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Efficient combination for NLO devices

Quasi-phase matching (QPM):

iwt

Phase matching between Ic blocks

by spatially modulating nonlinearity.

Nonlinear optical crystal

i

Sq. root of

QPM NLO devices:

*Built-in periodic ferroelec. domains
Wavelength designable
by choosing a period

Reversed sign: d;jx — -djjk

+] -d +c] -d +c]| ] 4 @ Nonlinear coeffi. Domains
g ;\'F / )”SH
: (o2 ol e [ol ﬂ L P e (gl ——D
o) A — Polarization
Q : : : : :
. - )
& | i R
i; ) : : Strong + QPM
e . W|thout perIOdIC structure confinement conversion
L N\ ~1kW/cm2 ~ 1%/W
> lc < Propagation direction X -> Efficient conversion y
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Comparison of SPDC materials

« SPDG: 532 nm —> 1064 nmDizE

P.M.type | Material | deff (pm/V) |AT (C cm)[ x (W/mK) I[th (GW/cm2 P.M. type

QPM Mg:LN ' 2.1 4.6 0.3 Type 0 d33
QPM | Mg:SLT 25 ( 8.4(0.5%Mg) ) 057 Type 0 d33
QPM KTP 4.7 3.3(c), 2(a) 0.3-3 Type 0 d33
QPM Quartz 0.19 108 11.7 (¢), 6.5 400 Type 0 d11,d12
BPM KTP 24 25 3.3(¢c), 2(a) 0.3-3 Type II XY d32
BPM LBO 0.63 ~6 3.5 19 Type [ XY d32
BPM LBO 0.83 6.2 3.5 19 Type I XY d31

Large d.« in QPM -> high efficiency

N(M‘Sl l -

-
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Phase-matchir- v Material

EffiqviP Thermal Nonlinear
for bulk ductivity | coefficient
V/mK) (pm/V)

QPM MgSLT |
Optical geometry""'-.‘__. .. -

g | Spatial overlap of
F and SH

Waveguide o
(Adhered)

~ [11Y.L. Lee, et. al., IEEE Photonics Technol. Lett. 15, 978 (2003).

[2] K. R. Parameswaran, et. al., Opt. Lett. 27, 179 (2002).
NIMS - [3] S. Kurimura, et. al., CLEO, CTuB4 (2006), APL 89, 191123 (2006).
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o« ADM=IVTBAIENRE R (Ww/ Gakushuin University)

— 1550nm

L i : Horizontal @ : Vertical }

775nm
Wavelength 1550 nm
Pulse Puratlon 10 ns W2 M2 Phase Shifter s
Repetition Rate 100 kHz QPM crystal 1\ QPM-LN%;&%
Er: Fiber laser _@—H—‘%_ﬁ K %@&\XFZ//Z_ - &ké
M2 o Cut Filter A2

%DH e b N/
\l' L ~ - Lo% i \Y4 /
[ Phase Shifter \I/
1 —_—TT—
QPM-LNE K%
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pump power [mMW]

> 115 F1159.4 dB @pump power 5.1 mW
> BEFS -7.8 dB @pump power 4.9 mw
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EXRELEFL ONARE

-Typell SPDC@ degeneracy point )~ 1540nm
TM mode

TEQw) -> TE(@)+*TM(®): dgg~ 3.0 pm/V {) \/\/\\

Device length :30 mm Room temp. operation e,

1
T = gy (V) +H V)

N

A~ 1540nm

TE mode
A~ 770nm

™

Waveguide width : 5.5 um —TE mode
__:91 Period : 8.2 um —TM mode
g 93 Power difference in TE/TM < 0.5 dB
T
g-95
& |
97 ‘
* J".Ml ini :‘NUI
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 1.5451.55 1.5551.56 1.5651.57 1.575

Wavelength (um)

N
NIMS”!IO]'! ~ -
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St FFiH=ER (w/ Nihon Univ) i

PBS | 1 Delay
— L —
CW external cavity HWP1
diode laser SNAE PMF
Wavelength: 777 nm Type Il Mg:LN HWP2
Linewidth: 1 MHz QPM ARW .
8
% 7| HOM dlp e PMFC
g 4 o smgle photon detector
é z Qi ] ro ..... .
£ S ek T T ; == Optical delay J
0% <4 2 0 2 4 6° EJ{ :z—r

Relative delay [ps] ¢ si

G. Fujii, N. Namekata, M. Motoya,S Kurlmura,S Inoue Opt. Exp. 15(2007) p. 12769.

e A
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. Wavelength | Efficiency | B o
Device Stability | Designability ref
(nm) (Yo/W)
BPM bulk BBO | 702, 702 +
QPM LN
Ti-diffused 1560, 1560 ~6 - + 2)3)
waveguide
QPM Mg:LLN
adhered ridge | 1540, 1540 90 + —+ 4)
waveguide

1) S. Takeuchi, Opt. Lett. vol. 26, p.843 (2001).

