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Thesis abstract

A single photon source is one of the essential elements for quantum information technology, such
as photon-based quantum computation and quantum information communication. Since a practical
quantum photon source must be able to operate at room temperature and emit photon in the
communication wavelength band, research on heralded single photon sources has been active.
However, since the heralded single-photon source utilizes stochastic photon pair generation due to
nonlinear optical effects, there is a trade-off between single-photon generation probability and fidelity.
Therefore, the development of light sources that obtain single photons deterministically by utilizing
spatial multiplexing and time multiplexing techniques is in progress. In particular, time-multiplexed
light sources in bulk optical systems have demonstrated performance that exceeds the trade-off of
heralded single-photon sources. From the viewpoint of applicability, there is a need for integrated light
sources. However, the current performance is low because the low-loss variable delay line required
for time multiplexing has not been realized. In this study, I propose an integrated time multiplexed
heralded single photon source based on the technique of storing photons for an arbitrary time without
losing coherence by dynamically controlling the Q of micro resonators using the optical Kerr effect,
and conduct theoretical investigations. In the experiments, I develop the technologies for fabricating
edge toroidal resonators, coupling between resonators and frequency shift by the optical Kerr effect,
which are elemental technologies for dynamic @ control; and generation of correlated photon pairs
by spontaneous parametric down conversion, which is an elemental technology for heralded single

photon generation.

Section 1 describes the background and purpose of this study and the structure of this study are
described.

Section 2 describes the knowledge related to optical resonators.

Section 3 describes the knowledge related to single photon sources.

Section 4 describes the time multiplexing of heralded single photons using dynamic Q control of
coupled resonators is described from the theoretical aspect.

Section 5 describes the fabrication process of the resonator used in the experiment and the
evaluation of the device are described.

Section 6 describes the details of the experimental system and results are presented for dynamic
Q control and generation of correlated photon pairs.

Section 7 describes the conclusions and future prospects of this paper are presented.
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Fig. 1.1: Rendered image showing single-photon state memory by dynamic ) control

of a coupled resonator. The frequency of the gate resonator is detuned by the optical
Kerr effect due to the input of the control light (green), and the single-photon state
is stored in the memory resonator (blue).
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Fig. 2.1: Schematic illustrations of Fabry-Pérot resonator (left) and ring resonator
(right).
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Fig. 2.2: Standing wave modes excited in a Fabry-Pérot cavity, m indicates an integer
moede number (left). Schematic illustration of a resonant spectrum of a Fabry-Pérot
cavity (right).
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Fig. 2.3: Traveling waves that interfere constructively with itself can resonate.
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TORTRDZZENTES [12].

2
surface = 55;§;f§j§ (2.2.7)

ZITo BKMAME, BIIMHBEETHS. BEOFERERE T, HIRSMRMEITHUN o E
PKFALRDHERMIZER LT, QEHA 1 RELDAIZEAT 2 Z e PlES N TWS [13].

i ENEEES

B &1, HRAR DB C R Stk & i 72 S A RS T W 2 &
WK T 218K THD. ZOEEIFIIRHRY 1 AWK E 25 LEBEBMCEA L, D
ZIIREOER, N 2R L UZKRIZ D/X > 15 T Qradiation > 101 12725 Z & 3HI S
NTW3 [12]. JHE 1550nm OHITR U TIXER 23 nm 2L E O SRS T b N IXHEHE L
EAahE <, MRHEICC R AFELICER 9 2 ALK 0 5.

222 ET—KNKAFRBV
E— MMV ZRATERZ NS [14)].
[[] €|E(z,y, 2)|? dzdydz
max|e|E(z,y, 2)|?]
TIZTeldifERERT. (2.2.8) NFBZEMITE T 2 E RO % B O mH KM THAIE

{ELTED, VNS WIEENPBUNERIZRET D LEZRI N TE5. EHEILOE
Mo E— FEBEIINIWAEPENTWSE EWR S,

V=

(2.2.8)

2.2.3  Whispering Gallery Mode ##R25

Whispering Gallery Mode (WGM) Higkd713 Y > 7 RO —FTH 5. “Whispering
Gallery” £ WS O£ E, £ MR —IV KEE O ME OREOEEIZH > T HEP (acoustic
wave) WMEb D2 HRIIHRLHDTH 5.

1) UMK
1939 £EIZ 3 (optical wave) 12815 WGM 3> VU BHUNKIZ & - TIHEEX 17z [17].
YU ABUNEREE, COy V=Y —THT7 74 N\—Dhliz AL, #EIE2 I & TfF
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#WIXNd WOM HiREETH 5. pm A7 —I)IVOMUNERTIX, BIRYEOREREIIZES
R N AR TIERIIZER W20, BRREBOYIE X EIKE O & WK IZ72 5. 1989 I
X 10% 2From@ Q D > V) AMUNRIRE DIEH X 1 [18], WGM HLHR#s D W72 23RN
PIZEE E - 7=,

) A hOq RHIRSR
YU huA FEIRERE X, 2003 FIZEBEEI N WCGM IR TH 5 [21]. SiHERKD
CHBEPILSIES ATZS Y 1 (S10,) 2HE L EEZ LTWs. YT 1 A7 R
i [22] RS TH B DY, T ARUNEREFIRRIZ COy, V=Y TY U % —EER S &
ZOLEET I TEMT S, RERNCEL > CTREBEIPTWA 505720, YU 7h
T4 A7 HIRBITHA Q DM BT 5. KFETIES Y A buoa NS 2 HHT 5.
Fig.2.4 12> Vs buo FHEIRBOFEE 70— L FEMEEE L2 RT.

- - -

Fig.2.4: Scanning electron micrograph of a silica microdisk after selective reflow
treatment with a CO,, laser. The inset shows the microdisk prior to laser treatment.
This toroidal microresonator had an intrinsic cavity @ of 1.00 x 10% (left). Flow
diagram illustrating the process used to fabricate ultra-high-Q plannar microcavities
(right). Reprinted by permission from Springer Nature Customer Service Centre
GmbH: Springer Nature, Nature, “Ultra-high-Q toroid microcavity on a chip”, D.
K. Armani et al, Copyright © 2003, Macmillan Magazines Ltd. (2003)

ERIIES

HHREIRHT CaFy % MgF, 72 & Of & 72 WGM A 166 5 46k 38 . 0

BNB. RO R YNNI & > TR NG, CaF, WE@O Q liA3EMT 5

ﬁ%%@%%ﬁﬂ?%bpﬂ BEIZ 1010 — & —0 Q EAFEIEZT TS [24). buo
HIRIA Y OMRTH B L) HIIIERETHBDIH LT, CaF, dEHMEERESC L

#%Q@é@ohé@m®~o@%é 55 A RHEIE < I\ 72 8 12 SEIR S8 B SR #E©

BB 2 L RAEEITRD 72 I HHRET 1 DK = < ERULDRETH 550 % 5 .
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224 <A uAY) v IHIRS

<A 7u ) v RS L X SOI(Silicon-On-Insulator) ##K EIZfE#l x5 V) > 7 LR
W|ThDH. CMOS Hift 7o ATl I 5720, @BOWstAHE, BWEHI 2N, &
WERBMEEZRETH 5. LRS- B —KILD Y AT L2 BHITHETE 5 B EM
DERP SENT VWD, BERREFICBT 22 ORI TEIR ngio, ~ 1.44 THEDIT
MU, YVavOEfT#EE ng ~ 348 LIFFIZEm WD, WCGM HiggRD X532V 74
EMEIETOHIRBMEVIE—FRBEV 2/ TN TES. 72720, RERN
W& o TREHBE A 515 ¥V H WGM HIREHZ AT, P8R T 1 2 LK MK
FLZ X B HEEDOHENPRKE VWD Q HMEVWE WS REDNDHD. YY) aVtEO~ 12
1Y) v 7RI Q A3 2.0 x 106 DEDRE I N T WS [25]. TV 3 IEHEIEICH
WBDIZH L TWBDS, N2 REX vy TN @R E D% AN E 124 RN
NI DES. ZHTRIPUERL T Q HEMETT 2720, EMIIFNE L O
B, 2070, N RF vy THRRELEHTFBINPEZ iz < WELT 1 3 (SigNy)
DA ru) Y IHREELHVSNS, £z, SigN, EIEREIEITR ny BSEW 72D IERR
IESFR & DM R . SigN, ¥4 278 7 IR Q A 8.1 x 107 Db DL
HEINTWD [26]. Fig.2.512 SisN, v 70 ¥ 7 IREB OB EEZ R T.

Fig. 2.5: A scanning electron micrograph of a silicon nitride microring resonator cou-
pled to a bus waveguide. Reprinted by permission from Springer Nature Customer
Service Centre GmbH: Springer Nature, Nature Photonics, “CMOS-compatible
multiple-wavelength oscillator for on-chip optical interconnects”, Jacob S. Levy et
al, Copyright © 2009, Nature Publishing Group (2009)
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225 T7# by UiERHEIRES

7 4 b= v Z#& (PhC: Photonic Crystal) &1, JOEEAT — )V T E
M2 fbd oigiEZ2 & OYHETH 5. 7%%—/7%%¢%E%T5%@7%Flvﬁﬂ
v NHEGE WIS R e R . ZHIRERF OE SRR T > v I)LITHE
UBFANY MEEZ AT 2D LHLLTWS., 74 b=y 780 REEEDRIRIZE T
ERAMEMR T E RV EBEBEEBNFEEL, Tz O (photonic band gap) & \»
5. BR(E~YLY, EVT7AFav), BE (Vv 2, A7), A (A VT 7,
Ty =), Y (A8 —0) IR BT R S S R EIEREEE (structual color) &IFIEH, K
ROT A b= IFERIZED2BDTHS. ALDOT 4 b= 7iEGEOFEARIX 1987 4
IZ Eli Yablonovitch, Sajeev John (2 & b 215 v [29,30], #fliN LEAMOER L &5
ZHFZE D HEA T2,

74 b= ZfEEIEZ OGN S, LIRIT7 & b= ZfEE, 21007 & b= v 7§,
BIIL7 4 b= I E RESZDIINHIT LI ENTES [31]. FYLYDRIENLER
I D% JE RS (1 IRoT), BT 4 F a v OFEITAOHY (2 K50), F /=Dl
RN R E N OREEMEGE (3 0T) ICHRS S, 17 4 b=y 7#ERIZFEERZE
H%Z LTHLS oo, A TXOEEE R EDNFERITKAIEE U TEEINT

C RIS IR 2 ROT B K U 3 IRT DRI R HINGE R Z T 4 b=y ZhE LIRS, 2
(937535 KO 37 4 b= ZibiE, JARRAZRREE O I BRIMEZ A U 72384 (R ER)
ZEDZ2ICX o TR RIESE S I L THPEEEPHIRGZMKT LI LA TES. 2K
TT7 4 b=y ZREEOERIZIE nm AT — IV OIEFIZTEWVEE N KD SNz, EARY
Y "5 7 4 — (Electron Beam Lithography) W65 Z &L WAs, CMOS A# 7
0w ATERTLHEETLN (32, VIV Tx b= ALDEGBI/FINTNS.
BIRILD 7 # b=y ZHERIIHEE VMO THEMTH 5720, REWDIMTEAMZS >TL
THEMANBMERZET 2B DIERAEFHRIN TR 33, LAL, 3T+ b=

I KERITER DB TN Y FEEERFO LD RERNY RX vy v 7 (RANMDHEENRT T v
I RET B & D 7 R & ATREIC T B 72, RO NHIENI IXBEDOHEMTH S.

