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O. Introduction Who Am I?
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2020 Very large scale entangled states in Since 2024 Very large scale entangled states in 2024
At EPFL diamond for 2.0 quantum technologies Femto-ST diamond for 2.0 quantum technologies Femto-ST

Selective quantum controls

Novel entanglement schemes

Spin coherent control

Oscillating Ebeam (scanning)
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0. Introduction [Quantummmth Nitrogen-Vacancy centers in diamond}

* What is sensing?
» As opposed to metrology?

« What properties shall characterize a “good” sensor?

Sensitivity

Sensitivity

e - .. ) *

The sensitivity 1s defined as the minimum detectable signal
Ui, that yields umt SNR for an integration ttme of 1 s
(T =1 s),
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Introduction mSensing... with Nitrogen-Vacancy centers in diamond}

What is sensing?

As opposed to metrology?

What properties shall characterize a “good” sensor?

What are the so called quantum technologies?

What do they rely on?

Quantum Technologies

Quantum
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Quantum
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Quantum
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0. Introduction mSensing... with Nitrogen-Vacancy centers in diamond}

Quantum Technologies

Quantum
Sensing
& Metrology

What is sensing?

As opposed to metrology?

Quantum
Cryptography
& Networks

Quantum
Computing
& Simulation

What properties shall characterize a “good” sensor?

What are the so called quantum technologies?

What do they rely on?

| Classical bits |

| Quantum bits
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O. introduction ~ FOIETN{I 1 IY1 3111:# with Nitrogen-Vacancy centers in diamond}

» What is sensing?

» As opposed to metrology? Quantum
Sensing
« What properties shall characterize a “good”sen & Metrology

Sensitivity

Resolution
Accuracy

E Quantum Sensing*: Quantum sensors*:
g (I) Sensing by mean of a quantum object Quantum bit (1) Discrete energy levels
B 1) (2) Can be initialized and readout
v (I1) Use of quantum superposition
- , (1) +11) (3) Can be coherently manipulated
V2
L (111) Use of quantum entanglement (4) Interact with the desired quantity

|0)

femto-st  EPFL

HEBNESCIENCES &
TECHNOLOGIES

* C. L. Degen, F. Reinhard, P. Cappellaro, (2017). Quantum sensing. Reviews of modern physics, 89(3), 035002. 7



0. Introduction [Quantum Sensing... with Nitrogen-Vacancy centers in

Robuste, transparent
Diamond Can hold the defects that we like
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Introduction [Quantum L[ -V 4] Nitrogen-Vacancy centers in diamond

N
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0. Introduction [Quantum L[ -V 4] Nitrogen-Vacancy centers in diamond

Conduction Band
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0. Introduction [Quantum L[ -V 4] Nitrogen-Vacancy centers in diamond

N’ g 4

650-750 nm

Optical readout
of the spin state

R

Optical initialization
In spin zero

Optically Detected
Magnetic Resonance
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0. Introduction [Quantum L[ -V 4] Nitrogen-Vacancy centers in diamond

N —\ Zeeman Effect
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0. Introduction [Quantum L[ -V 4] Nitrogen-Vacancy centers in diamond

The Nitrogen-Vacancy center in Diamond FORCHIEINR
Sensing

& Metrology
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Quantum Sensing

with Nitrogen-Vacancy centers in diamond
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IPERLR UYL Scanning magnetic fields with a single NV center

The Nitrogen-Vacancy center in Diamond e
Sensing

& Metrology

Optical pumping oluminescence
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1. Inthe CW mode

Sensitivity ?

ng = Pr gﬁb ' CA\;E en mT - Hz~1/2
. * R Rate of detected photons
§ . g—g” Electron-spin gyromagnetic ratio
i e C Measurement contrast
.+ A, Linewidth A, ~ %
- * P =077

Resolution?

Luminescence (u.a.)

