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Future of Quantum Optics and PE Convergence
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> Si Integrated circuit

i %

Transistor Integrated Circuit
(1947 Bardeen, Bratten, Shockley) (1958 Kirby) MPU (1971 Intel4004)
Nobel Prize in 1956 Nobel Prize in 2000

» Integrated optics by Polarization Reversal
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* Bulk Mg:SLT with QPM
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Application to single photon source

* Attenuation of weak coherent light  ° Gating by parametric conversion

(conventional technique) single photon
«O>

- Average photon number ~ 1

| B | B -
o —C -
pulsed operation

Laser diode Polarizing beam splltter
A = A ~ 1540nm

Average photon number ~ 0.1 n O @ hrm—

= ] A ~1540nm
| N B — 1 — *
-’ = > l 1% Type II parametric I
Ised o ti

. puisec operation A ~770nm down converter

single photon per pulse Laser diode

low transmission rate

ience (NIMS), Japar
" No.46 National Institute for Materials Sczs © O KURIMURA



RBHXHBDODNE N FRIRAE

Jen’ FFM)yhFEAE (OPG) @ #&1B R A~ 1540nm
TEQ2®) -> TE(0)+TM(®): NLO coeff. dy, {) \/\

Waveguide width : 5.5 pm =TE mode
Period : 8.2 pm —TM mode

-93
4 [

:”‘ELM | h\l mtlﬁmn\ il

G. Fujii, N. Namekata, M. Motoya, S. Kurimura, S. Inoue, -1
Opt. Exp. 15, p.12769 (2007) 1.525 1.53 1.535 1.54 1.545 1.55 1.5551.56 1.5651.57 1.575

Wavelength (um)
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Type 11
Mg:LN

QPM ARW

\
‘ A

CW external cavity
diode laser
Wavelength: 777 nm
Linewidth: 1 MHz ‘*
L
PMFC
single photon detector

g By

E S:l:r:l:;(:ence Disc. G{Z |§ Opt|Ca| delay J

i Tr %

{s2] D2

DR Single-photon detection ---- ;

G. Fujii, N. Namekata, M. Motoya, S. Kurimura, S. Inoue: Optics Express 15(2007) pp. 12769.
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-EFTFB3EER (Hong Ou Mandel experiment)
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g £ . . m * Re 1200 (/E)
8 1 coincidence — Theory
0 g o 0

-6 -4 -2 0 2 4 6
Relative delay [ps]
G. Fujii, N. Namekata, M. Motoya, S. Kurimura, S. Inoue: Optics Express 15(2007) pp. 12769.
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light source QOCT
@, pum
SPDC A e
i Q) :
idler —>-© D ¢ signal  sample
2
LUl ( beam splitter - T S
50:50 < & L
— L ' < - SIS
delay o(T)
AL >||le—
Az detector 7
0 >
— L ~ L1 LZ I_3 AI—
Sl il HOM dip signals
C. K. Hong, Z. Y. Ou and L. Mamdel, Phys.Rev.Lett., 59, 2044 (1987)
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Two Photon interference experiment

54

(NIMS, Kyoto Univ.)

HUBDeS 1

Temperature controlled
metal holder

7 o CVK=802
Pump — nm
beam Lens Signal photons

p = 401 nm‘% ~ir

Longpass filters
Sharpeut filter

FC

Y -

Idler photons

N AF802nm

Two-detector
system
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Broadband spectrum by chirping periods

55

Chirped period OPG device ‘OPG pumped at 401 nm

RS OEERLD=OIC .

