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Significant Advancements in AMO Physics
2534 H k|
PR grd A oS e E R
The exciting ages !

20th ICAP, Innsbruck, Austria, July 2006 ‘

Norman Ramsey: Norman Ramsey
‘I wish | were 29 instead of 92 years old such that | could
participate in the exciting advancement of atomic physics”.

And now the ages of quantum science and technology!



Atom ( & Molecules) & Photon Manipulation
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Quantum 1.0 in Modern Life

« Material design (e.g. quantum-well diode laser, transistor)
based on Schrodinger equation.




The Dizzy News on Quantum Technologies

Superconducting lines for IBM’s quantum computer.

Nature 543,159 (2017)

T T Nature 541.9 (2017)
Quantum cloud goes Quantum computers ready

commercml . to leap out of the lab
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Quantum 2.0 : Emphasize information technology

Key Technology of the 21st century

EU

QT Flagship initiative (2016) ke

Budge: 1 Billion Euro / 10 yr ol e

10 Startup companies (IDQ, CQG, ...) * x X
Innovation

China: -

Satellite-Ground Quant. Comm.
City wide Q.N. (Jinan): 100 Billion RMB,
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Computers 'I

us
Nat'l| Quantum Initiative Act (Dec. 2018)
DoE $625M / 5 yr for 2~5 QIS RC's

QC by 1BM, Google, Intel, Microsoft, S

Honeywell, lonQ, ColdQuanta, Rigetti...

Elements of a European programme in quantum technologies.

CA: D-Wave, Xanadu



Quantum 2.0: Turning Quantum Weirdness into Use

Wave-particle duality

FRANCE LALOE

Do We Really Understand

Probability description Ty B Mechanics?

Coherent superposition

Uncertainty relation

SECOND EDITION

Quantum entanglement

Nonlocality # ________

_ _ Observed Affected
Non-classical correlation... "here' "over there'



Quantum Weirdness: we all have these feelings

Richard P. Feynman (1982)

We have always had a great deal of difficulty in understanding
the world view that quantum mechanics represents...

...Okay, I still get nervous with it...

‘It has not yet become obvious to me that there is no real
problem. | cannot define the real problem, therefore | suspect
\there’s no real problem, but I'm not sure there’s no real problem. |




Quantum 1.0:
Shut up and calculate !

Quantum 2.0:
Shut up and just use it !



Different meaning of “Quantum” in different places
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Quanta: basic unit
Photon, electron,
atom...

Hydrogen atom:
quantized energy levels
Atomic clock
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Squeezed state Negativity in Winger

function, n=1 Fock state
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Quantum fluctuation
Uncertainty relation
Commutation relation
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Bloch sphere: 2-level system
Coherent superposition, qubit
Phase/ off-diagonal coherence



Second-order correlation function,
g@(t=0)<1 for single photon

50/50 BS
L _H AP? 1
Coincidence
APD 2 Detection

=300 =200 =100 (o) 100 200 300

CHSH Bell inequality

Nonlocality, entanglement

QKD, foundation of QM
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Quantum Mechanics
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Meet many “Quantum” by a piece of glass !

The single photon “quanta” by g\® measurement.
Intrinsic randomness !

Path-superposition state!

Quantum vacuum injected by the open port.
Wave-particle duality: photon interfere with itself
Hong-Ou-Mandel two-photon interference.

Even more quantum (projective measurement/wavefunction collapse,
uncertainty relation) in addition with three pieces of polarizer.

NOoO s DN~

rirror beam splitter 2 |H

Transmitted 5
ot Bec [=1a] -
Input beam / path A - <_/ | ‘

screen

beam S|ng|e-ph0t0n - - & F?'Eth B - /
detector Laser beam splitter 1 mirror

two
indistinguishabl
photons

50/50 %
beam splitter - + AN
1 ' _:::&

¥),, = =(20)-[02)



Notes on Lossless Beam Splitter in Quantum Optics

Analog from classical to quantum case violates

Classical <. BS . .
E.=tE the commutation relation !
E, 3=k, +
az —_ Tﬁl, 63 —_ talz[az, 63] =rt*#0
E,=rE
Why so? Need to consider the vacuum input port !
a, =ra, +ta,;a, =ta, +ra,
+ *At *At 2 + 2 + * + * +
= [a,,a;]=[ra, +ta,,r'a; +t'a;1=|r| [a,, ] rt’[a,a; ]+tr[a,,a;]=1
if (r” +[t") =2 Quantum BS
Commutation relations Vacuum 1 d,
Input I
dz] =[] ﬁo] [a.a)] = 0:[af.af ] =0; I BS .
7) 7l +1 — 1
a1~ lt rlla, [abaj ] =5, ’I 3
t* r*\t r 1 O 5 ) 2
B'B=1= = = " +|r| =Ltr*+rt*=0
r= t*)\r t 0 1
t=tle";r=]rje'" = ' [1+e? V] =0= 5, -6, =7/2 General case

. _[lel ilrl
choose,5t=035r=7r/2,for50/SOBS:>B=ﬁ(i J ilrl ¢l



What should we ask behind these fancy news?