WGM HEigg~ 1 7 n ) v ZHRHRIT N2 K4 (Total Internal Reflection) %
FALTHAMURDBDIHL, 74 b=y 2GRS 75 v 2 K4 (Brags
Reflection) 2R LU THEZHLIAD S, 2R 7 4 b=y ZKERTH B, FHHMIET
Iy IR EFHL, BELAIIANTERNZ2FHLTEZBLRADTNS 720, #3
RTEDFEFAUADZAHEIZLTWVWS.
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mRE7 #+ b= v U EREIRES

Si FAR D FIHAN 22 28 FLIZ SR 2 BAT 5 Z & THIRM A2 T E 5 [34]. HIHAD SR
BatbiRes i Q A% 102 A — X — LIEW IR o 72438, 224l % 3 ORIz I 5HEED L3 It
fikds [35] %, EALZHEOTICFIARGEICRIFEEZBEAT 5 2 & THIRMS Z MK 5 ho ik
% [36] ¥, B Q HOHRBAREINT WA, L3 HIRHD Q Ei% 4.5 x 10* £ WGM
RGP~ 70) Y IRIEBIZERTEVWE DD, E— REFENV =7.0 x 10714 cm?
CIEEINS W20, REMBEBOMEFHOMI 2RKT Q/V IXFEFIZE Y. Zhsoit
RErE 7 4 b=y 7RO S DA ARG IZ X > THRPEMETE R R D88 (7 *
F=w NV REX vy v ) OFIZ RSP RO IRIEEVECIAD 6N b 728, NV R
F vy THIRGZ L ITIEN S UAD A I NS, Fig. 2.6 12 L3 RGO M&X %
R~

—
Lattice constant, a Shift

Fig. 2.6: Photonic nanocavities using a 2D photonic-crystal slab. Schematic of the

base cavity structure having a triangular lattice of air rods with lattice constant a
(=0.42pm). The thickness T of the slab and the radius R of the air rods are 0.6a
(0.25 pm) and 0.29a (0.12um), respectively. Starting cavity structure with three
missing air rods in a line (left). Designed cavity structure created by displacing
the air rods at both edges to obtain an ultrahigh Q/V value (right). Reprinted
by permission from Springer Nature Customer Service Centre GmbH: Springer Na-
ture, Nature, “High-Q photonic nanocavity in a two-dimensional photonic crystal”,
Copyright © 2003, Macmillan Magazines Ltd.(2003)

BRM7 # b= v 7 ERLIRS

Si FEM D JE A 72 22 AL R I 2B A S 5 Z & THIREMAERTE 5 X 512, Kbz
BATHZ L CENEKEERTLZZIENTES., E—N¥ vy TOMER, ERIGERK
DIER E DT EI T A —RIZ X > TEILT B [37,38]. MRRIAEREE OIE % — 54 H
U7ZZIEZSFHRL 7 + b = v Z SR ILIRE [39] R OK FERE WAL X TVAT
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OR 7 4 b= v JfEEIIRER [40], 512 Q LD SN2V F AT ORI T & b
Z oy O RERAIRE (A1) R ERH B, ThSIREEKE— NOXEERALTHREBUAD
TEYD, E=FXyv vy FTHIRBLIFENDHUIAD AIEICHEHI NS, Fig. 2.7 IZIEAH
BT x b=y i@tk OB Sz R,

ﬂ Lattice constant, a

o leRalalalial
R TR
AAAAAA A A

0.35 7 g é
: d : i Photon
) . A : : confinement
= / Waveguide |  — ;o
§ 0.30 * mode g -
8 ' t = Transmission
. , =~
é? Light line_ g
0.25+ : ,l ?';-
1 : L L C
0 01 02 03 04 05 >
Wavevector (21/a) Real space

Fig.2.7: a, A 2D photonic-crystal slab of triangular-lattice structure with a line-
defect waveguide formed by a missing row of air holes in the I'-J direction. b, The
calculated band structure for a. The blue arrow indicates the transmission region
where the propagation of photons is allowed through the waveguide, and red arrow
indicates the mode-gap region in which propagation is inhibited. ¢, Photonic double-
heterostructures, constructed by connecting the basic photonic crystal structures I
and II. Photonic-crystal I has a triangular-lattice structure with a lattice constant
of a1. Photonic-crystal II has a deformed triangular-lattice structure with a face-
centered rectangular lattice of constant az (> a1) in the waveguide direction; it
retains the same constant as photonic-crystal I in the orthogonal direction in order
to satisfy the lattice-matching conditions. d, Schematic of the band diagram along
the waveguide direction. Photons of a specific energy can exist can exist only in
the waveguide of photonic-crystal II. Reprinted by permission from Springer Nature
Customer Service Centre GmbH: Springer Nature, Nature Materials, “Ultra-high-Q
photonic double-heterostructure nanocavity”, Bong-Shik Song et al, Copyright ©
2005, Nature Publishing Group (2005)
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226 BNEHIRESDHHA

UM RS DG, LIRS E T E#E 17 (cQED: cavity Quantum ElectroDynam-
ics), AT MANZI X, oo vr, FMPAELRELKIZES. b YWEOM
AAEHZERIE S & W BUNERIRGE ORI ZFMH L 2D TH S, ZZ TRV
7L IRIEAFD 1 DT H MW I LT ONTER S,

vy s

vy e, By (BRI FE ML TR ER O, &, RE, NEELRY)
ZEHA - BUEAL T 2 22 THD. EEDEMAPANLDES L L2 hk2 REER
A REME 2 D 7R U TIHEHE 2TV 5 ToT(Internet of Things) D SB[ 1F
X ‘/“/‘/ﬁ&'fﬁi@%‘%% FEEoTWS. U IIBHIERTH WY - (LANBIR % i
AN BRI ZALICE I L TRINT 5. uotitikdiz £ o9 & LTHW 54, 7%
A (/Jm)#ﬁ E) Ik RGO IIRMEDOLMEFH LTy Y 75, BENLALL
I % LB EA DR EREUIRE > TRITENEAT 5. BRI LALT DL (2.1.3) K
LD IIRFRDPEAT 2 Z e nh s, HREESY 7 FEPSIRELRILEFR TSI N
TE, B HRITENIZRY) ¥ —TdH 2 PDMS(Poly DiMethyl Siloxane) % 3 —7 1
VLYY A b A R IR & 2 SRR S BRI S N T WS [42]. BUME
SHREZ IR 7 DI BB R AL T 2 Z e 2FH LT v EZT 43] T X
) M BEDH ALY Y VS, T A [45,46] 75 EDAA T vy S HEAES
nTnd

JERERE D L

SEIEREL T L &3 A Al IS E R I A ZZ AR S BV (i (Comb) IRARZ V)
MoV —F=NFEDI L2 WS, KA LIZZD FSR OEE I 5HDH D
SUEIIEN S, SEAWEE T MEAWPH (THz), = L0 (GHz), * 7% v NEEK
(MHz) 7% ¥ DgIAVH B ZFD. 2005 402 John Hall & Theodor Hansch 2%, [54/&E
BaLsHEmzE, V—VICED BB NEORIEANDERB] 12X/ —N LYY E
EZE U, ZHUOEBEET L % {5 72 R EBRIE BRI IT O THh 5 b dh 6 4
BOZELTHY, NHEWEI LIWEBEHTBH2 KFEHT, WEAWDIFICHEE2 52727
DOTHD. KW LIIPkZ B THERT 6 Z LA TE 50, JUNELIRERZ W=
LD —FRITENT 237 X MYy 78R TH BN KIES (FWM: Four Wave
Mixing) 2 FIHT 2 2 & 456 H — 3 A LIFEH, 2007 FIld TEES W [47). B
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bR E— PRV =¥ 2 AW EBEE I AR TRBRE L SN NT —HUNE
<, TNAAADWNECTHRIARTH D L WSFEDH D, KA — 3 L3k E— NEDAL
MBEGRIZ N TN Z 7203, 2011 FRIZ IR R AR & JH W TSI T/ 8OV AL RET H %
TEDREREIN[25], 2014 FEITIFHY U b UDERTE B L DB - FEEREICEIE X
N7z [48]. T K — AR SOV AL — R T ERWIERTO 7 = A ML
AR D AREMEA R T N7z, S — 3 L DS & RIKMEL D LR OIIE, &81E, 6
FRERBIR AR, DR REDORk2 LA RI N T WS [49).

23 %DEI/\*JE%E

B DU NEIERS T B 4 BB R OB -SSR TS 54, BMOE Q i
DB % 0 U 7= R I IHRE — RO TSI & 5 BEABIITS, Bx2b
TR AR S N T 5. R 20 RIS ORE & JIRE AR S TV 3 [50-53).

231  EWK]

AR R T, KR THIU I W3 BB EW/L (EIT: Electromagnetically
Induced Transparency) &3HLU 72BERAD, #iE LIRS DO FERRIZ L > THN S.
Z OB EAE A LR A B (CRIT: Coupled Resonator Induced Transparency)
EEns. EIT IXBEE L [V (Slow Light)) WO TEHIZE NZBRTH b [54],
CRIT IZBWTH BV BEIEINTWS [55]. DRV X, SteWEOME/EA
ZIETRT 570D, JEWLEIZ B 5OV ZBIE, A€ —, EREHERRL DG
DELEEDTWS [56,57].

el 1 RN HIER 2K 7.5 BT 213N WS 2 RIZE <o T WS, 7272
U, ZNREZEHONRE c DETH Y, JEHfrER n OFETTIINOEEIL ¢/n &85,
DEVBEFTIEEMET 5. UL, BEORIRIE I~4RETHY, HIHEEZ
EH S G272 TIENE DB TEHILIETERY. ZONOEEIINAHEE (Phase
Velocity) EIFIEH, KV BETIHEEZLXZLTWS. NEWHE] ZHfET 25 L THEER
BEE D DOREHEEE (Group Velocity) TH 5. HEHE L FHNIVADEEDZ L TH D,
Y HALEE TN OV AFITRERD 11 & 10] 2RELTWD 7o, (HEES D

HEZBELSTHIEVISH EEETH L. 77—V TEBOBRIC LE, L A3k
BEROEBR DI &> THBEENTE Y, SO MMD M > 72 (LE T/ OV AR E 1
. HZEHO K ST E (RIS DR RMRAFVE) 237010 30, BEs AL - — 2
T5. LL, BEFOXSIZHND D L &% DR EDNEDMATEE RS-0,



2.3 fEoitiEE 19

MAHDHI D MEN TN T WL BB THEE MK T T 5. AMHEED c/n TREIND &
21T, HHEE c/ng THRIT B, ng FHEFTRLIFIN, SV ADOREHEEEZERL, KA
TERINS.

dn

ng=mn— )\ﬁ (2.3.1)

(2.3.1) RDHE 2 W dn/d\ 13 2R . @E, DEOEIZESTE n T TERITNS
WA, REIZRRIE N TR TR E <72 b, BHE R WG] 4T 5. Bk EIT
CRIT (3R BANE CRAIBRBINA RS MV fgond o, 753 —A - 7u—_kt
DR (Kramers-Kronig relation) & 0 BIRZLEHFTEARS MR LNS. DF b Lk
BEANECTERZABPEL, BIEHEEIFSNS.

232 HEHIRSGDINA

FHXEY - NNy T 7

BV DINHDOEEHP AT THS. ATV IHOEEEZEZE LK TNIES
2, HULKIMMEFIEI B TREFT IR ETHS. HOWPWNAEZ -V 2RI EREFET2HEE
JoNw T 7 EIEEN S, KERIEBIEE R 5 ke LT, CROW(Coupled Resonator
Optical Waveguide) & X 2 R B I D il - 72 ILHRER 2 59 WS SR e CE ST L 41
L= BB AN 513 [58,59].