20 mm

LUPIIINI 144949119 3 4 TEEF

—— Experiment |7

MgsSLT 7

600 700 800 900 1000
Wavelength (nm)

6.7% chirped by nano electrodes 166 THz bandwidth,
A =660-1040 nm

M. Okano et. al, Scientific Reports | 5:18042 | DOI: 10.1038/srep18042
. - NIMS), Japar
; jals Science (
" National Institute for Mater Sunao K URIMURA
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Two-photon quantum interference signal

w/o
dispersion

With
dispersion
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‘Optical Parametric Generation (OPG)

(Spontaneous Parametric Down Conversion: SPDC) & t 11 ah
S19
4 P N pump O
@
O= o = O

(01 (01 - (02 + (D3 0)1 v

Multiple low-energy photons Y aéidlér
\_ from high-energy photon Y, T

Emitted photons:
1. Simultanuity, coexistence o O O ]
2. Entanglement of quantum state © O O

-

cf.) Twin Photon Generation

O= [ o

k 00/2 oo/2 P

Japan
o S lence (NIMS))
” National Institute for Materials 3¢ Sunao K URIMURA
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A

CW external cavity
diode laser

Wavelength: 777 nm
Linewidth: 1 MHz

[l

an
[

WAy,

Type 11
Mg:LN
QPM ARW

T

Heater

PMFC

/

smgle photon detector
"""" S Py
Comftdence Disc. Galte | O ptl Ca I d e I ay
counter pulse
T ¥
{s2] D2
Single-photon detectiol

G. Fujii, N. Namekata, M. Motoya, S. Kurlmura, S. Inoue: Optics Express 15(2007) pp. 12769.

Science (NIMS) Japan
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Simultaneity of entangled photons
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4 3.0 1 T ' ————— o |
-Experimente | | T ! [ | |
o I . j
VOLUME 25, NUMBER 2 - i —2 a ~ ﬂ
£l 11 . 1
OBSERVATION OF SIM -G IRS
B 2.0+ -
National Aeronautics and § ¢, 142
o
u |
The quantum _(
" . g |
single photon i g
dences betweer "
by a 325-nm H O 10— —
tal rate [<0.03] 5
mentum conse1 ©
> O
P _— o
= o
Coin( ©
0 l | l l l 1 £ -
-10 0 10 20 30 40 50 60
TIME DELAY T IN CHANNEL I(NANOSECONDS)
NIMS), Japar
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- Opt. setup for SFG sampling of entangled photons (MIT, NIMS)

Delay
1 Stage

N ? .

PBS SPDC ]
A |_"\DH = | sFa
LTS Coincidence| Si 1 N> sampling
=

counter APD |
BPF DM

Beam
Dump

Ti:sapphire
150-fs, 80 MHz

O. Kuzucu, F. N. C. Wong, S. Kurimura and S. Tovstonog, Opt. Lett. 33 (2008) 2257-2259.

: Japan
115 Science (NIMS);
” National Institute for M e Sunao KURIM URA
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« SFG time gate by Mg:SLT (MIT, NIMS)

Pump
2
Signal
SFG in
1-mm long QPM MgSLT
PPMgSLT .
A=8.5um to green light
Si APD |

Pump
e

Signal Idler

T=17°C
Simultaneous SFG
of entangled photon

1-mm long
PPMgSLT
A=8.5um

N
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- Two-photon coincidence time (MIT, NIMS)

104 = Signal i
e |dler
1 a Coincidences
P 0.8 -
| o
= |
(o)
O 0.6 -
©
D
N
© 0.4 -
£
g F 3
0.2 - A _
O_OAAA,AA,AAQ_J'\A_A,AAIAAA,
-2000 -1000 0 1000 2000

Pump delay [fs]

O. Kuzucu, F. N. C. Wong, S. Kurimura and S. Tovstonog,
Opt. Lett. 33 (2008) 2257-2259.

Phys. Rev. Lett. 101 (2008) 153602-1. : Japan
: » Materials Science (NIMS)’M URA
” National Instltutefo Sunao KURI
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Current situation in quantum computing

* Quantum computer@Google

What Is A Quantum Computer

Development Roadmap
E '

3 1
Quantum Circuits el 4

\ ' (X_'mcns, GMN—_-’ Universal
; - ! - L=y Superconducting Electronics '
< - > ': . Gf,'l'.f’f..,':'.;';f&;'.\..,,“. Correc:ion
. [» 1‘ WERAE Am'og
f . (Fluxmons) Quantum Annealer v2.0
cf. 53 qubit@2021 —> 5000 qubit @2022 ‘ " g prformn
(quantum annealer) - -

° Quantum computing Google’s road map@AQC 2016

Quantum annealer:
* Super Conductor Ising machine (Google, D-Wave ...)
» Optical network Ising machine (NTT)
* Quantum gate:
« Super Conductor gate machine (IBM, Google, Rigetti Computing...)
Trapped ion quantum computer (Honeywell, lonQ...) M), Japan

Science (NI
" National [Institute for Materials Sunao K KURIM URA



Optical pulses in Quant. computing/communication

No.73

 Quantum annealer by opt. pulses (NTT et al.) Flying qubit

2016:

At =1 ns 2048 pulses
2021 .