« What problem do you want to solve ?
* Why quantum can help?
Where does the quantum advantage come from?
 How much quantum can help ?
« What's the requirement to gain quantum advantage?
 How far away from gaining those advantages?
Where do we still need to improve?
* Does it helps to know more on foundation of QM ?
« What insight do you learn ?



Where does quantum advantage come from?

Case study

1. Many-body GHZ (or NOON) entangled state & squeezed
state in quantum metrology.

2. “Interaction-free” measurement

3. SPDC photon pairs, Quantum correlation, Quantum-
enhanced Radar & Imaging.

4. Quantum repeater/ Twin-field QKD (no time)



General Concepts of Quantum Metrology

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

Fisher information | () = NJ-[_logA(x 9)] A(X; 0)dx = NJ' [_] dx

Probability distribution of detected photons parameter to be determlned

Measurement outcomes
Cramer-Rao bound

(A8)?= f dA@[BE) = O = 7o

Can be generalized to multiple unknowns and quantum version

C.W. Helstrom (1969)

M T M 2011
Notes: Uncertainy relation, SQL, LIGO sang, CM Caves (2011)

Nat. Phys. 7, 406(2011) , Rev. Mod. Phys. 90,035005(2018), J. Statis Phys, 1,231(1969)



An example: Rayleigh’s Criterion




Mathematical Notes

« (Cramer-Rao bound: inverse of the Fisher information is a lower bound on
the variance of unbiased estimator 6.

Unbiased: j (B(x) - 0) f (0;x)dx =0
It holds independent of 6:
o ¢ ; of 5 of
0 =@(j(9(x)—e)f (X; Q)dx:j(e(x)—ﬁ)@dx—j f(x; Q)dx:j(e(x)—ﬁ)%dx:l

Because j fdx =1 And using % = f al;g f

e have Sy oy 0109 F Ay dlog f
We have [ (9(x)-6) — =1 [0 -0) I/ Sl

Using Cauchy-Schwarz inequality & the integral is actually the matrix product over
all data points
dlog f

1={[[0() - T T a'ngld ¥ <[] (000 -6y texl[f (=,

)” fdx]



Notes on Quantum Fisher Information

2. Quantum Fisher information matrix

2.1. Definition

Consider a vector of parameters X = (X0, X1,..., Xa, ...)| With x, the ath parameter. X is encoded
in the density matrix p = p(X). In the entire paper we denote the QFIM as F, and an entry of
F is defined as [1, 2]

1
Fap = 5Tr (p{La:Ls}). (1)

where {-, -} represents the anti-commutation and L, (L) is the symmetric logarithmic deriva-
tive (SLD) for the parameter x, (x;), which is determined by the equation6
: B o .
Oap = 5 (PLa + Lap). (2)
The SLD operator is a Hermitian operator and the expected value Tr(pL,) = 0. Utilizing the
equation above, F,;, can also be expressed by [24]

Far = Tr (LyDap) = —Tr(pOaLs). (3)
Based on equation (1), the diagonal entry of QFIM is

Faa =Tr (PL‘?;) ’ 4
which is exactly the QFI for parameter x,. Note: C N Yang’s joke

For a review on Quantum Fisher information, see J. Phys. A: 53, 023001(2020)



Surprise by Q. Fisher Analysis: Beat Rayleigh’s Curse

Mankei Tsang (2015) : The quantum Fisher information maintains a
constant value for any separation of two incoherent sources if optimal
measurement is performed. "

resolved Rayleight unresolved

Criterion [\

.-'1f

k Mankel Tsang(%

A

F 100 P -
=~ |\ 3 = ] —Quantum (1 K22)
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02/c Optica 2, 646(2015); PRX 6, 031 033(2016)



Proof-of-Principle Experiment:

5

E(p)= E(p)+25(—p) =§[w(p+g)+w(p-g)] IE[NSIS]=¥I dpsls(p,)=%[1+3(d)],

Ea(p) = E(p)-zE(_p) =§[w(p+g)—w(p—%):- E[Nu|1)]=@[dpula(pu)= ‘D|2[1_6(d)].