Fig.2.8: Delay line consisting of several ring resonators in an APF (All Pass Filter)
configuration in a cascade. Each ring is side-coupled to a common waveguide bus
(left). Delay line composed of several resonators cascaded in a CROW configuration
(right). Reprinted by permission from Springer Nature Customer Service Centre
GmbH: Springer Nature, Nature Photonics “Ultracompact optical buffers on a silicon
chip”, Fengnian Xia et al, Copyright © 2006, Nature Publishing Group (2006)
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2.3 MGk

ERBIEIC K 25X T BE
Q EDEWEIREHIELE R E X R WA HIRA X7 ML, ZOHHEDLD. D F
D FRNZR T N A A TR & BIER O b L — R A 7 OBRAMFEIES 5. LA LB

BT & > THIIE £ BIER O | L — R4 7 ORI B85 2 £ Ak 3 [60].

o I o o 80
=] [% Ag| 4a 1.0
Z 08 ﬂ‘é& l l P = s = )
< ' H & E = 08 s 3
g os iy 5 ¥ =
s P g 04 g 06 x g
B 04 ﬂ = = E
= ] E 2 g4 =
502 i ° ° 02 5=
o 0 o L£ — 0
1545 1546 1547 1,548 1549 50 100 150 200 250 50 100 150 200
Wavelength (nm) Time (ps) Time (ps)
g o n B . 60
s o, . - 0.5 l Storing toring
Z 08 A= dg=dy o 3 t=89 — r t=84ps -
A - s S 08 ; g
; e :?, _E, 0.4 = ik 45 H
g o8 g 03 g s AR 2
= i e 0 8
B 04 = = [ v =
5 W 2 02 El 04 i N =3
£ 2 z : ~ 5 2
s 02 = pi 02 i "~ ]
= [ '-.____-"
a T 0 v . ] ! =1}
1545 1546 1547 1548 1549 50 100 150 200 250 50 100 150 200
Wavelength (nm) Time (ps) Time: (ps)
a . 10 | P | a 05 a 10 60
0.8 4%, " L = - =
H % Aﬂl"‘ &~ Z o4 Releasing S 08 s 2
2 08 w ; t=130ps ey =
g kS Z 03 2 oos =
2 g
E 04 =3 (=3 30 E
L 2 02 s 04 =
H s H z
5 02 0 = 02 =
0 0 o - 0
1545 1546 1547 1548 1549 50 100 150 200 250 50 100 150 200

Wavelength (nm) Time (ps) Time (ps)

Fig.2.9: a, Top-view microscopic picture of the fabricated device. b-d, Transmission
spectra for three stages of the storing and releasing opertaions: spectrum of the
open cavity (b); the closed cavity (c); the reopened cavity (d).
output waveforms for the three stages of the storing and releasing operations: output

e-g, Measured

waveform without dynamic tuning (e), the dashed line is an exponential fit to the
tail of the output pulse; output waveform with the first control pulse at 89 ps, which
closes the cavity (f); with the first control pulse at 89 ps and the second control
pulse at 130ps (g).h-j, Simulated dynamics of the output optical power and the
intracavity optical power: without dynamic tuning (h); with the control pulse at
89 ps (i); with the fitst control pulse at 89 ps and the second pulse at 130ps (j).
Reprinted by permission from Springer Nature Customer Service Centre GmbH:
Springer Nature, Nature Physics, “Breaking the delay-bandwidth limit in a photonic
structure”, Qianfan Xu et al, Copyright © 2007, Nature Publishing Group (2007)
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Fg29’E%Qﬁﬁ@’iéﬁﬁx&ab»t&b%ﬁﬁﬁ% DZALE RS, BFHI
Iz k2 A EMERELZ DR IZRARS, HIREEOR L1710 ) vy kit E —
DHETS. ZOLEOD0MIRBEBEVCTHUAD SNE¥ T TFIVW) RETH S/
DHVHETHTERT V. TITHEAFLULE, T2 ba—ItE AH LT o0 RS
DI EERHIZ 2 Z & T OOMRGBZEHEVWTHURAD 5N EIE TBHC 2] REBIZAR
D, KPHTHFEILLK KRS, ZTOH%, IV b=V EHEAHNTELEILIZLD DD
RSB ORI EE2 T 592 8T, MAMLIRSIIHE THWz] REBIZRD, FLIADS
NTWENERH I NG, BEIEIIC X > T TEUZ) REZEBT LI 212X, BN
TNA AL D BERBDENY 770 U TRAREIZ R > T\ 5.

fEE R OBIHIEIC L2 AEVEIMEIE, EEo~vA 2ol v HIREZ T TR
YA huA FHERER [61] 7 4 b= v ZiEE RS [62] O G HREIC L o THE
FEENTWA. YU A buAa FREEIREG XS Q fAD 725 20 ns Kb?ﬁﬁ%ﬁ'ﬂ%%ﬂy
T7 VYT EEHLUTWED, A4y FHEEIL10ns LBV, —H7 4 b= 7 k5
HIRAIZ L D2 NY 7 7 IXE— RMEEIVNS W2 4ps & WD I0EEE % 3# bem
50, Ny 7 7 KX 330 ps & .
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24 WEEFH

BUNEIHRIRIZAZFALAD D Z EPATRETH S, £ T ERE L HiRE 2 fa 32 2
EMNTERIT NN Z FIRBNICES 22X TERV. FARIRGFOEKIZ B W T H R
BETOE— FEGAPRHEAL 5. AHCTIRERFOEZEEIEDHE - FMEITONT

HARD.

241 #HEAEE

HIRBIZ A FEA I D HIERRIER T I RS, 77 7Y - Ro—HHIRED L 5 4
HEDOI 7 —THEIN TV HIRGRICHEZREEG I D12, B EEEASN T
Fvo Us URUNERE CIRBMIOEZ AG 5 2 L I3# L <, HEEKE2HWTZDE
Wepg D QA T2 LIREGF I A SIS AEPEFEHVWoNS. ZOMFINNRY Y
b (evanescent) Yo X EEGYE & IE X, Y e KT 2 BUTARE IR AN B A il B Kk
BHETHD. TNANXYyEY MEEHOCTOLEZREIE LI AETVOPREINTED,
TV XL AIE [13,63], BIEIZAHEE DT HT 74 NDORT &7 A% [64],
T 7 A NN TH EMEL72T =T 7 A NEHNZHIE (65 REVHB. T—
N7 7 A NIIEWIREPIZE A L%, HEm B 99.97T% OfEMERTHD L INTSH
D [66], 99.4% &\ EWKEEMENEIESNT WS [67]. £ D72 WGM ik ik
BHELLUTT—NRNT7 74N EE<HVWONS, RIFFRIZEWTS bu a4 FHIRERD Q
EREITIZT =87 7 A NZHWT WS, Fig. 2.10 IZBUNe IR A~ DA TR OES
X% Rd.

= @ o

Fig.2.10: Schematic of illustration of a tapered optical coupling (left), a pigtailed
optical fiber coupling (middle), and a prism coupling (rihgt).
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242 TINzvtEY ML

JE T SR DN 1 e B BB BRI I B VT, IR G (reflected wave) & &
Y (transmitted light) O =D DIZ/HEEST S, Lo U EEITERLEE (ny) 7 oK HTE
(ng) NN THIMEMT 256, BT LEZOOWICHEET 201 Tk, KEIOREHT
BIGIF A XV DR (Snell’s law) (2685 . ASH 61, JEHTA 0, £ 95 & AV DOIEANX

$in s = L sin 0, (2.4.1)
UP]
B, ZIZTni>ny &35, 6>60, THB. ZOHE, lsing > 12745 6,
MFEAEL, wLsind; =1 728 00 ERRA 0. LR, 0, 0. KO REVWEE, Oy X
EHTHL 85,

sinfy = —Lsinfy > 1 (2.4.2)
n2
s.cos?fy =1 —sin®fy <0 (2.4.3)

& o T cosby IIMELIZ2 5.

2
cos Oy = iZ\/(E) sin® 6, — 1 (2.4.4)
na2

F72, 7V DR (Fresnel equations) & ¥ s & p D &g M A & AK)E fr
N RIS

s n1 cos B — no cos s
_ =1 2.4.5
izl ni cos 01 + ng cos by ( )
P n9 cos B — nq cos By _q 9 4.6
Iriz| N9 cos 01 + nq cos O (2.4.6)

ThY, MEALADKMNFEED 1 THEH 5, Tid2KE (Total Reflection) % &Ik T 5.
UL, Z0& EMmfEDEEREZRD S & ALFHERZ L1120 TR,

2n1 cos 01
tio] = 0 2.4.7
12| nq cos 01 + no cos by 7 ( )
2n1 cos 01
| = 0 2.4.8
1 N9 cos B1 + nqi cos by 7 ( )
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ZDENMBREDEBFENI NIy NETHE. TNAF Y Y NHOBERIRREIT

E = E;expli(k-r —wt)}
= F exp{i(ko sin Oz + ko cos Oz — wt)}

2
= FEiexp {z (—oui&k:za:E sin 01> } exp {IFkgz\/(E> sin® 6, — 1} (2.4.9)
N9 UP)

ESE 2 ARNCEINS 2 O TYNERIZZ ShRnzd, A5%2 L 5. RGPS 1 HIX
R AE) %, 25 2 HIXZ ONED © HOAIERT 2 L 2EKT 5. DEHhIA
vy MHIE DN & FRRIZRZERIZ B WTIREIT 228, 2 ARNICEE 37 2K 4
BRER WIS 5. 880 3 IHIFEMWME M2 52 TEY, 2 AW UL TH
BN AIBIIRIEDNRE T 2 2 L 2 BT 5. RIED 1/e TRIPEIZFAHUE] TR
L, TOEIOBRERETH L. Fig. 211 IZAFXINVDIEAIE TNy £ v MO
% 7R 9.

1
= ~ A (2.4.10)

kg\/(%)QsinQ 0, —1

Fig. 2.11: Schematic of illustration of total reflection and evanescent wave.

243 {(UMBEE

ZEMN BT B HDEMIE, B BHRIZB VT 7 AT 2 )VARAEHRE L, SRSt %
HWTERDE—RZRET D Z L THITT 2 2N TE L0, ITIIZIRIT 256134
75 < E S BUBMENTIZ & o TT 5. BT TERICIZA IRE 2 I #I8GE (FDTD: Finite-
Difference Time-Domain method) A RE L (FEM: Finite Element Method), &—
LAEWE (BPM: Beam Propagation Method) 72 &3 5. #HEDE — K2R FEE L
TWBEH, TNENDOE— RPIIZLTWAROE — N IZRRD, ERER T IE 8
FEATICI S T3 %2E720. L2, FWREEICH U TIERE T — FELGR (CMT: Coupled
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Mode Theory) & UTHIO NS EBHERTHIE T S Z & B TE S, 4.1 HiTH S KHIZE
35 CMT 2L, AHITHS CMT I3Z=MIZET2EDTHS.

Fig. 2.12: Cross-sectional view of index profile forming two optical waveguides.

XU DIZ, B OREE»S5ZMIZB T2 E— NOMASM2E L. Fig. 2.12 2%
I LEPEEOM S 2R Y. CMT TIREEREDE— NHMBTTOEREA LN E T
FIERU £ £, 2 u(z) exp(—jB12) & us(x) exp(—jfaz) TH D LIES N, X5
IZHEAITE o TE— FOM A2 B D WIMMEIRER Vw2215 Z 270 <, #RiE
MEFIND LESIND. BIKEE 1 LB 2 DE— FIRIEZ a1(2), a2(z) &L, %
NoDOEMERE B1, B T 2L, BEENRVER, 2 DOEBIXLLFOHBERIZHES.

da .

_dzl = —jfB1a1 (2411)
da2

— = 2.4.12
P JB2a2 ( )

WIZ, 2 ODEDPGFEFEE LU T WD ERET DL, a; 1T ag \THEIN, ay 1T a; ITHER
ZIr5. §r2iEEE— NAREKK

dal

e —jBrar + k1202 (2.4.13)
da ,
d_z2 = —jfaas + ko101 (2.4.14)

7%, ZIZT, Kia, ko1 ETNENOEREEDP S R-MEERETH 5.