2) T.Suhara, H. Okabe,, M. Fujimura, IEEE Photon. Tech. Lett., vol. 19, p. 1093 (2007).

3) A.Thomas, H. Herrmann, W. Sohler, ECIO, ThC4 (2010).

4) G. Fujii, N. Namekata, M. Motoya, S. Kurimura, S. Inoue, Opt. Exp. vol. 15, p.12769 (2007).
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« EFOCTHIENF % (w/ Kyoto University)

#7357 O [ BALKE %S
w1 Ao * w5 Ao
7AF7RF S IFARF 47“/7}[/ ﬁﬁzﬁg
AL oc ——
z7u /9 <—L—> ) L. Aw
ﬁ%a " d o $RBIFEERET IR

| , BT v—7 S
fcﬁﬁm%ﬁ ‘V _)\f_ Z Z
- ﬁ/ 224 I VT PV IV
Bi? +& 0 » E I _ZAA.(
(1)

L~ Ll Ly A T e

M. Okano, H. H. Lim, R. Okamoto, N. Nishizawa, S.
Kurimura, S. Takeuchi, Scientific Reports, 5 18042 (2015).

~
NIMS’ l B




REAFr—T DERIECER T E

Device | Chirp rate Devi(cr::r:le)ngth Segments F?;Ill-ll(:\j[w(itr?l) (:gzir::coyn
(pairs/(uW:s))
Slab 0% 20 10 26 2.4 x 108
waveguide 3% 20 10 190 8.2 x 10°
Ridge [27] 0% 10 10 16 2.7 x 108
waveguide 3% 10 10 229 2.7 x 108
Bulk [11] 6.7% 20 100 380 2.0x 103
#E: WO <<RIT<<UvY

wiE: FAE— < BHTFvy—73% < BAHEIFvYv—T76%

RO MVERE 10 stepTv—7 < 100 stepFr—7

ERIAL: 10stepFv—7 < 100 stepFr—7
(EB lithography)

e A

-

(Photolithography)

D.3%/step (9.9nm)
;‘[rl")'f,()il[iflf,w;{!?li)‘rlw/’

B BR 74
Bl CH Rl
'/4"’) = )

0.067%/step (2.2nm)
EB lithography

NIMSDH
(EB+Y 7 M7 18 R ¥5)

Zem

//ﬂ”/l///fl/l/
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1) 10 step chirp

=T D3

Sie
Sl

|

— Signal

(b) 3000
0.3%/step
< 20001
E. FWHM l
= -
w
S 10004
£
Base-to-base
width
0. =
500

700

Wavelength [nm]

1) 10 step chirp

-

/

s 8

g

Coincidence count rates [/0.1s]

2um, 74%

e Ew data

Cal. curve

1O

16

Delay [pm]

10

30

2) 100 step chirp

Spectralintensity (arb. units)

EARD MV = FTF 514

600 700 800 900

—

o

ts (/10s

=

Coincidence cou

2500

2000

1500

1000

F 0.06

7%/step

—— Experiment |
— Theory

1000

Wavelength (nm)
2) 100 step chirp

B - — B

—&— Experiment
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0.067%/s

—
tep]

Delay (pm)
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e Google®road map@AQC 2016
Erdvba—kxEBEFEOOY
Development Roadmap a1 — R &AM A DhECIAT
e RN — ZEHER. BENICI00ED [
: FEy M ZEEHLI-EFa
2 —RX%ZFEIRT 5 HET75 & 7B
SHIZ LT3 (2016)

Quantum annealer

(Fluxmons) . Quantum Annealer v2.0
e s ity cf. 27 qubit> 53qubit@2021
) >/ 5000 qubit @2022
BFT7=—V>Y)

+ RETOFEZERERELTCVWSEFIEL—4

GooglelZ
# gEF7=—7— (D-wave®)
e ooy =17 ——7— (BHER)
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GBI NN 2R (PSA)

20164 :
At=1ns 2048DILINIVA
20214 :