2
S| [ d
Is(p,)=%[|w(p,+;) w(ps—;)

PN WA N
Pa)=3 “"(p ") w(p 3) The antisymmetric part has no

Iim(p.d) = Re y* (p+g)w(p—g) Rayleigh'’s curse.
- - Estimated
Separation (d/w)

A
BS © < 25}

20

-+

2+2]im(p:,d)- . Measure the ratio of Ns and Na,
‘ one can determine d(d) and thus d.

+

——.Jim(pd.d)].

1.5}

1.0t

0.5¢

I

l -
: F=0.22=

0.0t l =445

0.0 05 1.0 15 20 25
Opt Exp 24, 254222 & 24,268580(2016) ..




Interferometric Phase Measurement

|a) ) Mach-Zhender
Interferometer

beam beam

splitter splitter
| b> F 0, :

|a) £ -—:—-— F—' Ramsey
|b)- ‘ reen - JAE/ ‘ At » Interferometer

/ T
" Zpulse 2zmlse
2 Rabi rotation HRabi rotation
M
1, ¢ >
] . ke ¢ =2n
Measure the population difference X =4
= |a)(a| - |B) (b ot
A O \ i!r “I (p kx
Mean (M) = cosé | -
Ay
. A " Ap = kA
Variance AZM = sin @ T
—\

L. Pezze et. al. Rev. Mod. Phys. 90,035005(2018)



Notes

s 1y [sind
TR o M EX T

0
t T gt

50/50 ~  Phase shiftto 50/50  State
beam splitter Be measured beam splitter

Different textbook might has a different expression due to the phase choice

(W out| M|Woye) = sin? (g) — cos? (g) =- cos(0)

A2M=(\|’out|ﬂz|\|’out)'((\|’out|ﬂ|\|’out))z =1-cos*(8)=sin?(6)



Laser Interferometer Gravitational-\WWave
Observatory (LIGO) & Atomic Clock

L=4km, sensitivity AL~1018m, AL/L<10-2 Binary Black Hole Merger

= 1.0F — -
0.5F , ,/ a -\ -
0.0 EMA L/ MAVA (W W S Y L T
0.5F " | _

10 = L1 observed | ! -
=== H1 observed (shifted, inverted)

B.P. Abbott et al. PRL 116, 061102(2016)

Strain (1072}

Cfled colls and Csatomic 1.0 1.0,
magnetic shields R 0.8
fountain clock s
0.94 Hx
=z %
Rb and Cs E_E 0056 <5 oo o5 14
(1~
interrogation cavities ‘E G
Push beams [N
—
Rb and Cs =]
selection cavities EE 0.4
=
Coolingand| _____, _g
launching beams 0.2 -

et

Chirp cooling |/' "

0.0 T T L] T v T L] T . T
-100 -50 8] 50 100
Slow atomic beams

detuning (Hz)
D“”""m"”'\?;nmmm / S. Bize et al. C.R. Physique, 5, 829(2004)



Gravitational Redshift Test by Atomic Clock

Gravitational red shift
/ time dilation

=21.18 Hz

b 10 [ 458 m
= A
= AL 450 m
S |
£ ¢
S 0.5 '
5 3
8 A it+ | -
- 0 £ ® ¥ T
= e = E
g 1.0 E £ : E" E
o SRS 3
r: &k Al | & v, (0 m) - L
S 0.5 ¥t 1
§ Pleited T
i L | At i
= (%) | - -

0] of gAh 2 h.,', .f *| A B GNSS
f 2 0 : “:1:? 4} antenna
~ 10-16 100 50 0 50 100 | AEE -

> Detuning (Hz) Gravimeter '
for Ah=1m x

L _18 Redshift test to 10 precision: Katori’s group,
Clock precision: ~ <10 Nat. Photo. 14, 414(2020)  Note: me & Ni



How Quantum Helps Metrology?

The particle (quantum) nature of photon and atom results in a phase
uncertainty. For N uncorrelated particles, it is called the SQL.

A’M =sin?@xN | AQ = AM/|d(M)/df| =1//N.
(M) = cosOxN  |Standard quantum (shot-noise) limit

* Many-body entanglement can reduce uncertainty.

|GHZ)(t) =(|a)®N + e~ N0 |p)®N)/\/2

Vac

=

GHZ/NOON state for atom/photon =

107 P (M) = cos (N@) b=

g N=1 7 (AM)? = sin’(No) £

1 N=6 1 =

& 0.8 - i B ” - Ag —_— >

T EAVAVAVAVAVA N
R Heisenberg limit
T 2n

decode phase ¢

Leibfried et al., Nature 438, 639 (2005)




Fragile Many-Body Entangled States

Difficult to generate the GHZ (or NOON) state, usually require high
nonlinearity, post-selection, or photon-number-resolving detector
with high quantum efficiency.