EHBNORGERH I NDE2 61K, Kio & ko WITHIRARI NS, KT =X fH
FHZHRAND A REMED B 5 e OSBRI pro = £1 T 2z SAIDIEL BDFANDNT —D
finzXHT 5. 2XEH P

P = p1|a1|2 —1—p2|a2|2 (2415)
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TRIN, BHEHORLEMIZ, ST =0 2 HANEKF LR L ERT 5,
ar _  dal? Y dlaz|® _

dz ! dz 2 dz
(2.4.13) K& (2.4.14) X2z H\W5 &

0 (2.4.16)

p1k12 + paka; =0 (2.4.17)

B85, T— RIEIED exp(—jB2) KEFT B LIUET B L, (24.13) RE (2.4.14) R&
D 2RI ERFS.
(8= B1)(B = B2) + Kizko1 = 0 (2.4.18)

OYN S

2
6 == Bl —552 + \/(ﬁ1 ;52) — K12K21 (2419)

HeNT — A A ANASHR S B R (p1p2 = —|—1), K12Ko1 = —|/~€12|2 Thsho, XI5
BTHD. N7 =D AAEM T 20 (pr1p2 = —1), Kigko = |I€12|2 Thdho, B

%8

@ < kgl (2.4.20)

B L SEBRE LD, N T = DHEHEICERST 5 0I1%, 2AkwES (DFB:
Distributed FeedBack) & IFXN 2 B4 7D & 5 A E 2 K o5& THEIEE X
AN

FISTEMEIRT p1 = po = +1 DEEZEF X 5. ZOR (2.4.19) i

fo = 2 ;52 + 1) (2.4.21)
Thz6oNnsb. ZTZT
AB =1 — B2 (2.4.22)

Y = \/<%)2 + [K12/? (2.4.23)

ABIFHAN R I Y720 OAMHARETH S, (2.4.13) K& (2.4.14) R & b IR EB %
GATETETRDDZENTE, a1 & ag DHTROD IS IZHEZS5N5.

ai(z) k12 Bo— B

az(z) B Bo — B B K21 (2'4'24)
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ZoRIT (24.21) REM/ALT

J’_
a; K12 Y+ AB/2
F T AR >0 (2.4.25)
ay K12 Y+ AB/2
o, —0_AB2 P <0 (2.4.26)

DESIFRERDZZENTE S, ZOLE, B TEMT 2 E— FIHRIE of & af X
FE—RTHO, ¥ By TERTZE-—RIWHE-RTHS. KEEzRdZ e
TENE, TS OBUMEET MRERD D ZENTE L. RN a1(0), as(0) %
HEz5k

ay(z) = {al(O) <cos Yz + j?—j sin 1/12) + %ag(O) sin wz} i (2.4.27)
as(z) = [%al (0) sintz + az(0) (COS Yz + j?—j sin wz)} e (2.4.28)

5., TORIZEVWTEEIK 1 IZOABMILE Py WA TEI L2ER 2L, HER
M3 a1 (0)? = Py, |a2(0)]> =0 &5, ZOBRSKMED T TENZTNOERIE % (L
THHBENIIIRATERINS.

Py(2) = Py(1 — Fsin?¢2) (2.4.29)
Py(z) = PyFsin® ¢z (2.4.30)

ZIZT, "NIAXA—XR FIIL T CERINSD.

1
F=—— - <1 (2.4.31)

_1+<Jﬁﬂ2_

2|K,12|

F XA =2 DEH (2.4.31) A& D, 2 DOEREBDLKE — NOEREEPEFEL WL E
(A8 =0), ZHEMMEA LN, HEREETO Y — Sl ekhs DIk, BiT
Bl 2 = Lo = 7/2K10 THNT =3 RICHTT 5. MHTEED L E (AB£0), &
NOBFHEERITONA . £ 5T, JHRRIEEH LMD LSS, JHRBNOEH
o R LM OEME — FITRAS A DI R PSR SR\, £, fEALRY
LD 72 85 1 SRS TR A % W7 T BB D 5.
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244 FT—I/INT 7 AN

WRIZT—=NT 7 A NOREZIET 5720, BITRBEERIG T 7 4 N BT D
WTRDTDL ., K7 7 A NNHNDKDE AR Z 28l 35 &, 2 HRIOERT LM RE R
WRIIZBWTIRD LD IZRI NS,

® 10 10 ., L1[E 1
[W+;E+T_2W+(k_5){ ]_0 (2.4.32)

{ gz } — W (r) exp(£j10) (2.4.33)

22T (24.33) R (2.4.32) RICA/AT S &

v 19V, 2
St g TP =8 5)=0 (2.4.34)

YA, (24.34) RIEA YL OMHHERLITEN, h? = k2 — 52 OB & 0 RHR
%%, h2>0(37) DEE, O BIRIEE TNy VB J(hr) LE By 2L
BB Y (hr) ORIEASEIC ko TRE NS,

U(r) = c1Ji(hr) + c2Yi(hr) (2.4.35)

— B RS 02T F) DA, ORI TRy VR L (qr) & AW
Ay 2 VB K (gr) DRIESEIC L - TRENS. 272U, @@= —h2 LLTW3.

U(r) = c1li(qr) + c2 Ki(qr) (2.4.36)

A7 ANTIIREE, 75y RNTIRIBEMRIZRS. BRFICETAIERLMG 2525 8 1R
DEHITRES.

E.(r,t) = AJy(hr) expli(wt + ¢ — B2)]

r<a {Hz<7’, t) = BJ;(hr)expli(wt + lp — B2)] (2.4.37)
E.(r,t) = CK;(qr)expli(wt + lp — 52)]

r>a {Hz(r, t) = DK;(qr) expli(wt + l¢p — B2z)] (2.4.38)

ZZTalda7o¥RET, A, B,C,D IMEEEBTHS. MEEERIIETEYI7A Y x
WIEARE Y, E. EyH.,Hy % E, H, EFlNTEKT LN TE5.
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(ETZQ_i<2Ez+%1 aHz)

w?ue — 2 \ or B r o (2.4.3)
H. — —ip (2}[ _%EQE)

\ Ww2ue — B2 \or B rop °

( —ipB 10 wy 0
Hd):i(lgﬂ+%aE) h

L Wriue— B2 \rogp B or °

(2.4.37) X & (2.4.38) X% (2.4.39) X & (2.4.40) RIZRATZZET, a7 2Ty R
WAD E,, Ey kDB ZEMNTES. r=allB I BERKMEELD LNAEES.

(J;(ha)  K](qa) )(n?Jl’(ha)ln%K{(qa)> 2 (qiaf +(%>2 2(}%)2 (2.4.41)

haj;(ha) I qaK;(qa) J\haJ;(ha) I qaK;(qa) -

COHBRREZHVSZLIZEIVERER B 2 RETHIENTES., BELT 71 1NIE
FEWME (277 Ty FORBFTRAEN/NI V) TH 572 DEHERRO AV E X4, &
BN TIZIZHEER (TEM) KT B LIRETE 2720, GLlfREZRDEILNTES.
ULPUT =T 7 A NDEEITEEDHKT 7 A NEOML, 774027 TEINY
7y NOBENCEIT 572037277y NORFTREVPKREL R, 5EPIMIZ K5
fRI B E TS 5. BUEHBEIZ L > T Fig 213 2R T LD ITTF =7 7 14 NDER)
R e T —XT 7 A NDEREORRERDZ I ENTES. T—NT7ANDOEKE—F
& TEp,, TMy,, EHyy, HEp, ® 4 DIZHFETE 5. [, miZZNEN ¢ AL r A
IR T-RED R HZRL TV S,

1.4

1351

131

1251

Effective refractive index

0 ' 55
Radius of tapered optical fiber (um)

Fig.2.13: The calculated effective refractive index for the different radius of the
tapered optical fiber (left) [69].
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AR, HEROEHRNIE - BEHAM & 1R 2 2 B+ HFOFRE A2 D AN EHEE b
PEHZEDTWS. KA TEHWZEHERLE - 8 FRES®RFICBVWT, KTz —
JEIZ 1 fHDAFEIE 2B NIRRT RBERT NS ATH D, B—HTFOIHI,
BYEHN [71], BTEE [72), BTAA—V VS [73,74], BTEE [75], ELECERE [76]
BMELIIZES.

HUAHR 2R B — PRI, BB I N CICBAIOR—E— FTH—XT2RKEX 3
LEDTHY, ThaeA YTV RORE—HTHE VD, Z0 XD LEMANLEEZ LB T
572017, K0 RWVEBONREEEL BN 6N TERL, B THOBEICITEIZ
CTODEANZ T T —FhH 5. Fig. 3.1 12 2 FEOB L TROMEMERT. —D
HiZPEimieii & X, 1B LEOKTF U2 L ARWE—DI & FRE2FHT
LZHIFTH Y, ZDHIFHERBDCHEFEIEN, 1EH DN FOMIEA 2 HH DN+ DF
B2 FETEEO RN RERET EHIETH 5. PERPIEIRE A > T~ > RHJEDE
W, BT IR E - RN R AR T 20T L, BEIMEEORLNEF 2 A KT
XHZ0ThHhD. T, WERADCIRE HERADGFIXHAMICE 225D TR, &LA
Z OBEFSILEGITH B, PERAETRIESET 74 N2 EZDMD Y AT A ADHHERD
KXOFESEIETT 5 & X DHERIIZRD, MERPPLRIIERT 22EMICL>TED
RERZT B ENTE 5.

(b)

(@)
e /JW\//
9
Fig.3.1: Types of single-photon sources; (a)isolated quantum two-level system.
(b)heralded single photon sources from correlated photon pairs.
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311 RERONE (MIBFIIvY)

PERIETRIE . — DN & T RICB T 2 ETFERBIMHES A2 FHT 5. A - [
WRBIZEBON PR ELRZVD, B—ETROBTO7 oV I A VHEIIEIHTY
5. ZOHRIZ KRG FIREO AT, B—H{FORIGRE [77]), B—a 4 i
FH (78], B3 FOFA [79], ERF DB —ARFYHER D 5 DR [80], HEARTDH
—BT Ry MProOFNK Bl RETHIEINTWVWS., BF Ry MEHWED OIXEAE
BEDBMFLE S ED-DITHAM & BEEMENE WO ENRH . /2, WEIEICHET
LZREND L0, ERBBETIIHWS Z N TE LD, Nk 725 H TR MR &
WO REND 5.

312 HEREOR (B = B—%FR)

TSI I R R - 22 RIR IS AEEE & /> TUZIZFAIRFIZ TS AT 2 2 DK 7 (YET-4)
DR TiEFELT, BIRF 2RI BESEFe UTHATS. ZOEMNLHE—
HFeBafERbF v, TOFRAEFED S HRAEIFIZESAN S B 87
(heralded single-photon sources: HSPSs) & £ IEIEN 2. HF-XIREED 4 13 E 12 B ¥
X Z A MY w 7R 2 (spontaneous parametric down-conversion: SPDC) [82-84]
£ U L IXEFWMYEHEIES (spontaneous four wave mixing: SFWM) [85,86] 72 & DI
M@ E N THRESES. B EBHTRIEIEREAERIC k> ThT%
X270, ZREEATETH L. /2, VIV T4 V=T AREDEMIZ L B5E
BALDS A BE 72 72 ORI 22 S ATREME 2SI V. U U IR Y6 R RR ISR T 5 7=
O, HFRAPERIND XA I VIR AOHTFEZRET S E TIPSR,

313 B—HXFIRONIX—4% EHEERDESR

Y IR BT B BT BT, MR R RE R TH 2 0, R
BEADS . BEORIELEL HBEL, BT 57201085 2 — X &R0 &%
YRR SR WAL TH < BEAD B, ARTICBVTHAT 5 EHIEE L THD L
Yo — 3 [87) 1T B

fEEHEE p,
ST S DIEAMIBENET 5 (LH 20y 2 b7 ) 0) HikE K.
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RS FHRE pryyn)
EAEEVRREUEGEIL, R T n O F0RET 2iERE2RT.

724 NxAB
VUTNVE=RTrANIIBWTHEray ZRLNZ, EARBESOEEIZL2DS
TIEMHEC LEAONTFDHETIMHRE T T4 MX AL VD, 774 NNEEIERE naper &
THYE
B = pnp@n)niber (3.1.1)

TRIND.

LHHEERE B,
ERMERNTFHROGE, BT OEFRE 2RI L L REOEZ Y 2K 7.

B = (1] p]1) (3.1.2)

72720, pldMEnBEOEFIRE. BEARIZIZE-E—RNTHEIEPEXL L.

2 RAEBAREE ¢2(0), EH{TE 2 RAEEIRAE g2 (0)
o7 DK 72 B — M IX 2 IROBEMHBIBEB TRATEENIZRI NS,
(at(t)a'(t + 7)a(t + 7)a(t))
(af(t)a(t))

ZZT, a'(t) B&Ua(t) I/ LWLt 1i2B R NFOER, HRERFTHE. 7>0
LT g@(0) < gP(7) LRBREENRTOT VFAVF LTV, SHTHAH
DIV, ¢P0) RO LS IZHETE S, B—HTEDOHIE— R % 50:50 ¥ — 24
ATV XTHEL, TNTNOHINITH L FREERZES, ThZThoRidTcoy
YINVA(1FryxTO1HOKH)S; BV S, LaA VTR (Fraill e 2
DRI Co 2T 5 &

g (r) = (3.1.3)

5155
9?(0) ~ el
THEMTE S, MBS Fx 2 VS ESANERSEFROEES, 714 RITHOESF v %
WTOYYITIIVA S, BLEY T FNNE 50:50 € — L ATV vy RTHEILTHRHLZE
AMEVVINVA Sy, She BEOEAMEILN VYT VA Cha0 BHVWT, EAFE
2 YARRARIE o2 (0) RIKR TR S h 5.