At=0.2 NS 100,512{@DH) VIV A*

* https://group.ntt/jp/newsrelease/
2021/09/30/210930a.html
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SR FEHEwW/ QPM MgSLT(1520 + 820 -> 533)

signal

1520 nm 1 2
240 fs sghal ) W
J_A_q ‘WM SFG
pump - —~ 19)
_‘)‘. \P S Si APD

533 nm

DM  PPMgSLT
L=12 3mm s B i e

.'\‘ ltime delay r BPF
retroreflector o &"j] $ (j: —I— ﬁj\ t;h' 5 h\ 0
\ BRI TER TE B 2
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FEIOERR BIEwFESEYVTIV)

RLGCIHRESFIRERECLSE)UVADEEE 5 28I 5%E (w/Telecom Paris Tech, DTU)

o BEET - HMESMOIOVIE KA ML TS

BAIVIES: I-FT1VT  FA-F4VT, 249707 | 6psE TIIHERFH
* 640GHzT — 5!1:.1573\b0)’3|:|/’3ﬁ_¢._

640 GHz (~1.6ps) Phase-locked

il 1565 nm+1559 nm ->781 nm
@15 5nm
(T Eyq 7";‘1;, 7':'5‘) L.K. Oxenl$we, F. Gomez Agis, C. Ware,

S. Kurimura, H.C.H. Mulvad et. al,

10 GHz )%%ﬁ% _A A A A A A A A_ "640 Gbit/s clock recovery using periodically poled

lithium niobate,"
BEFD 7 v v 7) Electron. Lett. 44, p.370 (2008).

MRAKRES

TMLL @

................ PD\

N . P
tt loop filter
+9 r JEEHQPMMQLN

1559nm
640 Gbit/s

1565nm
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*QPM-SFGIZ &3/ SV AD B[S 57 2 i 5E (w/MIT)

| l@ Delay 1580 nm + 790 nm — 526.7 nm
Stage

>
(=
/A GVMQPMKTP FPBS © —
Z Type-|| 8 , _ :
pps| @ MO O
" QPM(IMgL;SLT\ : o
HWI:\ i Coincidence {} E Zﬁﬂﬁ
o 1 ' |__counter M. | IEP,
i BPF DM @4 \
Tisapphire | TTTTTTTTTTTTITTIIIITTTTTY T ¥
150-fs, 80 MHz Beam

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

x Phys. Rev. Lett. 101 (2008) 153602-1.
NIMS’ l - R



SFG time gating 1n ultrafast SPDC

— T — T —
* SFG time gate by Mg:SLT (MIT, NIMS)

SFG in
PPMgSLT e
i lorg for Time gate 1-mm long TE17°G
F;\Tg%sg PPMgSLT Pick up photon
-~ Si detector A=8.5um by time gate

for Q interference




Quantum coherence by SFG sampling

-Two—photon coherence time (MIT, NIMS)

104 * Signal

* |dler

1 4 Coincidences
0.8 -

0.6

0.4

Normalized Counts

0.2 - 4 o

h
p
O 0 U S " A B 3

-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.
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SPES

interferometer g(previous method) single photon ANE BEZdR

....................................................................

S at, 4

' : | detector ! Limiting Factor
f; A B A N | © tempo oluti : ~50 ps
| [ 2 - deadti : ~10 ns
; time-gating gate signal (Typ.)

=] !
N ¢11 nonlinear \

L crystal e Our Method (UCSPD)
time-bin qupit —3 — - A « dead-time-free
Pump time delay 7 fs order temporal resolution

(200 fs) BPF

Pulse-pumped Up-conversion Single-photon Detector (UCSPD)
\ Enabled evaluation of time-bin qubits with At = 800 fs J

Y. Kochi, S. Kurimura, J. Hayase: Opt. Exp. 32 pp. 47549-47560 (2024). &

" r Signal
NIMS -

= 1-mm-long PPMgSLT :
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*Mg:SLTOFNER FE A (2B ) VL ADBx ] 53 #E B TE (w/Keio)

RN REEE IR X H TTNA REBEEDHA FS5A4 0 ZFDL Y=Ly
— SFGH 2T oI DEKEHIEEH EF =0

| Time-Bin Qubit |

E:1520 nm SFG SFG
J$IVANE:240 fs W3 W1 W3
T 1

< Pump

Band pass filter sj aApD

0))
FUFUIT IR 2 QPM Mqg:SLT
w/dela — 1~
5&&:820 nm L=1~3 mm
ISV ATE:200 fs
1500 nmf (RITEN®R) &
800 nm¥E (U TV TINAR) D

N
” r AIE 56 4530 nm . TREMSMRAIRE
NIMS -
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- P "G) T 18 E i 0) %
St (PumpZtDEFfEllR)  (FERPOFEEE)

