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QUANTUM STATES AND THEIR MEASUREMENT

Pillars of quantum technology

Quantum Quantum Quantum Quantum sensing and
simulation computation communication metrology
\ J
Y
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Squeezed states :; Mehmet etal.,
.| PRASL,

Non-Gaussian states:
very fragile!

Ourjoumtsev et al.,
Science 312, 83 (2006)

013814 (2010)

Spatially and temporally =
multimode states

Roslund et al., Nature
~ \ Photonics 8, 109 (2014)

HOW TO MEASURE?
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PHASE-SENSITIVE OPTICAL PARAMETRIC AMPLIFIER

2w pump pump

ﬁ
— (2 q
w signal Z( ) signal

Amplification or de-amplification depending on
the phase: phase-sensitive OPA

Swing: frequency w
Pump: frequency 2w

You can amplify or de-amplify the swing oscillations
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Nonlinear optics:

Pump: E, = Epge ™2 + c.c.
| — — = VA
Signal: E; = E(z) e™'*t + c.c. 5 dz

Nonlinear polarization:
; : 2
PO~ y@[E, e 20t + Fe™i0t + ¢ c.]

E(z) = E'(z) +iE"(2)

dE'(z) dE"(2)
dz =TE@), dz

=-TE"(2)
Er(z)Ner, E" (z)~e_rz
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AMPLIFICATION ON THE PHASOR DIAGRAM

c
©
d—
[qv)
(@]
=
o
=
<
L
Ry 4
1
P
pa !
.___
1
\_._
n ~__
9 L
= 1o !
(4] 0!
(&) g !
= \\__
= ’
o A
’ 1
e \\ !
S A
e \\\ /
D \\\\\\\ \\\\\\\ \\ mv

-

S~a o -

-

—--

7/38



QUANTUM PICTURE: UNCERTAINTY

EH - p

1 ‘ coherent state

vacuum

E' - x

Uncertainty Ax = Ap = %

Wigner function

W(x,p):

a quasiprobability
[%,p]+#0
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PARAMETRIC AMPLIFICATION: SQUEEZED VACUUM

codo W(x,p) Wigner function

N \ I, ’ ) . 1
N7 Uncertainty Ax = Ap = :
Vi Degree of squeezing: Ap?/ApZ,.

‘Rubber sheet’
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HOMODYNE DETECTION

Local oscillator

¢

\ Difference signal
b — ' .
1¥): x, p i_ oc xcos(¢) + psin(¢)

x(¢)

The local oscillator should have the same spectrum as the state
under study. Difficult for broadband and multimode radiation.

Detection inefficiency strongly affects the performance; crucial for
squeezing measurement!

11/38




‘PARAMETRIC HOMODYNE’ TO MEASURE SQUEEZING

OPA A ph Iti OPA f
ase-sensiuve errorms as
1¥): x, p P P

an optical homodyne detector:

(N) = e26(x?) + e 26(p?) — -
large small 2

High parametric gain, (N) = e?%(x?) = e?¢Ax?

1
Shot noise level: no input state, (N) = ZeZG

Advantages:

- broadband;

- no need for local oscillator;

- detection loss can be overcome;

- can work simultaneously for multiple modes

Y. Shaked, Y. Michael, R. Z. Vered, L. Bello, M. Rosenbluh, and A. Pe’er, Nature Comm. 9:609 (2018)
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Squeezed vacuum

-

P

N

Parametric Amplification

OPA

Bright Pout Megsurlng
antisqueezed
guadrature

XOUt N"‘"’sz
Measuring
it vacuum level N~Axjg.
Dark Pout Measuring
squeezed
quadrature
Xout
N~Ap?
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‘PARAMETRIC HOMODYNE’

Phase control Two-mode squeezed vacuum
Intensity \ = Pump
control N 2
' Frequency
Pump replacement (filter)
Signal Pump filter ¢
Pump \ { @ \
Boar > | X === Spectrometer
splitter Squeezer dler Homodyne \
L y ] | ' ]
Generation Measurement

) Amplifying x
55

[=

O

3 E

(U —

3 = Amplifying p
(@)

04 1 1 1 1 1 1
650 660 670 680 690 700 710

Wavelength (nm)

Y. Shaked, Y. Michael, R. Z. Vered, L. Bello, M. Rosenbluh, and A. Pe’er, Nature Comm. 9:609 (2018) 14/38




VERY USEFUL FOR NANOPHOTONICS

Squeezed
vacuum

R. Nehra, R. Sekine, L. Ledezma, Q. Guo, R. M.

Optical Power [dBm]

Amplified squeezed vacuum

—52.54
—55.01
=57.5 1
—60.0 1
—62.51
—65.0 1

—67.51

9.7dB

Anti-Squeezing

— Amplified Squeezed Vacuum
= Shot-noise Maximum

= Shot-noise Minimum

= Qriginal Shot-noise

/2 0 2 T
Measurement Amplifier Pump Phase

Gray, A. Roy, A. Marandi, Science 377, 1333 (2022)
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HOW IT LOOKS IN MY LAB