Quantum

Sensing
& Metrology

\ BNV=OmT

BNV = 0.3 mT

BNV = 0.6 mT

L L L N

2,85 2,90 2,95
Applied Frequency (GHz)
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1. Inthe CW mode

Confocal microscope
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1. Inthe CW mode

Microwave source

(Sweep/list mode)
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1.
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In the CW mode NV centers on AFM TIPs

Ghnami

[XJZABRE

Nanometer magnetic fields made visible.
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1. Inthe CW mode Imaging with an ensemble
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1. Inthe CW mode Imaging with an ensemble
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In the CW mode

Imaging with an ensemble

iy
Hihh

}
Y

i

%5 BEk-eaEs 8RS

HEBNESCIENCES &
TECHNOLOGIES

=PrL

M. Chipaux, et al. Eur. Phys. J. D 69: 166 (2015)

23



1.
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In the CW mode

A
"= gu CVR

Sensitivity ?

en puT - pm - Hz /2

Resolution?
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1. Inthe CW mode
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Applications ?

famto-st
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F. Casola, et al. (2018). Nature Reviews Materials, 3(1), 17088.
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In the CW mode

Applications ? Spectroscopy of microwave signals
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IR L R Applications ? Spectroscopy of microwave signals

RF input
Log Envelope
attenuator Mixer IF gain IF filter amp detector

Input
signal

Pre-selector, or

low-pass filter
e Local
oscillator
Reference
- oscillator
Sweep
generator Display
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1. Inthe CW mode Applications ? Spectroscopy of microwave signals

Diamond with NV centers o Chipaux et al., Patent W02016/066532
| Magnetic field
gradient
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- M. Chi .al., Appl. Phys. Lett.107 (23), 233502 (2014
famto-st —PEL Chipaux, et. al., Appl. Phys. Lett.107 (23), 233502 (2014)
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IPERIRICYe N G Applications ? Spectroscopy of microwave signals
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IPERIRICYe N G Applications ? Spectroscopy of microwave signals

Real time analysis

d Qb P d d d
o & o & o &
> Frequency V" > Frequency V" ' Frequency V"
?|
Carrier
2 1,8 — 2,6 GHz
S o
g £
E =
E Modulation
£
: 40 - 80 MHz
g 0 - 100 MHz
o1

S
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1. Inthe CW mode Applications ? Spectroscopy of microwave signals
What are the performances?

NV center photophysics
o & Refresh rate: P Py Refresh rate:
o0 AL 4 ms 1us
> Frequency bV

N
e

Permanent magnets : 1 T

st sl g  30CHz
700 MHz il

Time

! Power broadenin
Resolution: 9

7 MHz

Number of channels:

A 4000
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2. Pulse sequences (o) Back to the CW case

B Ao A

ng = Pr —
‘ gup CVR

* R Rate of detected photons

~ . 9Hb - : :

3 e Electron-spin gyromagnetic ratio
g 3
© 3
2 g « C Measurement contrast Quantum bit
T n
- L
g E : : 1
s 3 * A, Linewidth A, ~ — /-\\
: 2,85 2,90 2,95 / \
z Applied Frequency (GHz) o Pf ~0.77 “ —
: :

1 W
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2. Pulse sequences (a) Relaxometry (see Chap. 3)

> Time

()

Laser

MW
o .
Z 1.0
=
5
5 e Quantum bit
z ~— i
= 0.5 1)
2 g7
3 =
5 U
@ +—
g : A
0.0 . .
0 2 4 —

L 10)
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H. Babashah, H. Shirzad, et al. Optically detected magnetic resonance with an open source platform. SciPost Physics Core, 6(4), 065 (2023) | 34




2. Pulse sequences (b) Rabi cycles

> Time

E‘ 1.00
. =
S 2
% "ch Quantum bit
o s
= ‘% 0.99 1
S a
S L
-
£ — , , ._
0 2 4 —
) T (s)

L 10)
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2. Pulse sequences (c) Ramsey

> Time

(©)

Laser

7 n
MW >

- 1.000 p

Quantum bit

1)

Intensity (arb. unit

0.0 0.5 1.0
T (ps)

L 10)

feamto-st =P&=| | H- Babashah, H. Shirzad, et al. Optically detected magnetic resonance with an open source platform. SciPost Physics Core, 6(4), 065 (2023)
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2. Pulse sequences (C) Ramsey; sensitivity ?