(3.1.4)

_ SuxChip

(0)
0) = 3.1.5
gh ( ) Sh,lsh,Q ( )
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BE Neoupl, BWHERIE nger, BTRIE m,

FERIZBWT, B2 BRRPE N THEREZIET 5. BT Iy XROGE, il
WK, FIEREIZH 2G5G0T ORE T, ERIHEIZLDEE, TIvanrs
77 A NNDFEE R R D — %?%4%%%<E6T5 EEftER—HTIHDE
&, RN TFDPRTRIIEBMINBINNE, YV INVE—RT7ANADT A RIHKTLEY
T FNVHT DIEERNHE Neoupt & HTREE naey VWEETDH 5. mEMITETIMESS

NBHER n 1IFIATRINS.
Th = TcouplT]det (316)

HRIEY IR LK R,

WFEPSH—NFE2WMOEZS 2T —b2RT. EMLHEICDOEES, —KIZHk
L=V RUEABEBEFAUTHS. KEZEIAOGE, JIEHE DK URIIpEL —%
DFFED BN EELE 01X D RN T & D%\,

R4 =9V TBE )\
A4 =V IHHEEMARNT AN w7 FHEBOSEKNZREE 2R3, iR
i, JERMEME, SN, RMHEBEIEKET S, A4 =V VI NRIRA—X r ZHWTIRAT

zINnsg.
r = tanh A (3.1.7)

314 EHAHEE—FFIRORA

BHGR [88] &SR [89] 12k b, H—OBARRESNEHETEIE, pn=25% b
DERHERTH N TRE 1) ~N\OREE F, =1 DR -HTE2EFTEILIETERL
TEWRINTWS, FARRESNEHSEFIRE R, BARIESRORTED 100 %
THTFBARRERODHAETH L. ENTFRIMRRE R VREZFROGE (BIZ—
PLEDNF O AR R T 2 ) 2o\ TE, BEE F, L ESHEE p, 1X

Fo+pn=1 (3.1.8)

EWIHRANRD D ZEDBHSNTWS. (3.1.8) Nk, AR TELH- SLTORICHET S
FRETHHEHMHR py &, ERINZHTOBE I THEETH D EREE F, OR
WALV —=RNA7DEBEHEZE2RL TS, ZHIXIERENFEETH S SPDC 2
MRKTH L Z L ICEKNT 5. SPDC I &2 TR DOERMERZ LI 3 7201 il iR
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Ex EIF5 L, H—Yarxt A mihER 3BT 2 D & [ERHZ £ 67 A bt =R + [F] e 1 380
TH-OREEMETT S, HIT, FIEEREZ T2 L 2N TR ERERIEI TS 720
MERE I 208, PR OEBERE TR -OEFHEERPME TS, ZOML—FK
FATHWBZENTELHIEL LT3 15 HTRREZEADPEREZINT WS,

315 EHAEE—FFIROZEL

HIFDZEL L X, WIEDESM SR ST HICIVEWEEEZHR Lo,
USRI U TRRIBEIIIC 7 54 D XA AZBME B 52 e N TERTIETHS. £F
{EYEIR D BRI 225G 2 RS O T HIEAFERICEIE S, ZhZnisZaiRdid
NBdhb. H5—DODEEREEIPEET 5L, WIndT 5E— NBHDICERINS. EI
DA DVENEL 725E1%, REBRODLRVARAEZESE— F—DDANHINITERS
N5, HGERI NG MMDE— RiFfREI s, BOHTTE— FUADE— RN
BATEEREEMETTA-OFABERE—FORRIFETHS. £HATIYHE
D HHE IR, KE, FEEO=Z2RFRXINTWS. Fig. 3.2 1w & BE—H [
DL ELD AT DOMWRELLE 2 RS, AXIIEED 7 Z 1 b2 A, HreS A & B3
&R, GRUIHEIDMEDHER, HEQEa M SN ESME0R—-ERTtRIND
DIF (3.1.8) ATKINBL L —RNATTHD. ZHEFTDLIA, BT Py MAFEN
VI NFRIBT AL EAARDOAD, FELEAMMESMNEE N TIRORAZ EE -
TW3.,

EAMNER—KTED T I Y T+ —LIFKRELS DT TNV HFREERAERDO
ONHD. NVIRFERIFIVVA, TVXL, 25—, T4)VR, KT EDEFHE
TCHELZHHEMNEYRTH Y, BEAPIERITENZ EARETHS. LrULRAK
SR OFEBRENRETCORAMEEIMENE WS HED D 5. — HEFNERILY
RPN TH M 2 VTS ) 2 VHEHR EICHRERTFE2ERBUZNERTH D, HOEN
FALIAD L EWHAEMERAEICL2E T 74 b2 A, BBBEELEIZLDEERAT Y F TR
R cdhsd. NITRETHD, ETEEEEOEFMEICEENT WSO, [FRKLGH
PRI NTWVWS., LELINEFTOE IS, Fv ot~ ofEaEE» /1
X7 4NRY) VT DOREIZ MR INTE ST, MIHZROT/NL 7 RICILETS
HZHEIRESNTVARY. TS OHERS Fig. 3.2 IZB W TEBMOMEAA B+
DT T4 bR AREFHERIZ NN 7R TEL o T W5,
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T — 1 ;
xu \o. 4 QDot | Eggleton13®
C X v 0.9 & Tanzillil4®® Integrated
. . o I + OBrien16® mux
z o8 Integrated Bylk Standard ?_”'k I mETtelT
= spatial-mux ime-mux
2 mux i PDC —_ 07 / Zeilinger1158 Bulk
= 06 2 os Takeuchi16%? spatial-mux
© o /
E L T 05 @ 4 Silberhorn167® Standard
[l § D o4 o L / Pan167! PDC
0.4 s
z 3 o . & X /
5 g o3 0 5? + Kwiatl572 Bulk
3 Bulk ® Z time-
0z UQ 02 . Integrated ’$ ‘;? / . ® Kwiatl9 time-mux
. & % &g time-mux m—
b mux 2 / + = White16
5 0.1 ¥ Q.Dot
£ S 4 Panl77%
. X 5 i
0 _ __ 0 — e Q.Dot
10_5 107 10" 10-3 m-z 10-1 1 107 10 107 102 107 1 — Single PDC limit
Brightness Heralding probability

Fig. 3.2: Experimental source multiplexing (MUX) performance for state-of-the-art
single-photon parametric down-conversion (PDC) sources. For comparison, quantum
dot performance is also shown. Left: the heralded fidelity to a sngle photon vs the
brightness (i.e. the probability of finding just one photon per pump laser pulse).
Single-source PDC brightness is bounded by the black line and limited to the gray
region. Optimal souces are toward the upper right, and PDC source multiplexing
has outperformed the best quantum dots in brightness. Right: the heralded g2(0)
(=0 for ideal single photons) vs the heralding probabaility. For standard PDC,
g2(0) is bounded by the black line and limited to the gray region. Currently only
bulk time multiplexing and quantum dots have achived g2(0) better than this limit.
Reprinted from Evan Meyer-Scott, Christine Silberhorn, and Alan Migdall, “Single-
photon sources: Approaching the ideal through multiplexing”, Review of Scientific
Instruments 91, 041101, with the permission of AIP Publishing.

TRELELNR

22 ELTIE, HEEONRFEE2FRRICEL, B2 EME—RNTRIAN)I Y I TS
WP EC I L. SEL2HBHEEZHEL, MESRVIEET 2 2hicxndsY 74
FT IGO0 B b 5. 2L EIE 2002 FICHEGRINIERE I N [90], 2011 FEIZH]D
THiEx N7z [91]. EBEZEIIR LD EMET— N2 HEINCERIEE A1 v FOEKN
KEL, EAMNER—HLFROBFIITEINTWR, EFEFHEONTHTIZAA v
FOBEBEFAITHEREE > TV 5.

B % E1E IR

RFHEZETIE, BOBEUBET S ETRAESKHE Y TNI A MY v 7 NN
AU, BRI NIFIRBIAE YN — T OEERE OB 21T FE S, BRI Nz
I S s, IFRIZE LS 2002 FEITIRES N, HiES iz [92]. KL EA G AL
22 W% AL KT EEAR TR VR 03B U B CEIE S BT 7 S 0w & W 5 RS H
. ZNUE, KBFEERTLLOICELLSNHEE Y 21T 5720 &\ D BARMN 8
L, Ay FUTHEEMENE WD ERNLEIRYED 2056 TH5. ZEMEZELDGE Y
DALY FHHFPERINSGEE LD HBEVHETHET 22, KEZELOLE, &
KA L TAR LS 1ROV EZA DB ENDH L5 TH L. BHELZEATRIKRE
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KABFTEDIEIRTBILENTE, BRIIREINEZAETYIL-TITEI<ED L, BT
MDOF Y hT =212 D TH L. BIERD Xy b7 =213, [EERDOHENEILER %
WALy FCELEERLUIZEDEHWTHRELEF2E h 70y 2128 EXES. —F
W—TIZHIKBHDIF 1 DOREZEREORIFKAR S ETOLE T 5. KL HEILTHR
HEHEREVEVE DIFHMZEMY VX Yy T 4 2 WL —TIHEDILK DO TH I B
FHERIIRK 66.7% TH Y, [, +pp = 1.83 ESMNEH L FIROER %2 M— L[] -
TW5 [93]. BIEARD XY b T —27IZHEDKEDIET 74 NRERMBDH DAEIEINT
WB A, HEDOKEZ I SMRIZEL 2. )L— RO % EALFIZERN To I
ERZWED 2L, FET LI eBHkE, EREDEROFEMBIZ—EDL eE XS
n5. Fig. 3.3 \ZHHZ EADLATHZEDFER Y b T v TOM&RN %2R [7].

(a)

Laser
(b)
N Pulses
|
BN L A A AOU‘F’“
Window
f Detection
Signal (Trigger)

aer [\ AT S T TNAL

Fig.3.3: Schematic diagram of experimental setup. PBS1, Brewster-angled po-

LR

larizing beam splitter; PBS2, cube polarizing beam splitter; NPBS nonpolarizing
beam splitter; SPD, single-photon detector; PC, Pockels cell; IF, interference fil-
ter (AN = 20nm); HWP, half-wave plate; QWP, quarter-wace plate; FPGA field-
programmable gate array. Dashed red line shows the optical path when the optical
path when the optical delay is shortened to Atpy, = 200ns. © 2015 Optical Society
of America. Users may use, reuse, and build upon the article, or use the article
for text or data mining, so long as such uses are for non-commercial purposes and
appropriate attribution is maintained. All other rights are reserved.
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R % E1E IR

B EELRIRLTFLWEEA TR TH S, AT MVIIZHEBE D H 2 655 L 55
HFDARY NIV R ZRIHT 25D TH 5.

ZDHRNTIHMES T DR 7 b
21T\, E— REOXTOYIDEZZ21TD [94]

PR AL CTRIGURY & WP B ik
IR AT & B A B B, B I ISR ORIRIEO BN, 541 IR
VA R B L — AR X 2 B X\ S EAif R S 5 B
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%45
Hm - BEETE

AHITIEARWIED BT H 2 MUNEILIRSE O & & L iRg O BN Q EHIH 2 W 72 £ 5
B DML BEALE S E BT OGN 2175 . 4.1 TG HRIRSROEIN Q 18
FEZ LA HFDEFAETY, 42 TRZTDEF AT 2H LG4 ORKMEZEL
EAA & B FREOHRMMT 2175, F728 0 RN R2EMZ EL L 72 6E IOV
THHEHET 5.

4.1 HEEET—KEHR

f&4E — NELER (CMT: Coupled Mode Theory) [95] &1, HIRZFRDAEBDIET 2V
F—ORMMZI 2R T 2DIZHCOND FIETH D, HIRSF-FRERNIZE T 20
BRAMGOIRDEENIIEFITERETH D0, CMT 25 Z & Tl TRIRAE TRE
TE5. CMT FESFEEHIR O LRI R L OFL» S HFETE 5.