Loss and decoherence can easily destroy the entanglement.

Super-resolution doesn’t necessarily imply super-sensitivity, only if
the interference contrast is high.
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T. Nagata et al. Science 316, 726(2007)
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Generation of NOON state

N=2 NOON state, the simplest case

o o®
two
indistinguishable 50/50
photons beam splitter
1
LIJ>out - ﬁ( 2’O> B 0’2>)
I , 4
Cancelled

For high-NOON state generation, see e.qg.
PRA 65, 052104(2002),
Nature, 429, 158&161 (2004)



Coherent
state

A

d

>

Fidelit

Generation of High-NOON State

SPDC Vary coherent light
/ SPDC power ratio
B} to optimize N-NOON
fidelity

A
C

N,

() Post selection
N '\\

Photon number

2 photon rate [HZz]
o

70

resolving detectors

1

_ 0.96 T

0.92 |

y to NOON state
= 12 15 18
—F=—F-=F9 1
F | Tmg 092
—r-—-*lr—— 0.75]

1\

(N4, Np)
=(1.1)

0.03

~

0.02 1
0.01

o

photon rate [Hz

4
o
o
S

0.02

0.06

1
/2 n

MZ Phase [rad]

1
3n/2 27

PRA 76, 031806(2007); Science 328, 879(2010)



Notes on High-NOON State Generation

B State preparation

Ti: Sapphire

120 fs LBO SPF BBO
uv

the classical resources. The state at the beamsplit-

e AN Cohmront | €T OUDUL Vo is highly path-entangled. A
- P(HY) state V general N-photon two-mode state can be written

as Y3 _oux|k) I[N — k). The creation of an ideal

NOON state would require elimimation of all the

Mach Zehnder “non-NOON" components (i.e., u;, ..., ty; = 0).

Detection

The present scheme does this almost perfectly

by using the naturally emerging multiphoton,
imafetence>(Fig. 1A). The fidelity of the output

PRA 76, 031806(2007); Science 328, 879(2010)



Theoretical Study on Quantum Advantage

1.00 f*

tant factor only!

Decoherence degrades the 1/N scaling to C/VN at large N with a
constant improvement factor C.

Theoretical study based on quantum Fisher information/Cramer-Rao
bound. It is important before doing experiment.

New J Phys, 15, 073005(2013); Nat. Commun3:1063(2012)



Decoherence Models & Precision Bounds

a
Cl_:_z_iwp .
. Depolarization: Dephasing:
1-m)(1+2
C=Jc L+ 2n) [
" n
n
¢ , d
| ' Spontaneous decay: Photon loss:
1o
- I "
X 1 1 é‘l y C - 2 n C — T
| !

\"/ n

* The better n (close to 1), the better the improvement factor.
= Pursuit for perfect !

New J Phys, 15, 073005(2013); Nat. Commun3:1063(2012)



Squeezed State for Photons

« More reliable way to go below SQL is to use the squeezed state.
« High squeezing requires high nonlinearity,
good mode matching, low crystal loss,
high detection efficiency, phase stability...etc.(a)

» Advanced LIGO used the squeezed light coherent state (displaced)

with a 3 dB improvement in sensitivity. :;IW_,
2n i

Classical State

P/sin(o) /

Coherent State

™

e N&—" An=n

X/cos(o)

Squeezed State ::::W



Generation of Squeezed Light

Ia,TR) = S(R)|a) $(R) = exp[R(a% — a*?)/2]
Squeezed state T Coherent state Squeezmg operator
(AEg)?= [E™]2e?R; (AEp)?= [E®]2e~2R,
= [EF(1)]2

(AEQ)(AEP) [E*] This offer sugh a Hamiltonian
Do |“s  Spontaneous Parametric ~ Blue light red light

o Down-Conversion (SPDC) x'2

P crystal
mirror, Y

Ppump = Py ¥ O;

* Frequency-degenerate Optical parametric oscillator (OPO) operating

below the lasing threshold = Squeezed light
« Strong nonlinear atom-photon coupling (active role)is a key for squeezing

& thus the quantum advantage!
Note: Theo vs

Ref. Grynberg, Aspect, and Fabre: Intro. to Quantum Optics, Complement 7A  Exp author



Squeezed State with Loss (Beam Splitter Model)

dz = td, +ra, Vacuum
Field quadrature E‘Q =EW@E+ah) nput 1 a(|)0)

qu - tEq1 + TEQO

Squeezed light BS output

Input state |y} = |a, R}, ®[0), input 91 da
Boslv) = tBq:la, R),®I0), + E®ra,R),®[1), IR a,

Mean (\|;|EQ3|\|I) = t(a,R|EQ1|0t,R)
(w|E3slw) = |t1%(a, R|Ey |, R) + |72 (ED)?