At =0.2 ns 100,512 pulses

*https://eroup.ntt/ijp/newsrelease/
2021/09/30/210930a.html

 Quantum communication by time-bin qubit
At: Pulse interval of time-bin qubit

AN o e
o | 0>+B | 1> W \/

Robust qubit scheme Detour route NIMS), Japan
jals Science ’
’, National Institute for Materials 5. g yRIMURA



https://group.ntt/jp/newsrelease/

Measurement of ultrafast pulse

*Time-bin qubit measurement by SFG sampling (w/Keio Univ.)

efergmeter  fiiois meod) (4 snglephoton | Previous Method
at, ¢ detector ! Limiting Factor
- A B @ tempo oluti : ~50 ps
| T 4y - deadt : ~10 ns
! . ime-gating  gatesignal : (T
|
At, ¢ »
‘4 nonlinear \
N Crystal - Our Method (UCSPD)
time-bin qypit : vl | = dead-time-free
Pump time de|ay r fs order temporal resolution
(200 fs)
Pulse-pumped Up-conversion Single-photon Detector (UCSPD)
\ Enabled evaluation of time-bin qubits with At = 800 fs )
Y. Kochi, S. Kurimura, and J. Hayase, arXiv:2205.06957 [quant-ph] (2022). o 20415,

Signal

” National I nstitute f or } 1-mm-long PPMgSLT




Time-bin-qubit decording by opt. sampling

820 nm ~200 fs

1520 nm ~250 fs

Ti:Sapphire OPO —Hgt> | fove g \
Coherent Mira i<—-Time shift At
a 0 T 2
. bl BE»H—H— H | Coding
m Delay Y — : E (0/")
Line
e (1 N AAA 1l
v y i
B Pump Signal 3 !
- | 2 N4 | Decoding
Si <———+ Time shift
—H—————Ho
§ PPMgSL v Ugpt” APD | | J
UCSPD Time-bin
FG sampling " . nce (NIMS), Japar
ational Institute for Materials S a0 KURIMURA
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1520 nm[ Wil dl ]
{\JLZTIIE:240 fs SEG
S FE~1 s

~ LIS 4 oa)
#o7vs00%  QPM Mg:SLT R S1 APD

27JV§Z/(13§61-?£0 L=1
/f)bimagr(r)lo fs S
1500 nm¥#¥ CGRITE X8R
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. once (NIMS), Japar

National [Institute for Materials S¢l
Sunao K URIMURA



1B 1% R BE /K fa (S
EE%%%;E;é

Nationgy [Institute for Materials Science (NIMS), Japan
Sunao K URIMURA



Eye surgery by 193 nm laser

- Laser Assisted in Situ Keratomileusis (LASIK)
(collaboration with Nidek Inc.)

Cornea operation:

Surface patterning
by laser ablation

Current equipment :

Cornea

Technolas 2172100

*Replacement of large-volume toxic excimer lasers
*More than million operation in US

: Japan
. 1¢ Science (NIMS)
” . National Institute for Materials Sunao K URIMURA



Fabrication method

* Patterned quartz

* In-situ observation of twinning

L

Top heater

Quartz

Bottom heater

T,=325-375°C

T:T2

- Photolithography & dry etching

- Stress : ~200 MPa

- Twin nucleation from top surface

" No.85

National In

Air piston

LED 67

Polarizer

-

T=T1

Q'
\,.Z Heater T=T,
X / Quartz +X
Heater
Polarize
Lens L/
Camera
|y°monitored twinning process
: Japan
: jence (NIMS)’
stitute for M aterials S¢ sunao KURIM URA