411 HFAFENX

CMT % 5[0 pg G D BB S Bl 9~ 2 7212 Fig. 4.1 1239 & 5 72 LC HLHR[A#% %
FEAB.

l(t)
V(t) a(t)

Fig.4.1: Similarity between LC circuit and optical resonator.
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B v LB & ORITIZA T ORI D LD,

di
= L= 4.1.1
v dt (4.1.1)
| = —C'— 4.1.2
7 Cdt ( )

17U, L, Cl3FNZENFig 41 DA VX2 RV ARVF ¥ NVU RV ATHS. (4.1.1)
RY (4.12) RE VWS HBEREES.

d*v 1
2 + wiv =0, Wi = — (4.1.3)

LC
o IXEEEDILIRAFBPETH 5.

Z Z T DEHREK
/C .| L.
at =4[5 (U +j 62) (4.1.4)

ZEHTDHE (4.1.5) R 2 s i %,

d
% = +jwoas (4.1.5)

DEI7 1 D HERCEBEETILNTES., 20 ar ODYFNELZIAMEIZT 57
0, (4.1.3) X2 \To, | DRENLAEZRD 5.

= |V| cos(wot + ¢) (4.1.6)

\/7“/’8111 (wot + @) (4.1.7)

EEL, ¢ REAHERATHS. (4.1.6) Xe (4.1.7) RAATZ &

ay = ,/ |V| Juwot (4.1.8)

70, ap lFwy DAREBTIRETZ22 WS 20905, 51T, ay OMED 2
FerRkdd L .
lag|* = E\V\Z =W (4.1.9)

b, WIRIBEHFDOZ XN F—%2KT DT, ay XEENOE—FNIRIETHE LWV Z

tfa%\fr
E%@w&@ﬁ&#b%%%%ﬁ@%—b%%%ﬂ)T%T:tm%é.Mlm

ﬁ@%imﬁm_ﬁﬁﬁéﬁﬁﬁﬁéﬁ,%@@%ﬁﬁ%Wf@z$»%~@%ﬁﬁ@ﬁ
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572 — NRlE o ISR 5 X35 ThHD. ZOHAEFET S (4.1.5) Xz HEHE
Mz 25ZLIPNTE,
— = jwody — =0y (4.1.10)
70

5. 1o FHERESFOEAEBRRKICHINT 2T HMTHD, DRI 2 PHITTHEDIX
ZONTFE M 19 BE— FIRIE o TR, BT RVF— W = |a|?> 2EHEIZEHRL 20
LTHhD. E— FIRIEHEETETHaE2ERTVE, BEREIZ 1 /70 &%R5. £/, 20D
BEAHIFELKBKICIB L Y AR AN TS, (4.1.10) Rk b, THILF—DFH
K284k i

aw 1

—_ = —— 4.1.11
dt T()W ( )

LY, B#HE BT OMRE LS.

412 HiRSGEEREDOHES

)Gnt

Fig.4.2: Schematic illustration of CMT model with a side-coupled ring cavity.

Fig4.2 (2R3 & 5 A HiRds & B ofE &1k CMT 2 HW T RO & 5 123k

5.
ﬁﬂ:ﬂ%a_( % P >a (4.1.12)
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BRI EAEG UG E, BEAEK yin IR, EHEE OREEHEEK vyave DEDIEZ 5.
ZIT, WEEy NTFHE T XU OBRIZH S.

== (4.1.13)

-
WIZEREEN SN2 AT 25652525, A s, 2fHVWS ST — RN AR
da . . “Yint Ywave 70 ..
o = Jwoa ( 5 + T) a + /Ywave€”’ Sin (4.1.14)
rFREL., 22T 13 a ks, DHNMHEZRT. £72, a & s DRECIRED R
5D1%, E— FRIE a & AJIHE s DR DENITHKT 5.

laf? : RN O T L E— (J)
|s|? : AHIEDIRT — (W)

HIIE Sout 1 EATTWE 81y & E— FNIEIR a ZFHH OV TIRATERINS.

Sout = Sin — V/ 'Vwavee_jea (4115)
EHAREE (a, Sin, Sout X exp(jwt)) ZIRET D L, a & sip DEARIE
— 0
a= Twave® Sin (4.1.16)

j(w - WO) + <7int + 7wave)/2
TRTZENTE, (4.1.16) X% (4.1.15) RITARALT

(4.1.17)

Sout = ](w wO) + (’yint - ’ywave)/z ]
ou ( T

Sin
JWw WO) (/Vint + Vwave)/z
Sin & Sow OHRRE G2, EBHE T 15 AN BIRIE £ 11 WHRE O I Poyy/Py =
|Sout/3in|2 TRINS.

Z

(w - W0)2 + ('Yint - '7wave)2/4
(w - w0)2 + ('Yint + f}/wave)2/4
Fig. 4.3 I[Z Bl AN LR B © D05 & &, RSO EERK LHEGRELDIDE
EDEERE Ty NUIZHDERT.

T =

(4.1.18)
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under critical over
10 S T
K7
0.8F - R
C
S =
n 06} i =
B2 ! @
e =
a 04F . =
C L
S 0.2 g !
00 = i 1 i
-6 6 = 2 3
603 /Y ywav / yint

Fig. 4.3: Typical calculated results of CMT. Transmission spectrum of a side-coupled
cavity. Note that critical coupling condition is assumed (left). Minimum transmit-
tance for different K values (right).

AT B SR O SRR — B L 72 & (w—wp = 0), Bl T &

1-K 2 Ywave
T=(—"), K = lvave 4.1.19

ERIND., ZITEHEUEZNT A—X K IZFEAEE v, EFEEEEK Ywave DEETH D,
JLfRds & BB OFEAREEZRL TW5.
K<l1:7vX=hy7TVvr (1>T>0)
K=1:29F4AVAy T (T =0)
K>1:ZA=—N—=Jhvy 7YV (0<T<1)
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)Gnt

Fig.4.4: The distance between a cavity and a waveguide and the relationship of
decay rate in the coupling categories.

FERIIZ IZ LIRSS » E B O 2 O 2 Z e WK Oz KELT5Z L ITISd 5.
HIRA DOEAEE (yiny) &K L DFEEEE (Ywave) DFLWEE, EBET =0 272
5. DEDANBIZTRCTHIRRHNICIASD Z L 2HEKL, &b TRILF—RNPEVIRE
TH5d. HIREM (w=wy) TIE, HIRBAEK > 72BIIMAHD 7 TNTARBE LITHH
Ud > THHEBRD DL 25 LI N5,

AN =R

7 KRy 7 (add/drop) &%, —DOHIRERIZ D DHEKEBHES L TVWERDI L
THh5d. TR Y TRIIKT ANV EZPHTIT e UTHOOND [96]. L & OFEEHE
% Ywave 137 B F B Y TR T bus i & drop HiEED 2 DIEIET 5728 Yhuss Ydrop
IHEHEHZONG.



44 4.1 #EEE— NG

1

out, drop
09
D — ydrop 0.8L
0.7}
c
a 8 06l Bus
VVW\ g 05}
Yint % 0.4
o 03}
=
s S 0-2¢ Drop
in out, bus 0.1L
VVV\ ybus 0 L
Y -200 -100 0 100 200
—_— — Relative frequency (MHz)

Fig.4.5: The Schematic illustration of CMT model for an add-drop configuration
(left). Transmittance of bus and drop waveguides when Qint = Qbus = Qdrop =
5 x 107. The red and blue solid lines represent transmittance from bus and drop
waveguides, respectively (right) [69].

CMT IZf>T7 R Ry 7R2OEEHFERNILTFDO LS 1248 5.

da , 8l jo

pri ( wo — §> a 4 /Yous€’’ Sin (4.1.20)
72720, ¥ = Yint + Yous + Ydrop CH .

Sout, drop = v/ ’Ydropejea (4121)

drop BRI Tl bus BB~ S OH DL IZE LY, HIRELSEEI NI TFET
B PNLIR N T2 D IR D E — FIRME 0 DAZ AT Sout, drop EETMETE S, a &
Sbus, drop 13 (4.1.14) X & (4.1.15) KL FAFTH 570, bus & drop BIREED ST Thus,
Tarop MESEND.

(w - WO)Q + (’Vint - 7bus)2/4

Thus = 4.1.22

b (0 — ) + 72/ (4.1.22)
“YbusYdrop

Tarop = 4.1.23

drop (w_w0)2+72/4 ( )

413 HiRS & HIRSFOHES

Rz, Z oDk EZE— PHAE S ELMERRGIIOVWTER L. Hikdi— DO 25T
1D UTHZ EEEIRERIIN TFL L TASL I N TE, “Photonic Molecules” & I
ENBZeEH5. KERTVHEEG LU TKEDTITRE L, HEERNIE—DDMENZ 572D
DHBFEGHIE & KA EED D DRI AT 5. FRRkIZ, EEIRIRSBICBWTH
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UCHBEEDE—RFPEI EHRE-NERNFRE—RD 2220495, CMT I2& -
THEBHRE G & D6 LRI R EZETIVETE 5.

Fig. 4.6: The schematic illustration of CMT model with a coupled resonator.

HIRIANDE — NRIEZ a1, ag, AJI - HIFEDE— NRIEZ sin, Sout, FEHRARFDE
BEEZ Yint1, Vinte, SIEIEE DFEBEEZE ywave, LEHREFMIOFE AL Z K12, K21 &
5. k12(ko1) EENEN, a1(az) 25 as(ay) PONDFEGRETH 5. ZDDOHIRARIE
A U LB A 8 wo 2 RiD & T 5.

9, MELOGAOMELIREE2EZXS. Z0LE, CMT 2H\WT
d
% = ij(ll + K12a9 (4.1.24)
d
% = ijaz + KR21a1 (4125)

EZDRDHTIINF —DRFHINEL 2R TE L. BMELORTIET RILF —(REZAD
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M7z I NB 7D, RNOEHT L F — I ZRFINIZZL L.

day o+ daj . das a4+ das
a
dt 7 A T a2 ae
= K12a] a2 + K]9Q105 + Ko1G105 + K5 a]as
=0

d
7 (la1]? + laz]?) =
(4.1.26)

TV F—{RIFA (4.1.26) RNETEZT 72D k1o & Koy IFATORARAZ W72
k12 + iy =0 (4.1.27)
(4.1.27) A5 Kig & ko1 D —fREDVELND.

k12 = |K| exp(j0) (4.1.28)
ko1 = |k|exp(j(m —6)) (4.1.29)

ZZTORMHEATHS. 0 I FMEEDD 0 = 71/2 2RI, Kig & ko XA UEZ &
HZEWTED. DK, fEEEER K12 = K921 :j(lﬁ/Q) ZHW5S

Iz, BEZEZEELUESGHIERREZEZS. CMT LOMUTFD 3 XNE2EL Z N T
5.

% = ( o — et T Ywave —;%’ave> ar + jgag + VTwave€’? sin (4.1.30)
% - (jwo - 71;”) a —|—jga1 (4.1.31)
Sout = Sin — VYwave€ 7 a1 (4.1.32)
FEOLIRIIZ BT 2 BB FARICEFRREBEHET 5L, a1 & sy OBRIX
j(w — wo) + %;u
“ (W —w)? + Vint1 + Vint2 + “Ywavej(w —wo) + Yint2(Yint1 + Ywave) + K

2 4

(4.1.33)
YRFILTE, (4.1.33) X% (4.1.32) LRALT

2 Yint1 + Yint2 — VYwave Yint2 (’Vintl - ’Ywave) + "f2

Sout (W ®0) ) Jjw —wo) = 1
Sin 2 Yint1 + Yint2 + Ywave . Yint2 (7int1 + Vwave) + 52
(w—wp)? — 5 J(w —wo) — 1

(4.1.34)
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Sin & Sout PEARAZMGS. EEE T AT TRINS.