> Time

h 1

()
H___ M

r n
MW >

en mT - Hz~1/2

¢ Gy T T

¢ Collection efficiency

- 1.000 p

Intensity (arb. unit
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0.0 0.5 1.0
T (ps)

feamto-st =P&=| | H- Babashah, H. Shirzad, et al. Optically detected magnetic resonance with an open source platform. SciPost Physics Core, 6(4), 065 (2023)

HEBNESCIENCES &
TECHNOLOGIES

37

*J. M. Taylor, (2008). High-sensitivity diamond magnetometer with nanoscale resolution. Nature Physics, 4(10), 810-816.



2. Pulse sequences (d) Hahn echo

> Time

1.0
E<
c
g =
g Fg Quantum bit
3 = (.51
. = 1)
0z
5 -
2 L
g
: — 0.0 . , |
0 50 100 —
. 27 (j1s)

L 10)
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2. Pulse sequences (d) Hahn echo; sensitivity?

> Time

h 1

A

en mT - Hz~1/2

Npc = '
Tl 1 T [ gy C/C-T,
— T[ — TZ
2 2 Improved by p
2
w 1.0
c
g =
3 0.5+
g &
= 0.0 , ,
: 0 50 100
. 27 (j1s)

feamto-st E PFL H. Babashah, H. Shirzad, et al. Optically detected magnetic resonance with an open source platform. SciPost Physics Core, 6(4), 065 (2023)
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2. Pulse sequences Quantum heterodyne sequence

Article | Open access | Published: 12 May 2021 EDITORS' SUGGESTION LETTER
Heterodyne sensing of microwaves with aquantum Phase-sensitive quantum spectroscopy with high-
sensor frequency resolution

Nicolas Staudenmaier’, Simon Schmitt!, Liam P. McGuinness'2*, and Fedor Jelezko?3

Jonas Meinel B, Vadim Vorobyov B, Boris Yavkin, Durga Dasari, Hitoshi Sumiya, Shinobu Onoda, Junichi

Isoya & Jérg Wrachtrup & Show more ¥

Nature Communications 12, Article number: 2737 (2021) | Cite this article

Phys. Rev. A 104, L020602 - Published 30 August, 2021

a DOL https://doi.org/10.1103/PhysRevA.104.L020602

FFT
Reference =)

MW Signal [ Pulsed Mollow

pininnnnnnl w1 W2
MWMWMWNM_' Floquet RF-Drive

b | TN e TG N

) 10} ~~) 10 = 0)
(]S=1¢") *
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2. Pulse sequences Link with my current research

Selective quantum controls @
é{ oy 3 B

Twisting the use of a Scanning Electron Microscope
to prepare any arbitrary entangled state

O

Confocal
microscope

— — ipym  JEOL
) 2.00kV SEI SE X 6,500 5.0kKV SET SEM WD 9.8mm



3. Sensing free radicals
using relaxometry
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A. Morita et. al., Anal. Chem. 90, 22, 13506-13513 (2018)




3. Relaxometry Motivations

Free radicals

Damaged DNA

Free Radical Missing
Electron

DNA
Free Rcdlccl ..E: ‘
// X -- AO:—.O Free radical
/ ‘\ ::.. Steals an electron
>—s from DNA
“ — | e
\é‘ // +  Signalling functions

Oxidation

L3
X
N

p—

« Keyroles in aging

e S
« T .

