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Schemes to generate entangled photon pairs
via spontaneous parametric down conversion

Atsushi Yabushita
Department of Electrophysics
National Chiao-Tung University
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» Introduction | OPA and SPDC
®Lightis ...
® [ight-matter interaction
®Frequency conversion

*SHG and SPDC
SPDC&®0OPA
*OPA 1s ...?
®Why OPA?
®Why SPDC?

Nonlinear
Crystal
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Introduction

Light-matter interaction
Electric field make dielectric polarization
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Emission from dipole
oscillating 1n vertical direction
E : exp(-1mt)

E*E : exp(-12mt)

Second harmonic generation (SHG)

using a non-linear crystal
within some limitation from physical law...
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BBO crystal
. B-BaB,0,
Introduction

energy / momentum conservation in frequency mixing

Doubling €4 )
crystal 0 :
Wi { kz,(D L}\h?’
\f““ e S = & e S
Sy " v a5, ]
k1 + kz, 2 h‘ \ ’

f 57
|
£
kla(D P ‘?(U

hwspgr = hwi + hwi kgpygr = k1 + ki
hwsgao = hwp + hwo  kgpge = k2 + ko
hwspg = hwi + hwpy  kgpg = k1 + k2
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Introduction

SHG (second harmonic generation)
oD 20

Reversible? YES!

Reverse process
spontaneous parametric down conversion (SPDC)

r 1 ]

occur by itself 20=>0+0 20=>n1+®
20=>0.80+1.20
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Introduction

How does SPDC occur?

similar as OPA (optical parametric amplification)

signal
o
C B ® pump
.
idler

process | difference frequency generation

hvpump_.hv :hvidler

Energy conservation
hv hv

#signal=#idler

signal

+hvidler

pump: signal

SPDC starts with vacuum noise
(no seed for signal)

quite low efficiency ~10-1
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Introduction

Why SPDC? low conversion efficiency
interesting character of entanglement
never broken security | quantum communication
easy to transfer | via optical fiber

Other method?
singlet (a pair of spin % particle)

Alice Bob



seed | w/o amp

Introduction

OPA (optical parametric amplification)

..what i1s OPA?
similar as SPDC, much higher efficiency
Signal
@ (amplified) signal | amplified
pump
t ® puyp
seed T idler

process | difference frequency generation
hvpump -hv s1gna1:hvidler
Energy conservation

hv_ _=hv

pump signal

thvigie,
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Introduction

Why OPA?  complicated setup
intense laser at different wavelength
non-linear spectroscopy in UV/visible/IR...
(ultrafast spectroscopy, Raman for vibration study, ...)

Other method?
self phase modulation (SPM) | low efficiency

3
—~~
0
=
c
S 2+ _
o
[
®
N
>
=
n
c 1 F
)
')
£
0

400 ' 600 ' 800
wavelength (nm)
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Application | classzcal '

Broadband generation | for short pulse

Ey = Re (E{} eiwut) Ey = Re (E{] C(—F£2+iwg|‘.))

M\ anp,- |11an

nnq q‘H

Shorter pulse needs broader spectrum
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E(w) = exp [

Arbitrary Units
Arbitrary Units

|
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Application | classi

Broadband generation | for short pulse

Non-collinear OPA (NOPA)

Optical parametric amplifier (OPA)

Plat 0 “ FT pulse: lts)

o 5000 sﬁh 7000 7sbin eoho

“wavelength (nm)

Monlinear
Crystal

o esbo ecbp esbo Tobo

wavelength (nm)
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Application | classica

Broadband generation | for short pulse

WLC

g : Spectrum diffracted by grating
Visible broadband

0
delay (fs)
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Appllcatlon | quantum

SPDC generates photon pairs (low efficiency)

®@ o,k

S
®@ o .k,

NLC
correlated parameters

(1) wave vector : k , =k + k;
(2) frequency : ©® , =0+ 0,

1
(3) polarization: =, vy, + vy, 1), ]
. V2
(in case of Type-II crystal)




Application | quantum Thomas Young's Double Slit Experiment

Screen with i
Single Slit rsunlight Figure 1

So, what 1s entanglement? \\/ ! / Difracted
Let’s remind “Young’s double slit” BN\ i

photon comes one by one W‘;;:L;J%W
if you block one of the slits... ne N\ Lgeon

of Wave ] bl Waves
In Step - :?- S Out of Step

B A B

Interference only 1in unknown case
Detector Screen Dark Bright Interference
path entanglement Fringe Fringe " Fringes

Interference of “probability”, “wavefunction”

5

different from statistics of classical phenomena=quantum

Are there any other entanglements?