Squeezed vacuum centered at 800 nm but
broadband in frequency and angle

Paper screen

(N) = sinh?(G),G)=TL~E,~./P,

Nonlinear Parametric gain
crystal (¥?)
12
[=
>
©
5
Pump: 1.5 ps o
pulses at 400 nm, S
focused >
@,
G. Frascella, PhD thesis (Erlangen, 2021). @ % 2 03 0'4 ' 0.5

Pump energy per pulse (mJ)

M. Manceau, K. Yu. Spasibko et al., PRL 123, 123606 (2019). /
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SPATIAL MODES OF AN OPA

multimode
squeezed vacuum Camera in the Single-shot angular
nonlinear
crystal
Filter
Modes of a traveling-wave OPA: 28 i
A # HG10  HG20 —_
to a good approximation, .
) . HGO00 -
Hermite-Gaussian Wc01 = HGO2
- -
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1D MODE DECOMPOSITION

S_ing_le-s_hot angular Cov{[(@x),l(ﬁx')} _ (I(gx)l(gxr)) . (I(Bx))U(@x’))

distribution: speckles

30

\/ Cov{I(0,),1(68,)} = |G (6,,6,)|

External angle' (mrad)
(o=

-30- .
-30 0 30
External angle (mrad)

0.01 s
La e
0.005 10°
ol 2 LL &
123456789

Mode Shapes Mode weights

Singular-value decomposition =>
shapes and weights of the modes

Wel

Intensity [a.u]

V. A. Averchenko, G. Frascella, M. Kalash, A. Cavanna, M. Chekhova, PRA 102, 053725 (2020). 19/38




AMPLIFICATION OF EACH SPATIAL MODE

multimode squeezed vacuum

OPA:
squeezer

Single-shot angular distributions

Camera in the
Another OPA: Fourier plane
amplifier

Filter

=3
\ o 5 /}( 7Q g .
D T At
> " 20005 210
= 2 / =
[ 0 = O
< 20 0 20 .20

123456789

Covariance | Mode ShapeS Mode weights
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MEASUREMENT OF SQUEEZING IN SPATIAL MODES

Covariance Mode shapes Mode weights

© 20 *%2= 001 10°

E S, @ -
Bright fringe < o4 0912 00s 5102

2 =

2 -20 £ \/

< 0 0 107

20 0 20 -20 0 20 12345678910 _ _
— Antisqueezing

Angle 9X Modes - BF

Angle 0X [mrad]

- Squeezing

|. Barakat, M. Kalash, D. Scharwald, P. Sharapova, N Lindlein, M. Chekhova, Optica Quantum 3, 36 (2025) 21/38



SQUEEZING AND ANTISQUEEZING FOR DIFFERENT MODES
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Record squeezing
for multiple modes

Squeezing [dB]
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|. Barakat, M. Kalash, D. Scharwald, P. Sharapova, N Lindlein, M. Chekhova, Optica Quantum 3, 36 (2025) 22/38




multimode

squeezed Another OPA: Spatial light ~ Camera

modulator

OPA:

vacuum if .
squeezer @ amplifier |Fter |
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RESULTS: SIMULTANEOUS MONITORING OF MODES

10

U'l

Quadrature variance [dB]
O

M. Kalash, A. Sudharsanam, M. H. M. Passos, V. Parigi, M. Chekhova, arXiv:2503.07486v1 [quant-ph] 24/38




RESULTS: DEGREES OF SQUEEZING

085~

@ - 0-8 L

&)

d Squeezing
$ Anti-squeezing 075t

D 0.7} h | I [
’Qegmmmmma- 0.65 | }[I[I
s T m@é@ 067

Purity

Quadrature variance (dB)
n <

00 01 10 11 02 20 12 21 22 00 01 10 11 02 20 12 21 22
Mode Index HGnrln Mode index HGmn
Up to 8 dB squeezing: a new record value

for multimode light High purity for such a measurement
Measurement ‘on the fly’

M. Kalash, A. Sudharsanam, M. H. M. Passos, V. Parigi, M. Chekhova, arXiv:2503.07486v1 [quant-ph]
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CLUSTER STATES

Resource for measurement-based quantum computation

— e

2-node
(EPR-like) 3-node 4-node

Pi — 2%
v 1+ nj~—— Number of neighbouring nodes

Nullifiers §; =

Nullifiers should be squeezed below the shot-noise level
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MEASURING CLUSTER STATES

\
s p(0)
\ -~
e -
> Real-time
Multimode Multimode mu\t.'\mt?de_
squeezing  amplification detection

Mode sorter

M. Kalash, A. Sudharsanam, M. H. M. Passos, V. Parigi, M. Chekhova, arXiv:2503.07486v1 [quant-ph]

Cluster modes
Node 1

Nullifier modes
Node 2 &4

@ @|.-

D
e (i)

MNullifier

0-——-——-- S\ " _,__________________________'._‘ T .." _____ &1 ]

Time

Two-node clusters: already measured

Larger clusters: requires shaping of the pump
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WIGNER FUNCTION TOMOGRAPHY

OPA N = e?06x?
W): x,p

Probability distribution:

Pr(N) = e?%Pr(x?)