Stable Molecu\e

\\\\\* uy ///
e

Marker for metabolism,
llinesses, Ageing

| M Chipaux et al. Small 14, 1704263 (2018) |

Challenges

Interact with low High reactivity

Smyle summer school | Neuchatel | 19/06/2026

Short life time

energy photons
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HEBNESCIENCES &
TECHNOLOGIES




3.
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Relaxometry Motivations

Magnetic resonance

Challenges

Interact with low
energy photons

Dye molecules

High reactivity
Short life time

famto-st
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Relaxometry

Initialization

A 4

(a)

Read out

Laser pulses

Reading

R R

3
E

1
3A <jlmsz-i‘l

v"

mg =10

100

Free evolution time 7 (us)
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F. Perona Martinez et. al., ACS Sens. 5, 3862—-3869 (2020)
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A 4

(a)
Initialization Read out Laser pUISES

Dark time ©
P S M .. SRS W W m w
Reading
W _Ti@ AE N

ﬂl @ _v (b) -

400 - *  Gadolinium
| I cCorona I Water | PBS| o
115}
300 I
a 1.1
=
@ I I =
3 200 I 1 @
S } 3 £ 1.05 :
= - .
- i I .
100 - 3 ; { I I 1 |
;1 |
u ] L 1 i L i L i f *
0 10° 10" 10 10° 10* 10° 10° 107 10° O ‘
Concentration of Gd** [nM] Dark time [us]
ﬁnEBN'CEt& =PrL F. Perona Martinez et. al., ACS Sens. 5, 38623869 (2020) 46
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A 4

Relaxometry Application

T1 In Yeast cells mutant cells

Age, Paraquat, GSH, SOD, Cat
DMPO, H;0,

1401 xteral @ ; |
3

SOD1A PEX19A TOR1A

H:0; —* H;0 o (»
AN 9—.\ SN
4 G [FG)
W v

! WT
Cat 6
Mitochondria

Yeast cells
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Relaxometry

Application

T1 in Yeast cells mutant cells

Young cells

Aged cells

wild type sod1A torlA pex 19
~ )
D0 e [N BT PRSP .
) 8] [c] [o] 15 =
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=200 R B . 100
+21+8% (%) E
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Relaxometry

Application

Nitric oxide radical

C

m

¥ NOo——

Increased

maghnetic
noise

(shorterT1)

L-arginine —>»] — L-NAME

NOS

J774 macrophage

G

Normalized T1, %

expression \/

500

400

300

200

100

10

o/

Superoxide
dismutase

Intracellular T1 dynamics

L-NAME

dH.0

20 30 40 50
Time after the intervention, minutes

60

50

microphages (J774)

famto-st

HEBNESCIENCES &
TECHNOLOGIES

EPFL

50



3. Relaxometry Application
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3. Relaxometry Application

A Measurements in cells B Measurements on organelles

SOD/CAT/CCCP S

g

A1 Bare-FND &z WS

microphages (J774)

Smyle summer school | Neuchatel | 19/06/2026

famto-st =PrL L. Nie et al. Sci. Adv. 7, 21, eabf0573 (2021) 52

HEBNESCIENCES &
TECHNOLOGIES




3. Relaxometry Application
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3. Relaxometry EPR Spectroscopy
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3. Relaxometry Fast EPR Spectroscopy
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Relaxometry Fast EPR Spectroscopy
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4 W and entanglement J

* What does really limits our sensitivities?

 Ultimately what are the fundamental limits ?
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4. Quantum limits and entanglement

Quantum projection noise (QPN)?

« Statistical spread caused by the projection
onto a discrete observable.
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Standard quantum limits (SQL)?

 Ultimate sensitivity set by N independent measurements

femto-st E PFL 2. C. L. Degen, F. Reinhard, P. Cappellaro, (2017). Quantum sensing. Reviews of modern physics, 89(3), 035002.

HEBNESCIENCES &
TECHNOLOGIES

60



Quantum limits and entanglement Heisenberg limit

Ultimate sensitivity set by N entangled particles derived by the Heisenberg uncertainty relations
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