Yes, we will see them in the following pages!
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Application | quantm

Y. Shih, J. Mod. Opt. 49, 2275 (2002)

quantum lithography | wave vector

better resolution ( than classical limit ) ~A = /2

Schematic set-up

PBS ESH = a,exp(ik rg1) + bgexp(ik rpy)

p | D1 ES) = a;exp(ik ra) + b;explik r)

R, o Pyy = é’lexp(ik r4 +ipa) + exp(ik ry +ipp) |
x 1+ coslk (rg — rg)]

R.(x) o< sinc?[(27a/ \)6) cos *[(2mb/\)6)

Coincidence

Circuit
I half!

Rcl 5
(Young’s: cos'[(2m/24)0] )

sit M F

“SPDC photon pairs” v.s. “classical light”



o ; =S |
B i Experimental result (quantum lithograph)

Nationa

(a)
250
200
150
100

50

quantum

CC in 100 sec

; )
16000 - -

12000 |-+ classical

Counts per sec

8000 Lo fandaaea -,E-L-..L_-__ “,..é.. ram s am ....E:.... o ——— .E- - .---..%----.---.- -

4000

Angle (mrad)

Figure 8. (a) Experimental measurement of the coincidences for the two-photon
double-slit interference-diffraction pattern. () Measurement of the interference-
diffraction pattern for classical light in the same experimental setup. With respect to
the classical case, the two-photon pattern has a faster spatial interference modulation
and a narrower diffraction pattern width, bv a factor of 2.



Application | quantumﬂ

ghost imaging | wave vector

BBO
!| E coincidence count
CCl1 i i i
cC2 CCl CC2 CcC3

CC3
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Application | quantum

ghost imaging | wave vector

BBO

. L
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Dakd
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CC2
cC3 CCl CC2 CC3

coincidence count




Appllcatlon | quantum
ghost imaging

measure the shape of an object
Detector does NOT scan after object

classical

collection
=~ lens
«— aperture - <?<A)V> /:
laser e Gating l AYA

pump = filter \
Gated N2
BEBOEIE <l lens @ o a5 ks
signal filter ®p> kp 2 <
S )
prismV ‘ D2 NLC Q) is l(1
Z >
P idler
pgieaéﬁ—:ng X-Y scanning

splitter fiber Y. Shih, J. Mod. Opt. 49, 2275 (2002)
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Application | quantum

ghost spectroscopy | frequency

BBO

. ng ~ coincidence count
ﬁ

EEE N

CCl CC2 CC3

CCl1
CC2
CC3
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Application | quantum

ghost spectroscopy | frequency

BBO
. . Il :} 7 coincidence count

CCl CC2 CC3

CCl1
CC2
CC3




experiment setup BBO : non-linear crystal
P2 M3 M1 : parabolic mirror
1 430nm (pump)

b

M2,3 : plane mirror

P1 : prism (remove pump)

D> Lt

P2 : prism (compensate

T 1 BBO M2 P 780-950nm angular dispersion)
\ (signal & idler) PBS : polarizing beam splitter
IVI1\ G : diffraction grating
/ L.2,3 : fiber coupling lens
PBS signal OF : optical fiber
_ SPCM : single photon
Sldler G counting module
~T L3 TAC : time-to-amplitude
OF converter
SPCM #2 Delay : delay module
SPCM #1 [ PC : computer

Delay

start

TAC LSto S : sample (Nd*3-doped glass)

L1 : focusing lens
PC (f=100mm, 8mm)
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T

| Spectrum of photon pairs and absorption spectrum of the sample

pump focusing lens (f=100mm)

