uHz mHz Hz kHz MHz GHz
1 il 1y T sl ool ool 1ol el 1o 10t
10 1| I I I Il I I 1l H ﬂ H i l
100 10° RN J
10-1 107! 4 t f
Y
102 1072 . i (
103 10 4 4% m
10-¢ 104 PPN L AR ;i '
— — \JO\ -\'/":, .'
T 107 T o10°® < |
.
% 1076 % 10-6 ;
S 1077 4 oo O 10
T E Ss o
< 10- . n
"5 104 Current best . 10
1070 §-- - D 107
10710 10-10
107t 10-11
10 2 E 10 12
10 Py T 2 10 10713 4 : -
=22 =21 -20 -19 -18 -17 —16 5 13 12 10 9 8 6 5 m
10°110°71202010-1910-1410110°1420"15 10" 10V 107201040202 10°* 107 10°¢ 10- 10-2210-2110-2010-1910-1810-1710-16101510-1410-1210-1210-1110-10 10-° 10~ 10-7 106 105
m,[eV] msl[eV]

>~ Potentially extending to 100 seconds in cryogenic environments will have more
precise frequency resolution and higher sensitivity to weak signals

Rev. D 111, 075028 (2025) [36]
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— Nitrogen Vacancy center in diamond (qutrit) is a promising quantum
metrology platform for quantum enhanced sensing

— Basic quantum sensing protocols, Ramsey interferometry, Hahn-Echo,
dynamical decoupling pulse sequences are discussed

— Defect spins in diamond started to be applied for the search of dark matter,
imaging strain from the nuclear recoil

— Wavelike dark matter also can be theoretically detected via phase
measurements
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