In-situ observation of twinning

* Real-time image

Surface trench

- Period: 125 um
- Stress : 160 MPa
- Temperature : 375 C

S. Kurimura et al. (invited): Opt. Mat. Exp., vol. 1 (2011)p.1367.

: Japan
. 1¢ Science (NIMS)
” - National [Institute for Materials Sunao K URIMURA
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« SHRERZERRER (w/ ERKEREAN)
Ti diffused
optical waveguide Polarization
Modulating electrq eversed secton = ?‘f%ﬁiﬁ?ﬁ“iﬁh%
(E) P % - FaFv—7
4 g P Toulino, + r33ZEH/MICEZ D
7 o Modulating electrade — #RI oI —
Input < ‘ (Elg) * Zﬁﬁ@—ﬁ%ﬁb‘ﬁz %
Light Feeder —  IhNEYE
S. Oikawa, J. Ichikawa, S. Kurimura et al.
J. Lightwave Technol. 23, 2756~ (2005) ence (NIMS)’ Japan
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v HONKFFREME ZEORMEERAMEE THRUEE

EO phase shifter

Fig. 1.

Laser Diode (LD)
Single Mode
Fiber

Waveguide

Fiber Bragg
Grating (FBG)
Electrodes

Structure of a modulator-integrated QPM-SHG device.

% . 3 ¥ PP

« QPMEHEIL1, L3TH DN ILFHE
« X UEZL2ZOEBR CHRE
«  HDONHAFDON/OFF
33 == -I33
Cf- d33 -> -d33
S. Kurimura, JJAP 1994

Waveguide

SHGIZ & LN TSRERRIIZEE
B HEEL2OEBR T
3pBITRAEFOIC

PT\'1 |

> 4 3 clusters Y- Oki etal., Opt. Lett.2006
it S/HG 2 Clusters - ee%,HG PMPase Mckiation Par
(a) (b) 3 IMS), Japan
: . 15 Science (NIMS)
” National Institute for M - Sunao K URIMURA



B RERIC & HEOBEED TH A

= N
°
KEBEZBT/INAR H. Murata, JTAP 2018
Light input  pPatch antenna Ml\:lj\tlzlp(s)ilg)nal /I\
A N Asymmetric <7
L 2 7 —__Mach-Zehnder waveguide r - -r
h g 33 33
Resonant electrode Cf d33 -> -d33
(Coupled-MSL) b, - ization reversal Lowk substas 250 um g SBfo Jess

(100 um) output

o g%ﬁ%ﬁ { L’, / \If Z _ ';jjg;oioce D) Y. Oki et al., Opt. Lett.2006 z»
Fiber

Q

S—Kurtmura, JJAP 1994
EO phase shifter

omain-inverted region

Fiber Bragg

Waveguide Grating (FBG)

Electrodes

3 clusters

+ PM:z

"gf / . 2 1 A\ /. PPs PP:Penodically-Poled Part
Blue SHG C uSterS Blllﬂe%HG PM Phase Modulation Part
(a) (b)
IMS), Japan
. 1s Science (NI
National Institute for Materi@s 558 c L cURIMURA



Summary

SBREET /N1 A DHEE
'Fﬁ'igﬁngn'HﬁJ:él_.lﬁﬁb
eit— ¢
-f;;&'?ﬁfimLJ: 6ﬁ§91$1|:./ B
.,iifﬁ'l'ﬁlix It REBE DO HEX
14 LT— bADIEHY
‘#%’\O)Eﬁﬁ

1-0-—200 ;

& |
Zz | —a0c
g aar. —80C . ‘ : |
€ 80°C {l & A 1
3 1" s .
- 3 " ‘
N = . |
T 04 = .o
£ O “ |
O 0.2} . 1
z g M R
0o ./ & / \I\/ % "
Wa 500 510 520 530 et ‘
velength [nm] Time Delay (ps) ;
L
ials Science (NIMS), Japan

National Institute for Mater
Sunao K URIMURA