10_‘ T I T T T I T 1 I [ T T T I 10_ T T T 2
) _
T 42 ‘o =
" £ X £
o © 7)) @
N o v
£ = - =
2 © L 5
5 5 S 2 5 3
O = S c
1o ® o) @
3 2 o Q
c 9 @ o
9 o 2 4
= ] ) ©
O ©
£ 2
S —> £
3
g 1 1 | 1 1 ! | 1 1 | ] " . % 0 ’ | \ . . , ] . R . - !
00 850 900 95 840 850 860
wavelength of idler (nm) wavelength of idler (nm)

more absorption in longer wavelength



1. Broadband photon pairs

O
—Q©

absorbance

0.4

wavelenaght of ider (nm) wavelength of ider (nm)
calculate absorption spectrum from the ratio

— agree with the result by a spectrometer



: ’1 . ] 1. Broadband photon pairs

result : absorption spectrum

wavelength of signal (nm)

950 900 850 800
N ) )
3L !/ S~ T without sample
4 classical 1y N —— withsample 14
. / \ —— classical
« coinc \

o
absorbance

absorbance
coincidence counts in 120 s (x103)

1 1 1 1 1 L 1 1 L 1 1 1 1 1 1 L 1 1 1 1 1 1 b - O
850 900 950 800 850 900 950
wavelength of idler (nm) wavelength of idler (nm)

agree with the result by a spectrometer



Foprae oo L e | - i
BE L-] Z 34 7 1. Broadband photon pairs

National Chiao | Sum ary Of this SeCtion

@ spectrum of SPDC photon pairs
spherical lens — objective lens
(=100 — 8mm)
spectrum was broadened (11,11—63,69nm)
® Nd**" -doped glass ( in the idler light path)

coincidence resolving signal light’s frequency
— absorption spectrum was measured

@ fit well with the result measured by a spectrometer

® without resolving the frequency of photon transmitted
through the sample

A. Yabushita et. al., Phys. Rev. A 69, 013806 (2004)
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Application | quanum

Outline for “Quantum Key Distribution (QKD)”
»BB&4 protocol | single photon
®how it works
®can it be safe?
»E91 protocol | polarization entangled photon pair
®polarization entanglement?
®how it works
®can it be safe?



»BB84 protocol | single photon

Application | quantm

®Purpose : to share a secret key

@®how it works?
*key at random
*base at random

*base at random

0 1
+ $ <>

X

SN

0

1

T O

4 O
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Application | quantum 50% of keys can be shared
(shared keys are same)
»BB8&4 protocol | single photon complicated...But secure!
®Purpose : to share a secret key How can it be secure??

@®how 1t works?
*key at random 1
*base at random X

T J]O
-

*base at random x| H +
HE S
+ ;] <

N
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Application | quantum 0 1 1110

»BB84 protocol | single photon
®(Can 1t be secure?

*key at random 0 1

*base at random + X

base? (randomtry) + x x x + X

result . .“. ‘

bty o0 1 1 1

1 0
v 99000 O

0
_|_

*base at random X X ++ x +

EEE ®%%cee]
01 1 0 1 1

+ [ <

N




Security can be checked!

Application | quantm

»BB84 protocol | single photon
®(Can 1t be secure?

*key at random 1|0

*base at random x |H-

@

base? (random try)

result

L (bit)
e,  copy

*base at random
o 1
+ $ <>

. JN Error!




1. Broadband photon pairs

)
Alice \.\

EPR-Bell
source f
\——/

Bob

11—, -l= 1),
1L/0IND =N

24N =5l N)

S~~——
&\H
N



= 'a 4 1. Broadband photon pairs

"= Mixed state (statistical mixture)

Alice
o4
HV and VH
(50%-50%) é <@
Bob | JAN )

A
™
ra
P
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Alice

0
1
1
0

Base
select

EPR-pair Base

M

If they use the same base,
“100%” correlation
(quantum key distributed!)

O

.-
=

re

S = e O
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Alice Base EPR-pair : : ‘ Base Bob
select ; : select
* w T @ ‘/ eeeereeeenes [ *
base/ get/ copy
0 H + +vv 4+ v o
1V HH H 1
1V HH H 1
o H VYV Voo

Eve also share the key (NOT secure QKD...)

How can it be improved?