2
(w _ OJ())4 + (7int1 - ’Ywave)Q + ’yi2nt2 — 9K2 (w B w0)2 N [7int2(7intl _ 7wave) + I€2]
4 16
T =
212
(w _ w0)4 + (’Yintl =+ ’Ywave)Q + 7i2nt2 — 2kK2 (w _ w0)2 i ['YintQ(’yintl + Vwave) + K ]

4
(4.1.35)

ATTIE D JA P HHRAT O SRR WU — B U720 (w —w = 0), BERR T 230127457
O DEMIE

I€2

Ywave = 7intl + (4136)

“Yint2

TH5. (41.19) XKL, B—DHIRFDEGE, FOHE Ywave & HLIRIFOEGHERE vinn
PELULWEEBR IV T ANy T Vv TDRNETH -7, UL UMEEHIRSBOES, —
DO HORIRSEPFKESTRE v T—DOHORIRSR LAEAT 5 L, BREL S AT—DHDILER
BOELED K2 /Yo ZIBMU7ZESICRZ5. DF D EROBIZ—DHO KRS %
W VF s AN Ay T VT UBIc - DHOHIER Y —OHOIERAEE X E S
CEWHLIET VX =y TV Tl oTLED.

FEOMENFHWEEE, —DORRHPERIKEFEE L ZGEDARY PVIZ—ET
5. MEGEEERS THIZONHRIEED T 4 v TR DIZNHT 5 B30 05. 20
27w MEE k/2r TRI N, FEERE  DRELSBRBIZONATY v MEIZKE AR
% (Fig. 4.7 EKX). £/ AOERHOILREEEZ RS BIEZHEETH-TH, =
DDT AV THRERSBEWIERDNS. ZOBHKITVFruy vy v 7 eidn, e
HIRBICR SN AYHBLD 1 DTh 5. -T, (4.1.30)-(4.1.32) TEFMELZV A
T AR ARIRRZ L ETMMETETWEZ B0 5

> N N |1 - s
S W _ o )
5 | - -
s N N |li s
= g V-
= ____—~\\\/\//"—__—— s & -
S | S pa
= _____—‘\\v//’—__—__ = 'S
i . . - LV
-100 -50 0 50 100 500 . =00
Relative frequency (MHz) Relative frequency (MHz)

Fig.4.7: Calculated transmission spectra of the coupled cavities (left). Calculated
transmission spectra of the coupled cavities for different detuning (right) [69].
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4.1.4 B Q fEFIE

413 HTRU A IHRERIT L, LR AT L TEA — 35T & 5 s 7

FEFHT S L THG Q HZEINIZHIEIT 5 Z L HIKRS. v AX—FHRENTIRD &
JITHEALNS.
da1 . Yint1 + Ywavel R 61
= |iwno + Awy) — T | @502+ Vvavee’ Sins (4.1.37)
da . in K
d_t2 = (jwz,o - 7;2) as —I—j§a1 (4.1.38)
d in wave j
% - {j(wg,o + Aws) — %] a5 + \/ Foare® Sin.c (4.1.39)
Sout,s = Sin,s — V/ 'Vwavele_jelal (4140)
Sout,c = Sin,c — V/ ’Vwave3€7j93a3 (4141)

FROABEANTHAT EEHEL NI A—XDEHE Tab. 4.1 1TRT. £/, FBEHE—NHE
OB Q EHIHIE T N OMESM % Fig. 4.8 12T, 77— MHERBOHIRE—R 2D
(M1, M3) & A€V AIIRBOIIRE— N 12 (M2) 2T 5. [F5IE ML & M3 %
W, M1 & M3 I3EEATRE « THRALTWAS. —HHIEDEIE M2 2 W5, M2 3o
E—REMEEL TRV, A —MBRIZLBFEBEH 7 b 25 &SI L, M1 & M2 D
FEEMEEZMMIEL I e THREIZFD. AR K BB 7 MMIHIBEEERE D
AZEoTHERZIINDEF XD, RS, FEEMEEIXEL, 2NNy T77 )T
B IREFEES 7 25 R ITILIETERVWALTH S.

Table.4.1: The definitions of the variables and parameters that appears in

Eqs.(4.1.37)-(4.1.41)

Name

Definition

ai, as and ag

The mode amplitudes of M1, M2 and M3.

Sin,s and Sin,c

The input mode amplitudes of the signal and control lights.

Sout,s and Sout,c

The output mode amplitudes of the signal and control lights.

w1,0, w20 and w3 o

The initial resonant angular frequencies of M1, M2 and M3.

Aw; and Aws

The shift of the resonat angular frequency of M1 and Ma3.

Yint1, Vint2 and Yint3

The intrinsic cavity decay rate of M1, M2 and M3.

Ywavel and Ywave3

The coupling rate to the waveguide of M1 and M3.

K

The couling rate between M1 and M2.
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yintZ

—
Sin,s \,\M VVV\ Sout,s
Sin,cVVV\ — — VV\I\Sout,c
Fig.4.8: CMT model for the dynamic ) modulation of the coupled resonator.

(4.1.37) A5 (4.1.41) X & O TEAERN iR U 7= FE R % Fig. 4.910R 3. £93, Ny
77 ) VY EERE AR T 5. Fig. 4.9 ZATEEN (|ssinl?), HIHEFTHE (Iss.outl?)
AV SHREE — K M2(Jag|?), 7 — MEHREE— K M1(|a1|?) DX XV X — DT %
R, EKEOFISIIHIEY R AT MM EZRT. FERIEET MLICKHEL, 20
B M2 IZZRVF =BT 5. XD ADB WG, F50%E M2 ToXT 3L
F—=DEKIZR 5728, BE ML ARVBED L. [F5HIE M2 TOXAT RILF =K
2o TR RT, HlYEE AL T ML ORIRFEFEHS 7 bEglEsR I M2 & M1 @
EEMNEL 2D, FEEXIEIMLICHEEORITS. QHOENT— N EREEZNTEHZ L
T, MHEBIGEZABIZUADSEW Q a2 R D7 — M IR T O RRH O Y- AE A ]
REIZ72 5. HIBDEA A 2 & M1 & M2 OSIRAFEEAHE —B L, M2 NOEEN
EML 2/ UCERRICH DI NS, GIEDEAIRRZ A A 5 2 & THREDORBES X%
M2 IZFAUIAD B Z N TES. 72720, M2 OEAIELE Y I XD BEIES 720, i
KNy 77 ) v IRIIE M2 O Q ETHIBRE NS, F MBI & 2 R 7 &
NS WIS, M2 IZHHURAD SN MLIZRNUETLES. 20w 7702
OB KRILD =D, & Q MR D MFEH L A 7 M EORKRVEE L HE
L5,
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Input Storage Cavity
T T T T T T T T T T T
L ~
= =
S| N
R B
= ~
s | s
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Time[ns] Time[ns]
Output Gate Cavity
T T T T T T T T T T T
—_
A ~r
3 =
A &
“'_ a_F
= 3
2l 5
L S|
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Fig.4.9: Calculated light energies in the inputted signal light (|sins|?) (upper left),
the outputted signal light (|sout,s|?) (lower left), the M2(|az|?) (upper right) and
M1(Jaz2|?) (lower right). The control light is being inpputed during the gray region.

415 EFHERYHEWL

AT — NEIE SN ARRNTH D, B NHREBO AT 2 LT
EATATHS. FHEILRBANDINT OEFIHEEAE T ORMBEEZES B TETIVIZ
oT, BT REBIHT AHEALIREOEN Q MHHMEOE X 2 A%, Fig. 4.10 125
HGHIRBROTN Q HHIEHORTET NV ERT. SHIRBJIFEIKOCER L LTONRL
MEMERAZE22 TS, ®RONINVIZT Y Hyg BIRO XS I2RI NS,

Hioy = Hsys + Hpath + Hioss + Hcouple + HnL (4142)
Hyps = > hwog n@han + hwoy,sylys (4.1.43)
Hiun = / dohw 3 af(@)an(w) (4.1.44)
Hioss = / dwhw > bl (w)bn(w) (4.1.45)

Hyys WY AT LADNINIZT YV, Hpaen EERBDONINNZT Y, Hys FHEET ¥
ANVDNINV =T VEIRT.
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HANINVNPIZ T VIFRO LS IZERINS.

Heouple = Heaupie™ + Hempte + Heople (4.1.46)

Hgggﬂ—ﬁdeh+hC (4.1.47)

5ﬁm= dw R}t (W) + h.c. (4.1.48)
n=s,c

HYS 1o = —— ih / do Y > immiba(w) + hec. (4.1.49)

n=x,y n=s,c

Hintermal (3SR L ORS AN TV b7 Y, B ISR MO8 A TV b

couple couple

=7y, Hs (3HIBEEIELEF Y ILVOBEANIN T VERT. EBANINL S

couple

TURRDE S IzRKINS.
NI N P =T VIFIRD LS 1RSI NS,

Hyi, = Hxpwm + Hspm(+Hspwm + -+ ) (4.1.50)
Hxpy = Wxlalex, (4.1.51)

Hxpy EMHEAAEZEH (XPM: Cross Phase Modulation) NIV b =7 V%2 KT.

Aout,s

aoutc

Fig. 4.10: Quantum model for the dynamic ) modulation of the coupled resonator.

RENGOHEBWHE T IR U TN LY RV T OEH LA Z#EHAT 5L, UTFToA%
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/%I:é
o . Ks | Hs | .. 3
— FiWog,s + — + — Filxlr.| 5 — gsYs = V/KsQin,s (4.1.52)
ot ’ 2 2 ’
a C Cc .
— + iwop.c + fre + He +iCxlzs | Te = \/Relin.c (4.1.53)
ot ’ 2 2 ’
[at +itwoy.s + %} Ys + gy = 0 (4.1.54)
Qin,s — Qout,s — V/RsTs (4155)
Qin,c — Qout,c = V/Kele (4156)

LD HERNTHHT LM E NI A —RDELEE Tab. 4.2 ITRT.

Table.4.2: The definitions of the operator and parameters that appears in
Egs.(4.1.52)-(4.1.56).

Name Definition
s and ¢ The signal and control light.
x and y The annihilation operator for mode in gate and memory cavity.

ain and aoy | The annihilation operator for mode in input and output.

wo The initial resonant angular frequency.

¢ The nonlinear coefficient.

1 The coupling rate between cavities and loss channel.
g The coupling rate between gate and memory cavity.
K The couling rate between M1 and M2.

AT BIRREIZ n HTIREZE |n), n KATFREDPADSINDHEERE p, & U TEETS]

pn =3 D) (] (4.157)
n=0

BIZ B TARIE 1) BKRTRE NG, 2T Gu(l) RETOBERRE ET LA
WHTH 5.

) = /0 dtean(t)at (1) [0) (4.1.58)

(4.1.52) R-(4.1.56) ROFHET N EHANTHENT 2L, 414 8 THEAEET— Nz
W TR U 72 B 225 SR T b % Fig. 4.9 DEFRE 2 W FOEFE AR L LzH D L [H
FROFERDGE D Z &Nk D 720, BN Q I & 2362 F V IZHIA L LA D
AIROTETNBRETH 2T REBIZBVWTEHHEET 2.
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421 MERETI

B2 % FALE A & BT IROMER T 7L OREAE % Fig. 4.11 (03T, EAf %
YT ORER S BALE 7L OB A RS 5. £, AY r THX G(k) TH
Fth18F A R Y v 2 FH2H (SPDC) 12 &5 &k HONFRMERE NG, EESELT
B, WAFLT S HONETHF R ERETS. ERENIHTHET 4 LRITED
SUFAKETA KIREHEE N, T4 K TR TIA WA 2 H ORI TRl X 1
3. TAKIRFN-ORFRESNEEAICOR, ek D1k) THEZELD LY 4
ERERESED. NYHEBIA-T, Y7 F N TR EIRE OB Q [HH
Lo THHSELE NG, NHOKHY Y 22®LL, j RHOKMLYY TN HIEE%
B U738, (N —j+ ) ZIHEESETASHIT 5. ZORY 7 F LT
INDETIEBMER T(M]j, k) 2RBT 5. ZNSOMEEELL, BEKICHISh
B TIREED I R ¥ M R AT 2 L TREOMAEE T 5. AEFAT
fFHTH/NT A =K% Tab.4.3 IZRT.

G(k) Filter Fixed Delay Adjustable Delay
6 m— Pump
— Output = |dler
- ( ( 2 / \— Signal

Fig.4.11: The Schematic illustration of the stochastic model of the heralded single
photon source with spatiotemporal multiplexing.
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Table. 4.3: The definitions of the parameters that appears in the stochastic model
of the spatiotemporal heralded single photon source.