: " " " ~ 2
variance - (ABgay*= (|Egalv) = (vlEqalv))” = It[2(ABg:)” + Ir[*(E®)
_ (E(l))2(|t|ze‘ZR

* Fluctuation from vacuum port adds to the overall output fluctuation.
« The photon loss (passive role) degrades the degree of squeezing !

Ref. Grynberg, Aspect, and Fabre: Intro. to Quantum Optics, Complement 7A



QST: Pursuit for Perfect for Squeezed Light

Mode-cleaning cavity for a good o
spatial mode to achieve a Quantum efficiency >99.5% Bglanced detection
high interference visibility 99.6% to reduce common

mode noise 80dB

Laser FIEOM 2 pBs @

oo
— R
T

Spectrum

alzer Recycle the
PD2 residual reflection
to reduce loss

/ : T Homodyne

Very stable 122 Mz : detector

Low phase SHG | Aso; Overall 2% loss

noise | o A2 PBS PUMP —=]  high specs

®— G-CHk—/rHHN g o S 1REZT onAR and HR
PDsHa DB5 _L DBS OPf coatings
Dump PDora
P> ) [;-;,4 Small absorption

12 ppm/cm for PPKTP
crystal

 Atotal optical loss ~ 2.5 % with a phase noise of 1.7 mrad

* Require absolute high specs !
H. Vahlbruch et al. PRL 117, 110801(2016)



Noise power (dBm)
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L1 Strain noise (1A/Hz)

PHYSICAL REVIEW LETTERS 123, 231107 (2019)

Quantum-Enhanced Advanced LIGO Detectors
in the Era of Gravitational-Wave Astronomy

-23
7. a2l T — T T
2 m— Reference (without squeezing)
1.8 & [= = Quantum noise model (without squeezing)
1.6 A\ === Quantum-enhanced sensitivity
T F Sum of non-quantum noises
1.4 \ - : p——
1.2 WL
I f |
: v | ‘
0.8 N -
0.6 M w - ;
RN Wty *
0.4 et o
0.3 - ' ] it |

30 100
Frequency (Hz)



Object " |
\

“Interaction-Free” Measurement ?
« An arrangement to show the weird nonlocality of the wavefunction -

D, | Dark port

> > Dy

1 Bright port

y 2

\ A

' /i Single 7/

photons

No object — No click on D,

With object — some clicks on D,
and those photons go through arm 2,
without interaction with the object!

= “Interaction-free” measurement?

( Knowing the existence of object without
interacting with it?)

What's “wrong” ?

|in)—>% (1) + i|2)) —>% (|scattered) + i|2))—>% |scatt) + %(l 1) +i|2')

(1)
(i)
(iii)

no detector clicks, P=1/2
detector D, clicks, P=1/4
detector D, clicks. P=1/4

Define IMF efficiency
Piyr 1

n= Piur + Paps 3

A. Elitzur, L Vaidman, Foundation of Phys, 23, 987, 1993



Better IFM Efficiency for Variable BS ?

|b) = \Ta), |c) = iy/Ry]a),
|d) = JT;|c) + i\/R;|b) = i(JR.T; + /R2T1)|a)
le) = JT2|b) + iy/Rz|c) = (\T1 T, — /R1R)|a)

If T,=R, (and thus T,=R,) => |e>=0
Dark port
F=R, Py =1, I,
Py 1,1,

"= _ >
/ NG TG AL X i

abs
(T,=R;) Tl

"1+T, 1+(1-R) 2-R

(1-R,) 1-R,

I:> Approaching 0.5 when R, approaching 0

Am J Phys, 70, 272, 2002



An Improved IFM Scheme

Choose a transmission for each BS to be 7= sin’(7/2]
[ cos(n/2N) isin(n/2N)
n/_ \/_ isin(n/2N) cos(n/2N)

But T nf
(cosf isinf\[ cos¢p ising| [cos(f+¢) ism(f+ep)|
P(H)P(d))—( )( . )=( | | JzR.-(H+cf>).
isinfl cosf/\ising cos¢g | \ism(f+¢) cos(6+¢),
UY=RY(w/2N) [ cos(w/2) isin(w/2)\ [0 i
0 (o ) (0 1) (0 1)0) (1
=R(N-@w/2N) \ism(m/2) cos(m/2), 0) (i 0/\1 0)
(a) PLT g o ' '

N b

/
4 D, Dark port

Am J Phys, 70, 272(2002); Las Phys Lett 15, 065211(2018)



Can IFM Efficiency Approach Unity”? =Real IFM !