Ekert91 protocol (‘3 |

Alice Base  ppR-pair Base Bob

select select
..... 0 ) @ e T

0 H + Base information _I_ \% 0

(classical communication)

o R O OlL o

“100%” correlation

L Ol Ol R 1

le mHl




IEkert91 protocol K"a S

Alice Base EPR-pair

select

Base information
0 H |+

o R O

Bob can
detect Eve

1 L ‘O‘ (secure!)

1Vm

base/ get/ copy OK
OR R +| p o
OK
OL L O L o
NG!
+H H O L o
OK
+H H m H 1
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Alice
Electro
Detectors Optic
+1 ~ Modulator

v Random
[Rb}- Number
Clock _ Generator
s L,

a - R i

0]

Source

ptical Fiber

Photon B

Classical Communication

Experimental example of QKD

Random “
Mumber
Generator Clock

3=

FIG. 2,

'-rr-.-

The polarization entangled photons are transmitted via

optical fibers to Alice and Bob, who are separated by 360 m,
and both photons are analyzed, detected, and registered inde-
pendently. After a measurement run the keys are established by
Alice and Bob through classical communication over a standard

computer network.

T. Jennewein et. al., PRL 84, 4729 (2000)

Original: (a)

FIG. 3 (color).

Alice's Key

Encrypted: (b)

Decrypted: (c)

The 49984 bit large keys generated by the

BBE84 scheme are used to securely transmit an image [23] (a)
of the “Venus von Willendorf™ [24] effigy. Alice encrypts the
image via bitwise XOR operation with her key and transmits the
encrypted image (b) to Bob via the computer network, Bob de-
crypts the image with his key. resulting in (¢) which shows only
a few errors due to the remaining bit errors in the keys.
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—pr——————P frequency-entangled

o+ 0w

BBO
(type-1I) +
e o/e

—p———p polarization-entangled

e/o Jl

polarization-entangled pair
at many wavelength combinations

light source for WDM-QKD
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Standard :

polarization-entangled

Multiplex : o
polarization-entangled

polarization-entangled

polarization-entangled
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r; 25 TR L sl sy - e S L1: focusing lens

l 4300m (pump) | €XPerimental setup
M3

BBO : non-linear crystal

= L1 P2 M1 : parabolic mirror

M2,3 : plane mirror

BBO P1 : prism (remove pump)

780-950nm P2 : prism (compensate
(signal & idler) angular dispersion)

G : diffraction grating

L2,3 : fiber coupling lens
/ OF : optical fiber

SPCM : single photon
counting module

— e [ RB1S M2 P1

BS G

idler
POL2

TAC : time-to-amplitude
OF converter

\ SPCM #2 Delay : delay module
OF
SPCM #1 [ PC : computer

L3

Del :
start S IRIS ¢ irs diaphragms
t
TAC == BS : non-polarizing beam splitter

POL1,2 : linear polarizer




1. Broadband photon pairs
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¥ polarization correlation (1+ diffraction@870nm)

coincidence sum counts in 80 s

. r.! | 1. Broadband photon pairs

.

400

20

w)=|H) V) +]-e

V),

H>i

phase shift (866nm)
< phase shift (870nm)

=171

visibility < 100%

polarizer angle (degree)

o #0,180°



coincidence sum counts in 80 s

| lw)=[H)|V),+f-e“V)|H
40 -
visibility | relative
phase
0° 0.75
20+
45° (0.43 -25°
135° 1 0.31 35°
; 90° |0.50 810
0
polarizer angle (degree) phase shift (86611111) -
< phase shift (870nm) f=17-1

visibility<100% o # 0, 180"




{ no entanglement (iris open)
o

entangled (iris Imm)

@ phase shift (866nm) < phase shift (870nm) f=17->1
but phase shift<45° to improve : walk-off compensation

® visibility<100% (866nm, 870nm) wa#0,180°

to improve : group velocity compensation

frequency resolved photon pairs are entangled in polarization
(light source for WDM-QKD)

future : compensations of walk-off and group velocity (improve pol-entanglement)

A. Yabushita et. al, J. Appl. Phys., 99, 063101 (2006)
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Beam-like photon pair generation
for 2photon interference
& polarization entanglement
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Beam-like photon pair
-

)= H )V, ¢ [V )