T

10[ ' ' ' : 10 ’ ;1
~300 fs QPM MgSLT ;N ;08
.”; 06 506
] 300 f i T 213 f
c 04 S c 04 S
£ £ XLl mm
0.2 02
0.0 00
-20 ~15 ~-10 ~05 00 0S5 10 15 20 ~20 ~-15 ~10 0S5 00 05 10 15 20
1 mm Time Delay (ps) Time Delay (ps)
w 213 fs
1.0 n wt A 1.0
__ 08 __08 __ 08
] ] ]
B os ] B o6} B o0s
I TE X R
b /1\ E * 3 H#F VAN L ¥ — 3
- 2 | mmEsmREEg =2
€ 04 INVAER € 04 e 0.4
3 3 3
£ £ £
0.2 0.2 0.2

0.0 } \ 0.0 0.0
-20 -15 -10 -05 00 05 10 15 20 -20 -15 -10 -05 0.0 05 10 15 20 -20 -15 -10 05 00 05 10 15 20
Time Delay (ps) Time Delay (ps) Time Delay (ps)

" r 212 fs 365 fs 423 fs
NIMS o<




Time-bin QubitZSFGH Y TUVT DHEH

820 nm ~200 fs 1520 nm ~250 fs

I N
N H———1—f—1{©°
PPMgSLT BPF

UCSPD

MBS T

H Decoding
% — FFfEIEAL

Time-bin



i 71NV AEEDEF ] 77 fE 6E

FORLRY V)00 O o7 fF e

a00t (a) o g
— 3 mm /% = >
Q 8 c
30 g S
€ E D
| w0 (%
3 & s
w 4
S 100} S ‘é’
S ; 3
0 = a
1 I A 'l 1 D
45 40 05 00 05 10 15
Time Delay (ps) Crystal Length (mm) FWHM of T(¢)
average photon number 0.1 /pulse
@300 mW pump
Group delay : 204 fs/mm (calculated using Sellmeier equation [1])
400 +00
Sou(7) = / Sin(DT(t =7)dt = (Sin+T)(r)  T()=(P+G)1) = / P(")G(t - 1")d7’
-00 —00

(1) H. H. Lim, et al., Jpn. J. Appl. Phys. 52, 0-4 (2013).
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7300 fs

® FIELRIEDZNE, )NILATE

QPM Mg:SLT

(3£

BR)

12 1-3 mm
Mg: SLTE 3 mm_ > 7% 1400
100} . ©
2 R £ 6% o 1200 £
g 7y : S o /. 1000 8
€ o -.‘ _.f ’i 2 mm | g ’ / 5
8 §4% —@=—Typical QE (200 mW) 300 8
= o . 3 3% 600 =
IS k5 £
£ 20} : e 2% ./r/. 400 o
=
. J £ 1% 200 E
15 0 05 5 10 15 & 0% : I l 0
Time Delay (ps) 0 1 2 3 4

TR TH0. 1 Signalst

SLT device length (mm)
(Lviorp Bweak coherentt) I
_ b dweak coheren M L TRINORS

@ r REEEBZDE2 mE

-




A S

FORLRT Y TUDT D3sh IR EFFE 57 R 6E

400 - . 10
(=]
a0 (3) . A 5 (b) s ¥ (@) :
@ smm .. > Q ¢ o L
& 300} L . 1128 2 £ = L
£ . § = ’ SE  Pav
=250+ " 110G @ 2 — Ty, T
= 2mm 1°e & T M, N
S 200+ ’ o g © @ 1 - g9 g, e
o «*’ c B iy ) J= B e,
© 150} 69 3 ! ’ T2 "‘Sk‘.\-,%
.'.. — o ﬁ‘- . ? @ :
g 100} et L=Tmmo fy 8 O b s 29 10* M“.‘\“‘*—-—v—a
& 3 5 2 Ay o © e
Q Z01p - <
0 05 y .
A 1 1 A A ' L 1 A L A 10-' A 1
0 100 200 300 400 0 2 4 6 8 10 12 14 1 10 100
Pump Power (mW) Up-conversion Efficiency (%) Pump Power (mW)

Crystal Temporal Typical QE NCR :

length | Resolution | (300mW) | @ Typicalqe | ©verall Optical System QE
1Tmm 255 fs 6.1 % 1910 cps 21 %

2 mm 415 fs 101 % 800 cps 3.5 %

3 mm 591 fs 10.2 % 700 cps 36 %
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Time-bin Qubit 7V DItFEF

820 nm ~200 fs 1520 nm ~250 fs =F_;‘$§+G>
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Time-bin
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Decoding|C AT

Decoded pulse  Ti#/TULA *Visibility
AR ECIRTF
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