Pr(x?) # Pr(x) ifitisaneven function  Pr(—x)=Pr(x)

W(x,p)

A. I. Lvovsky and M. G. Raymer, Rev. Mod. Phys. 81, 299 (2009).
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A SINGLE MODE OF MULTIMODE SQUEEZED VACUUM

Choice of the phase
of the quadrature

OPAZ2
G

spatial spectral
filtering filtering

pulsed

um
e multimode ¢

squeezed . |
vacuum direct detection
_ 1 .
Calibration: no input, (N) =~ —e?2¢ Number of photons in
4 one mode =>

probability distribution

M. Kalash and M. V. Chekhova, Optica 10, 1142 (2023)
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PHOTON-NUMBER DISTRIBUTIONS

. Antisqueezed ! 10_1 | Squeezed
1 0- L& (bright fringe) I (dark fringe)
6=0 . O=1/2
= 10
i o i R
1 0 R {\%)0 ()

| | - . I

0 3x10°  6x10° 0 1x10%  2x10°

N N

M. Kalash and M. V. Chekhova, Optica 10, 1142 (2023)
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QUADRATURES AND WIGNER FUNCTION

> Anti-

. squeezed
(bright
fringe)

Squeezed
(dark
fringe)

P(p)

M. Kalash and M. V. Chekhova, Optica 10, 1142 (2023)

0.2

0.15

0.1

0.05

7.7 dB squeezing and 8.5 dB
anti-squeezing measured with
the detection efficiency <10%
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OPA:
nonlinear 4P + P(N)~P(x?)

crystal

- mp D ————

v

P(x*) = P(x) > W(x,p)
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EXPERIMENT: HERALDED SINGLE PHOTON

Single-mode
0.5 nm filter fipre

400 nm, Type-Il BBO Camera
1.5ps, 5 Trigger
kHz * \
—®
U Single-
photon
detector
Single-mode
fibre
Monochromator
Type-I BBO: (0.5 nm)

OPA
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RESULTS

Amplified single photon

Amplifie
vacuum

Photon-Number
Probability Density

A kA
oL ™M
10 \/ \. VU & I\/ J
| | | |
0 4 8 12
Photon Number %«10°
4
2 L
Q 0
-2
-4

4 2 0 2 4

Singularity in the
squeezed vacuum P(N)=>
no dip in P(x) and no
negativity in W(x,p) ®

Nevertheless, the WF can
be reconstructed using the
tail of the distribution ©

M. Kalash, M. H. M. Passos, E. Racz, L. Ruppert, R. Filip, M. Chekhova, arXiv:2507.18296v2 [quant-ph]
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OUTLOOK: A BRIGHT NON-GAUSSIAN STATE

(a) Quantum state (b)  Amplify along x4
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A squeezed single photon

M. Kalash and M. V. Chekhova, Optica 10, 1142 (2023)
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CONCLUSIONS

OPA

Phase-sensitive optical parametric amplification followed by
direct detection as an alternative to homodyne detection:
broad bandwidth, tolerance to loss and noise;

s
~
QO
©

) ©
|

... simultaneous characterization of multiple spatial modes;

Quadrature variance (dB

[0}
0]
0]
) 0]
: 200

00 01 10 11 02 20 12 21 22
Mode Index HG’nn

... quantum tomography of squeezed and even non-
Gaussian states.

THANK YOU FOR YOUR ATTENTION!

A
b
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FREQUENCY MODES

OPA:

squeezer
Pump: 355 d

nm, 18 ps

multimode
squeezed
vacuum

Another OPA:
amplifier
| |
Spatial
filtering:
single-

Filter 10 nm mode fibre

——— First mode

Intensity (a.u.)

Second mode
——— Third mode

/

Home-made spectrometer

706 708 710 712
Wavelength (nm)

Mode reconstruction
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MODE RECONSTRUCTION

Wavelength (nm)
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Variance (dB)

0 10 20 30 40 50
Mode index

M. Kalash, U.-N. Han, Y.-S. Ra, M. Chekhova, arXiv:2508.04502 [quant-ph] 41/20



THE REAL SETUP

Photon Number

=10

Detection of SM Imaging on
N in the first f"" “\"Q\\
_ the same
eigenmode H MC } SMF crystal
SCMOS Generation

of squeezed

—
< T> vacuum
—_—

HWP, Tq choice of
S(IJO 10|00 15|00 zoloo 25|00 30|00 35|00 40|00 45|00 the phase
Pulse Number
Detection losses >90%
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M. Kalash and M. V. Chekhova, Optica 10, 1142 (2023)