Py = [COSz-( m2N) 1V

P..=T+RT+RT+---+RVIT 1.0
V' A 0.8+
= siIr ( msz( T) |
Sl 2N 0.6}
n= Pryr - |
P IMF + Pabs 0.4}

0.2
0.5
0.0

50

Probablllty

Number of BS

(b) B

—_—3=10"
—5=10"

o: loss factor

-y A i 1 i 1 A i |

10 20 30 40

N

Low photon loss is crucial !

50

xtended Obj
Am J Phys, 70, 272(2002);
2 Las Phys Lett 15, 065211(2018)



Realization of IFM Experiment

T=97.7%(Pocket cell)
R=99.4%(Recycling mirror)

0.1} X ~——

Number of cycles

e PRL 74, 4763(1995)
Polarization ﬂ hﬁembhlgm PRL 83, 4725(1999)

splitter
Single photon Totator 3 |
(H-polarized) . Polarizer
from down- Bz M2 }
conversion crystal o
M#1 '

M¥3



Storage Efficiency (%)

100

90
80+
701
60 -
50+

40

Why looks so familiar ?

Efficiency of EIT coherent optical memory

0 200 400 600 800

Optical Depth

YF Hsiao et al, Phys. Rev. Lett. 120, 183602(2018)



Case Study 3
Photon Pairs by SPDC, Non-classical
Correlation, Quantum lllumination
(Radar) & Imaging



Spontaneous Parametric Down Conversion (SPDC)

Optic axis Signal wi ki Energ}‘ conservation
Momentum Conservation
()
Pump laser w, k, -
ump laser ks k l_')p‘-"a-
L'":II
Kpump
\f 3 G
Non-linear crystal ws Ko Opusp = O + O
2 3
P = x'E + X’EE + x’EEE i .
q J Nonlinear response

. - — - |1 , _ A _
H= -IV %E . (C’()E + P) — lv I:?f{)Ez(r. [) + X](r. [) + Xz(r. t)]dV

| I |
Xi(r, 1) = ?\"._jE,-Ej Xh(r,t) = _\;j‘kE[EjEk. PDC term

- l Interaction strength & phase matching
¥) = §]0) = ex [ Hi at' [0 | Ak(g. Q
i 0) P[ in 1) ] 0 f(g. ) = \(Q’AoLe'A:/zsinc(Ak (q; L )
: L a ¥+ e — rela N
= Qexplf(g. Va,qa’, o — HC]|0).

q.0 r . squeezing parameter

Transverse

momentum frequency J Opt 19, 094002(2017)



SPDC Photon Statistics

« Two-mode entangled states in photon number (not related to
phase), or called multimode twin-beam (TWB) state

|v) = ®|TWB a=Q> camn)aln)_ 4 o — ®sech(q]Ztanh”{r;\}‘ni}ni”).

g, n

For a specific mode pairs, mean photon number p = {aj- a;) = sinh(r).

* For each mode in the pairs, SPDC radiation has thermal statistics.
((Am)*) = p(1 + p) = @)1 + () = (Ai)?)
« Auto-correlation function g@=1(coherent state), =2(thermal state),

— s =0 (single-photon state)
Ee ™ .0 ; L ,,,,,,,,,,,,,, —
“ (a*a)? * e

Lar,g’éfr detector__d’éi.rk count

Auto-correlation function

© Qd“é_ *

o (10 3' Generatlon rate
Avoid imperfect detectors o1 0005 0010 005 0100

J Phys B 45, 124016(2012),PRA 85, 023829,J Opt 19, 094002(2017)




Auto-correlation function

SPDC Photon Statistics

Auto-correlation conditioned when mode b is detected, showing
non-classicality, heralded single photons !

Second-order Corss-correlation function, the larger value the larger

nonclasicality. o

2) _ (a'b" ba) G

gub T (a%a) (b'i' b) .