Polarization Entangled photon pair

Crystal optic axis
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rMain idea (polarization entanglement)

)= L)1)+ ) )

222 )= Ly




(adjust path length)

Delay (um)

L3
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2photon interference
by photon pair beams
(b)

coincidence counts (1

SHE 0sC

D 2 i 2 L 2 L " i "
-300 -200 -100 0 100 200 300
delay (um)

(b) 400nm (A/2)
5000 - IJ"//.\\. 7\\ i f\ﬂ /.\ '\.II

4000 k [« . , / '|
PII/ ] / II\ I|'|h Iul . |||I. *
3000 H . Ilf' | .’I | /
classical lithography wl | -s\ '..f \\ [
resolution~ A b | \/ _m

]
0 IIIIIIIIIIIII
‘ 06 04 02 00 0.2 0.4 0.6

delay (um)

Coincidence

coincidence counts (1/s)

2-photon interference (quantum lithography)
2 times higher resolution



National Chiao Tung University Wl - T =g, (a) 2200

= 2000 [ .- .
18:}0:" “:-:.‘o --. . '.“'
polarization entanglement 2 o ST
: g 00T e e
by photon pair beams Saof gD T i
g 1000F o o LA
2 L ll'.l: .-: . - . . ek
(b) % ZZE: '-.._'J"..:- -. s ;;
5HG 0sC 8 s & ' ._,5._..,-'
200 '-':..‘_'_.__ - )
r-:IIE]'DD . -2:.‘.10 . -1:]{! . {.] 1(;(! . EIZ;IEJ . 300
delay (pm)

(b)

Coincidence

rotate polarization 90 degrees by QWP plate:
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Our new scheme to generate photon pair beams
for two purposes
two-photon interference
polarization entanglement

Our new scheme
resolution of 2-photon interference (1/2)
2 times higher than classical limit (1)
all photon pairs can be polarization entangled
efficient generation of polarization entangled pairs

cf.) traditional method : only crossing points of light cones

Hsin-Pin Lo et al., Beamlike photon-pair generation for two-photon interference
and polarization entanglement, Phys. Rev. A 83, 022313 (2011)
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Beamlike photon-pair generation for two-photon interference and polarization entanglement

Hsin-Pin Lo.' Atsushi Yabushita,” Chih-Wei Luo,” Pochung Chen,' and Takayoshi Kobayashi®**4
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Beamiike phodom pairs were genersied by spontancous parametnic down-oomersaom using a type-11 2-BaB. Oy
cryalal. A pump liser peneriled ploton pairs when i ransmitied theough the covatnl and was reflecied back
inbo the crystal by g mimor 10 generate more photon pairs. The photon paics. generated when the pump laser
first tramsamiiied through the crysial (first phoion pairs) were alse refecie] back imo the crysial o overtap with
the light pethy of the phiton pairs penetated i e second transmissaon of the pump laser through il crysial
{ secawl photon pairs). YWe observed interference between the first aned secoml phaton pairs modualated with o half
preriosd ol the wavelength of the pludom pairs, which demopsirstes two-pholon mberference osang the beamdibe
phodom pairs. The fringe period confirmes that the observed interference is not ¢lassical interference but quaniam
fwo-phaton inferference. Through rotating the angles of quaner-wave plaies in the light paths of the photon pairs,
wr peneraled beambike ploton pairs with entangled polaszation. The phase Betvween the kst asd second photon
pairs could be tuned by changing the position of mimars refbecting the pump palses and photon pairs. The fringes
of coancidence counts shapwedd that the beamiike pholon pairs have polomzabion enianglement.

[0 L0 IO PhysRev A RS, 022303 PACS numberisl (3,67 Hg, (8.65.00d

You can find more detail information in this paper.



8 Summary

» Introduction
» Optical parametric processes
»Opt. param. amplifier (OPA)

» Spontaneous param. down conv. (SPDC)
» Application | classical
»Broadband generation | for short pulse
» Application | quantum
» Entangled photon pairs
» Ghost imaging | wave vector
» Ghost spectroscopy | frequency
» Quantum key distribution (QKD) | polarization
»Multiplex QKD | polarization and frequency
»Entangled photon beam
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