Name | Definition

0 The mean photon number.

k The number of generated photon pairs.

d The photon resolving number.

i The transmission probability from SPDC source to SSPD.
t; The loss of the fixed delay line.

tpL The loss to delay 7 on the adjustable delay line .

The time multiplexing number.

The spatial multiplexing number.

The light source number.

N

S

J The time bin number.
?

M

The number of outputted photons.

HFNERMFEE G(k)
Ry THZRIEa DI —L Y REL, YFZFLBLIUOTA RIDE— RIZIFEZR
RBEANTHE, SPDCIZL D AERI NS EIREE |U) IZIRATRINS.

) = co[0), [0), + 1 1), 1), + ez [2), 2), + -+ (12.)
_ (tanh@)”
e~ (4.2.2)

ZIT, n), i &3 T FNVROTARITE- FONTEIREEZRL, 013 o ITHHITSE
BTH5. n HFNAERMERI tanh?0 = ¢ LEL 22T,
(tanh 0)%n

cosh? 6

len]® = = (1=¢)¢" (4.2.3)
eRIN, BEEHETX

p=2 caln)(nl=0-03 ¢"n)(n (4.2.4)
LRIND., ZORTBUIREOMERDMIL, BHBHNZ LT REDONMEFR L TH L7
DEFEPRE L BIFIEN D, BISPRBIIN T 26+ O MIMHE, 7205 e u
%

p="Tr(p) =Y nw,=(1-¢) Y n¢" = % (4.2.5)

n
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Uhin T, k HTFHHAERHER G(k) R TFHET8 1 & AW T

_ p*
G = T 5aTT (4.2.6)

LRINS.

NUIPAL: JaaliiiEd

AHEHRE TV TIES 2SR IE, BICEFROMREEZ R ORISR TIERLS, AL
fREEZ Ri7z e PR 2 W A — FEEE S 8 2 £ 12 & o TR e+ 00 i
BEZE DM TH 5. TR %2 R DMt (PNRD: Photon Number Resolving
Detector) (2 13BEEEB Ui > Y (TES: Transition Edge Sensor) 2 Ehd 5. KT8
IREEE R IR WBIBERIZIE T N T ¥ 2 7 4 b XA 4 — F (APD: Avalanche Photo
Diode) ¥ B{nEF / 71 7 H—N7# 4 (SSPD: Superconducting nanowire Single
Photon Detector) 23 %. JE4FE, ARNFEDMREZ R 220w TN T W2 SSPD 128
WCTHENTHREIEETH 2 Z BRI NT WD [97]. KO REEE Fifz 72 Wik 8T
HoTH, Mgz ML EAD U BFHZEMT 5 2 & THERIIZEF 800 fbe &
ZEBZENTEDL. AMERETIVTIE, HEPSDNEE—LAT Y v XTHELIZRT
7% SSPD THii§ 5 Z & T, MERMIZAFBOMATEZLEDTHD. U—LAT VY
RTHEFT DR E T Z & THhRFEOREEE LT 2 Zeddisks. ZOoWAT—F
Pefor U 72 MBI k O T DSAS U CE 2856, T L EZ BT 2R (IEMEIZ I3
s 1 DD ADEES SHER)D(1|k) FIRATRKINS.

D(1JK) = Zm 2 (F) G (.27

ZZT, n lZSSPD IZHTFVMIBERIZEET 2 ETOERMERTHS. d— 0o DL Z,
BB R R RRE 2 D, MU A — IR IE DE) — kn(1 — )kt &
A,

R

N {EADFIHE OV 2 % HRIZ &AL T 5720121, j BHD/SVATHRFNRER S NG
B (N —j+ 1)1 BB THSRET 2 0ELND 5. HIREHN T/ OV AR 7 7213
BIEI ¥ EDHEEAZ tpp & U, ECELEMTOELEZ t; &9 5. EEELERHIZ b
U AESHREA S FPGA MBI L CTEIMN Q M O 72D OHIfEE % i3 2 £ Tizhd
LEXAMOIEREIZL > TRES. j HEHOKMYE VT k O T 0%5 G LR 122
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FEL, BT M O TAERT 2R T(M|), k) &

T(Afu,k)::(utg;”+1yw(1—-mtg;”+l)k—”f(ﬂ4) (4.2.8)

LRING.

422 [ETHEERp, EBE—NFEEpy_,

RZeffiZ EAL U 7256 DESMN E BN TIHEOESHEER p, 1, ERIFIZIESL 72 S [
DIIRE X OIS U 72 N ED RISV A DD & =D DN F W A AR &
N, MEINZROMRTHLE7-OIRATERINS.

o NS
gm:1—1[1—§:G@mDumg] (4.2.9)

k1=1
L EATIE N @AZEAASNZRHE Y055, REHLWHETFRBRFEHEINS. D
0, | BHOKME Y CEBRI N NFRBEHINEDIE j+1FEHLS N ZBHOK
FE Y THRIHPERI NG LT HAETHL. 2D E, KEMZEMALEZLGEDO M
TR ppy IFIRARTRING., M =108 EH—HTFMHE py_ 2ET.

N (N=3)-S
j=1

ki1=1

S 00

ko=1

(4.2.10)

2% EAL S N7 AZ DA E BT IHOMZIIAD 2K, RERZEIZE T 5 B0 1
e — AL =ROETHEIERY. ZoRE S =10k EFMELEAI N Bt E
B—HTJDOETINE KT 57-ORHLEMEZILRLZRTR->TWE I L PHERTE
5. XD PERNEAET OREIIEBRDOLESRNENA T v NUEAROMES i
DTWL BEND D DATHEIIR D h, B2 X% B & AR E DN 1
70w NARDEITHSE [98) B 5.

HAN T A =2 D54, BUROEBUDEFDNRT A —-R2DGE, BXUOHEL M1
KITDAF—LThH D ZBIEFHICEN Q I D/NT A =X %2\, ZOfid s
WHHFRDZLFDNNTA—=REAWIIGED 3 NX =V THEEITD. 33X —=2I1IB)
Lf2DINT A=K % Tab. 4.4 IZ/RT. TNENDNRRX—IZDWTEFHER L B
THERZ 70y b U72dH D% Fig. 4.12 13- 7 . HllIREZEE 2R L, HlI(Ea00E
R (LE) LB FHEER (TR) 2R, WRIIIFFEBZEOLETH D, FRIIZEMZL
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Fig. 4.12: Calculated heralded probability using ideal (upper left), integrated compo-
nent (upper middle) and experimental (upper right) parameter and calculated single
photon probability using ideal (lower left), integrated component (lower middle) and
experimental (lower right) parameter.

Table. 4.4: Values of the parameters in ideal, integrated and our shemes.

Ideal | Integrated | Our scheme
i 1 0.80 0.80
tpr | 1 0.380 0.891
t; 1 0.426 0.996

EREMDOBZFDNTA =R ERAWEGE, 2EAZHWS Z & TESHEERIT 100% 12
FET DD, EBRIZE NI NSHERIZ 10% AN & IERITEN. ZHIFERD &
R OZLFDEEDP KRS W LIZERNT 5. FFICHETELEMRTOHEEI FH KE\W, &
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MR CEREZITOHE, BEEEBEMRIINT 7 A NN—2HWS. X7 714 NDEIHESE T
0.1419dBkm™! TH 2 DIZK L, EFRAEOFEEIBEMRIT RS KELRE O THRMIELL
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53D ;EFEG LIRS OB Q EHIHIZ & > TERBIL, ZTOMIINVINHERDET %
HWa. ZOBEDNI A =R EHWHGE, B THRIIKECREL, LEEZHE
T ETENHEER 100%, B—THEE 0% BAZERT DI LNk,

BT %o 72 & FIERUER EOEBRTIIZHOBE L TOTHRE%2FHT 5.
U7=ho T, ZEAREZERARLZ5BE1C LEOR— T2 FRRICERT 2R L
a2 nwhinr kv, ThzFEBHERL — N Cp EFO, IRATERINS.

Cp=PL_ R (4.2.11)
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Fig.4.13: The rate at which L single-photons are emitted simultaneously when L
sources are prepared.

ZZT, RIFBE NIIVZADEDIRWEARBTH L. FRERL — b 2 MM JiTi5e & K
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ideal (left), integrated component (middle) and experimental (right) parameter.
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Fig.4.15: B — Fy, curves for various combinations of temporal multiplicity N and
spatial multiplicity S. The black line represents the limit of non multiplexed heralded
single photon sources.
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Fig. 5.1: Fabrication flow of silica toroid microresonators.
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Fig. 5.2: Silica surface treatment by HMDS.
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Fig.5.3: The designed photo mask. The right region is the pattern of a toroid
resonator with a diameter of 100 pm, and the left region is the pattern for a photonic
crystal.
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Fig. 5.4: Microscope images of a silica film (left) and a photoresist pattern transferred
by photolithography.
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Fig.5.5: Microscope images of a silica pattern after wet etching (left) and a silicon

substrate after dry etching (right).
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Fig. 5.6: Microscope images of a disk resonator (left) and a toroid resonator (right).
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Fig.5.7: Fabrication flow of silica edge toroid microresonators.
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Fig.5.8: Microscope images of a silica substrate agter dicing (left), dry etching
(middle), and CO, laser reflow (right).
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Fig.5.9: Schematic illustration of () measurement setup.
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Fig.5.10: Top view of a deformed edge toroid resonator coupled to a tapered fiber
(left). Resonance dip in the transmission spectrum with @ = 3.2 x 10* (right).
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Fig.5.12: Schematic illustration of etching for toroid resonator (top) and edge toroid
resonator (bottom).
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Fig. 5.13: Schematic illustration of the method to suppress excessive etching on the
edge side (left). Excessive etching on the edge side is suppressed by placing chips
next to each other (right).
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Fig.5.14: Microscope images of an edge disk resonator before (left) and after (right)

process improvement.
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Fig. 5.15: Top view of an edge toroid resonator after process improvement coupled to
a tapered fiber (left). Resonance dip in the transmission spectrum with Q@ = 2.0x 107
(right).
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Fig. 5.16: Change in transmittance while tapering a fiber.
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Fig.5.17: Blueprints for fixed (left) and adjustable (right) tapered fiber fork.

-

Fig.5.18: Images of the fixed (left) and adjustable (right) tapered fiber fork.
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Fig.6.1: Overall view of the alingment system for coupling a tapered fiber and two
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Fig. 6.2: Resonance frequency shift of an edge troid resonator by temperature mod-
ulation.
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Fig.6.3: Experimental setup for transmission spectrum measurement of an edge
toroid coupled resonator.
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Fig.6.4: The microscope image of coupling between tapered fiber and a coupled edge
toroid resonator (left). Transmission spectra of uncoupled and coupled resonance
modes (right).
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Fig.6.5: The microscope image of coupling between tapered fiber and edge toroid
resonators (left). Transmission spectrum of two edge toroid resonators coupled to
a tapered fiber respectively (middle). Enlaged image of the transmisision spectrum
near 1557.7nm (right).
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Fig. 6.6: Experimental setup for ringdown measurement of a toroid resonator.
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Fig.6.8: Experimental setup for the frequency shift due to the optical Kerr effect.
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Fig. 6.9: Variation of the output waveform of the square wave with input intensity.
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frequency with the weakest optical input (left). Frequency shift calculated by fitting
the output waveform by simulation (right).
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Fig. 6.10: Desgin of the PPKTP waveguide chip (left). Micrograph of waveguide end
facet (middle). Design of the TEC arm for temperature phase matching.
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Fig.6.11: Experimental setup for intensity correlation measurement of signal pho-
tons.
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Fig. 6.12: Coincidence counts of the signal photons measured by the Hanbury-Brown-

Twiss method (left). Enlarged image of the coincidence counts near the delay time
0.
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Fig. 6.13: Experimental setup for intensity correlation measurement between signal
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Fig. 6.14: Coincidence counts between the signal photons and idler photons measured
by the Hanbury-Brown-Twiss method.
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Fig.6.15: Experimental setup for second correlation function g(2)(0) measurement
of heralded single photons.
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Fig.6.16: The signal photon is bifurcated and one path is delayed for longer than
the dead time of SSPD to detect the photon of two paths in one channel (upper
left). g,(f)(O) measurement setup with 2-channel TCPSC (upper right). Conceptual
diagram of the Time-Tagged Time-Resolved mode (bottom).
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