Conditioned auto-correlation

Db

cross-correlation function

T i S
1 JOOOF ™ m = = = = m e s /i— 1F
0.500F . P =
e = 10°F
i = —
0.100} . < _— s
|~ Larger @lark count’ g 1000F ~
0050 7 2 Larger dark-count
- = 100f Ty,
0.010} S ha
A el [ —
0.005F 2 s \\
-‘_-'_’_.’_rr" LJ \\
0 1074 0.001 0.01 0.1 ,,', L et R
p 1075 1074 0.001 0.01 0.1

p



Quantum lllumination with Correlated Photon Pairs

scheme? What's the maximum quantum advantage (6 dB?)
ﬁ __beam _ SNEEN
_Bgcndgnce@ygb _________________
n
o Jamming ‘J

- Can one gain the quantum advantage in the high loss condition?
_ ) Signal beam
- Quantum Radar
(,,,;‘ (LIDAR) ?
Target detection
Collection optics Laser

« What quantum state is optimal? What is optimal measurement
Ql Reflected
CI ]@/,\__ Transmitter
1 Target
For a review on QI, Arxiv: 1910.12277; 2004.09234;PRA 99, 023828(2019)
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N

Coincidences / 1000s

1.12

1.1

Singles / 1000s

T T T =
| $ Targetin |
f Target out
0.06 |
L = 2 i
Z
. % 0.04
- 38
)]
I o - 1 §0.02¢
s = &)
o® i " ] 0
0 0.005 0.01 0.015 0.0:
Mean photon number
%107 Classical lllumination (b)
T T T 60
$ Targetin ° o | 85
()]
_ ¥ Target out | 240
. b
=4
. @ e} 20
i = = 0
3 =
0 0.005 0.01 0.015 0.02

x10%

Quantum lllumination

(a)

Mean photon number u

Mean photon number

PRA 99, 023828(2019)

0
0.
0.
1 L 1 0
0.005 0.01 0.015 0.02
Mean photon number
(b)
l\ —4—Quantum Enhancement Factor |
—I—ggzr)' - No background
L ""?'i::'.‘_j-;e:;::::::::_—‘* 4
0 0.005 0.01 0.015 0.02

»
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Quantum SNR
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=)

quantum advantage (dB)

20t

15¢

10t

A Recent Result

Using continuous-wave pump laser & superconducting nanowire
single photon detector which has a low time jittering (~100 ps).

Such simple to get ~ 26 dB quantum advantage ?

noise photon flux v, (Hz)

PRA 99, 023828(2019)
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Te=20
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Quantum-Enhanced Imaging

EMCCD
(far field)

Thermal Classically Quantum Distinguish-
to SPDC acquired illumination ability ratio Type 11
illumination image AND=image Dq/Dc R
ratio
0.5 ‘ H 1.35
| 'i ad
| . ' ROI 1 ROI 2 AND-image
1.5 | I ' 2.39
ad
2.5 ln 3.50

Sci. Avd. 6:eaay2652(2020)



Quantum Efficiency (%)

Spirit (Price) of QST: the Pursuit for Perfect

« The absolute high requirements of QST drive us to pursuit for
perfect technology/material which benefit all communities.

Superconducting Nanowire
Single-Photon Detector

Quantum Efficiency Data EMCCD~99%

m— 800 Nnm

20 F==goonm ~Dark count <10Hz |

System detection efficiency (%)

— 1310 nm._.__

— 1550 nm ‘Max Cpunt >.5UMH:-

800 1000 1200 1400 1600 1800
Wavelength (nm)

N




Summary on my
personal viewpoints



Informational analysis on theoretical quantum advantage should be on
the highest priority (even important than physical implementation) !

Quantum advantage: from | Non-classicality (quantumness):
Sensitivity improvement, Entanglement, squeezing,
Complexity reduction, security... Superposition, correlation...

Fight against 1 Requires active role

Nonlinearity, strong atom-photon
Interaction, post selection,
Feedforward, N-resolving
Capability, precise control...

Can these developments help

Dephasing (decoherence), loss,
noise, spontaneous decay...

That’s why people A

develop... _ Y
Pursuit for perfect our understandlng of ..
Topological quantum computing M_f_ﬁ__:ff*jt*_' U
Topologlcal |ns.ulator, Quantiiny ~:* _'{1‘ Classical
Majorana fermions... Y -




Summary of my Viewpoints on QST

Quantum advantages come from noc-lassicality or quantumness.
Pursuit for perfect, benefit to all research fields.
[AMO/QST # it 58 % ]

Theoretical studies on maximum quantum advantage are important
before one really do the experiment. [ F 1 32% ix & & | ]

Quantum Fisher information and Cramer-Rao bound analysis is
important.[ £ 3 2 1]

QST deepen our understanding on the fundamental side, e.g.
[ 5 & S iy 4p = ]

physical limit of quantum devices,

structure of many-body entanglement,

topological quantum devices less affected by decoherence,
boundary between classical and quantum world.

Although quantum computer may not make big fortune soon, the
supporting equipment/device does [#~ % 4 v - 7 i\%”ﬁ & PF .



Double Helix of Science & Technology

Technology 4 Better understanding of science helps

technology moving forward

l" J

Science

Better technology helps to explore new science

It is a tradition of AMO physics to develop new
technologies and explore physics at new regime !



Keep going!
Thank you for your atterlj

Welcome to join my group.
MS, PhD, RA, Postdoc




Quantum Cryptography: Positive use of “negative”
QM laws

1. Use of single photons and the irreducible randomness.

% B to—

guaranteed by the Uncertainty principle:
(for any non-commute operation) AXAp =7l 2

2.  Observation disturbs a system:

3. Linearity prohibits duplication: _
(No cloning theorem) % P> @9

. Absolute security is guaranteed by the fundamental physical
laws.



Issue for Long-Distance Quantum Communication

« Photon loss and decoherence prohibit the fiber-based long-distance
quantum communication due to the use of single photons and no-
cloning theorem (can’t use amplifier or repeater), which is the same
reason for its security.

10" R
= 10°
Assuming
5 10°F a10 GHz photo rate
Eﬂ R} & 100% detection efficiency
= 107 & 0.2 dB/km fiber loss
3 .F
~ 10°F

101 - 1 count/300 years 1 | | .

0 200 400 600 800 1000

Fiber length(km)



Quantum Repeaters

Utilize entanglement swapping and quantum memory.
Quantum memory allows the wait-until-success strategy.

For sufficient high memory and detection efficiency, the entanglement
distribution rate can outperform the direct transmission of light.

a) Entanglement creation

QM [esnenes QM QMF ....... QM| - ka ..... .gl QM ka ....... ,| QM
., WY X

A B G D

Rev. Mod. Phys. 83, 33(2011)



Trends: Always Making Better Quantum Devices 1/5

The quest for a perfect single-photon source Nat. Photon 13, 731 & 770(2019)

Counting near-infrared single-photons with 95%efficiency
Opt. Express 16, 3032(2008)

High quantume-efficiency
photon-number-resolving detector for

. L. i . Opt. Express 21, 22657(2013)
photonic on-chip information processing

Near-Unity Coupling Efficiency of a Quantum Emitter to a Photonic Crystal Waveguide
PRL 113, 093603(2014)

Highly efficient frequency conversion with

bandwidth compression of quantum light
Nat. Com 8:14288(2017)



Trends: Solid-State Atom-like (Defect) System 2/5

* Finding better defect system behaves more like real atom.
« Good to fabricate desired pattern and combine with waveguide etc.

A 1.0- . Coherence time ~0.2 sec
' 946 nm 10 » >
3 | i
8
2 |
3054 |
8 I
= | .
- | Si-Vacancy
o | | ,
/| In diamond
O
940 970 1000
Wavelength (nm)
Heavily
B Layered Sample Implanted Sample

1 1 1

0 25 50 75 100

B Rose et al. Science, 361,60(2018)




Trends: Chip-size Quantum Optical System 3/5

4 .
e
/
y / 3 M.“ P "’l’l

Multidimensional quantum
entanglement with large-scale

integrated optics

J Wang et al. Science 360, 285(2018)

A coherent pump splitting photon generation photon separation & routing qudit operation & analysis
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Trends: Utilize Many-body Cooperative State 4/5

e Time [ns] @ 0
-
Probe_’ -‘Q‘QJ’k 0.8
l.‘ =
y APD S 06
Z L2 LI P L ] 3

= 0.4

the microscopic model shows that a quantitative under- 02
standing of the light-induced interactions even in a rela- 0.0 . 1 1 1 1

tively simple situation is still a challenge. PRL, 116, 233601(2016)

Exponential Improvement in Photon Storage Fidelities Using Subradiance

and “Selective Radiance” in Atomic Arrays
PRX, 7, 031024(2017)
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Large-scale Quantum Network 5/5

quantum end
channel node

Quantum internet: A vision e <> o

repeater

for the road ahead

S Wehner at al. Science, 362, 303(2018)

FUNCTIONALITY BTMESEERERRTEE TN e
quantum computing networks

fault-tolerant few qubit networks
quantum memory networks
entanglement distribution networks
+=P prepare and measure networks

-
E
%

% trusted repeater networks




The real conclusions in my mind
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