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This project aimed to experimentally demonstrate characteristics of the detection
of orbital angular momentum entangled photon states using the path interferometer method (PIM). We
compared experiment and theory for the alternative hologram shifting method (HSM%, and clarified how
characteristic of HSM affects entanglement evaluation. We designed and refined the experimental setup,
decreased by an order of magnitude distortions in the hologram for detection, and developed a pump
source. We did not reach entanglement detection with PIM during the project period, but with these
results experiments can now be advanced.

In addition we established a technique to evaluate angular momentum distribution within a beam cross
section, which has been developed into a new project. We also proposed and demonstrated a method to
examine the unfolding of an optical vortex into a complex polarization distribution within a birefringent
crystal, and established a quantitative measure for the process.



# XL C—19, F—-19, z—19 (@)

1. WFERHMA YW DO R

S DO EE A E B R RE TSR 5 m
RN T 52 8. 2RO ERE DEIKEE
(quNit) ZHERRT 5 Z &b, B HmYD
HCTOANEIRTWS, 2001 iy
£ —2RFD Mair HIZEL->T, /8T A KV
IR DTTFANET A KT HDEE
AEEB BRI LV OMBENRS D Z &R
REN, FOHOWFFEICL Y EHAITHONT
3O EDRENREDLDZRITDO L SNAWN
WRHETH D Z &R iz,

BB AEERE D ONAVIREEO KR I,
BEHFOHE A ESHRENLRSDERETO
BN ARAIR TH D, BA (BFEREER) 1X
INE T, EAESHRERA DEIREOMR
HPEE L TRETFHFHEZIRR L CE
(D], WEkEDART 7T L7 MEE T
KRR & S BB HERR T 5 Z & AN ER
ThDHH, O TIIRD R DR A &
BEICHERT D2 ETITIEEL o T,

7, IR EIERNIHAe T AT MEIZ
X 2T ORBEF O AIZ OV THRIC X
HRRFTEITV, EHAAR O OFEXALARIZ D
TAX Y U EITH &, 2 T BRERITTOE D
NAWVWRIETH D = & &2 Kk L CIEF 7
REWNNEND &) BREWER 25T
(@],

2. Mo H™

ARWFIEITREEE T EHEZ W= 5o
HE A EE R D O A VIREER O % A
FERIVIZHA OGN THZ 2B E LT,

R T W EHEITPLE A ES EEQAG DY
REOHBRHFIED 1 > TH D, EREDKRT
TT AT MEE TR & 30 R
PICHERRT 2 2 L BRHECTH D | LA A iEE)
BOHRALMAENET IND LA
FREDO—FIHEHT D720 TRHRES S
N5, 2NT AN w7 @I RO HIZR
a2y 7 A7 MERFBALEGAE, —FHIC
BT HHIEZEA LZEE & ORI
FORBNEZHEE L, ZOWREHERTHZ
LxHEBE L,

BB TWEHEDL 9 1 S>OK#HE LT, A
WIZTE AT 5 A S IR EE o [F REfa H 23
ARETHDLIZENETOoND, ZhEd 250
PR 2R D E B 5k 525 2O
HEELTHWD Z T, 242k
Einstein-Podolsky-Rosen (EPR) %! o % B
WX DHLEAEHE DL SNAVIREEDH O
ToBRHEBIEL:Z,

3. WMo Hik

B 1 IR T B0 2~ (0], &
777 5O 1 REHTEAITIE AR R O#uE
fIEIEE T m = my DRI H m=0 ([T H
S, YT E—RT7 7 AN SMFL %@
T 5, —J7. 0 WEFT A TIEZAS S D m=0
BN FOEEL I E—RT 7 AN
SMFO % i@ 3 %, &5l S 7z 2 DO fuE A iE

RS A TS E, (AR OREEIC X
D AEFEDONARZED BERADOEIRIEE YT M
e (Hh D) AT 5,

—J. Aar T 57 METIE L REHE
DOHEFAN, Fma 7T AMLEE N TEE 7
FAANTY 7 M52 &1 X0 8IS 2 5
R 5,

AR U728 LW EBRROERD =
W, FTHHRBIECIROE A S R FEA
ORFEr, EBRROHRFOREL, BEXOT 7
A A2 MBSO RENT X B A5 R o ()
EEITo, TR OREHREREZ L & ICER
REMMABNL T, RT A MY v 7913
o b OnAVIRERE A, W FIZAR
Ty 7 MNMEERWSLERG 7T L7
MEE, —FHIRETHIHEZ WA A 7
Uy RiEETITWV, WiEOEWVWERIET 5,
S HITHF RO FITRETFEHEEL W
LM B TFHIHES. EEeR
Einstein—Podolsky—Rosen # ® EErIZ L 5
HONEVIREED R ED XV & 7L
ITH Z L ZFE LT,

ei¢Bol 0>+B1| 1>

KROS5 A '\SMFO
«
¢ | (IRZEFER
SMF1
——D
BS wnly2ipmee
SMF0, SMF1: ¥ >4, A2
E—RT7AN HERE
BS: E—LZXTUwH T4

1 REESTEHE

4. WFFERRSE:

(1) SEBR R DR

NI AN v 7 ENOEEYEREE LT
T2IZHE R 405nm ORIREZEANT 57280, %fiis
T AN OHEE 810 nm (T8 bET-HF%
DRFEAT T2, 7 7 A NFEFHT L& T —
FBEEZR 5.5 um DIREREF T 7 A4 NITHE
— L CRREF L. #rals st O A8 50
EHEZEDDL L LI, 77 AN\ T T %
BLTCHET I EHZEMT— FOERICK
HREE DT, ERARDKF O ERELIZD
WTIE, 2N E TOMIERE (@] Z2I5AL
TERZADONNT AL OMEEIT o120 T4
A2 MZOWTIEE Y L O3 v 4
TRAMICEHET DEELZHA L CTHIED
AL AT, T4 A2 MEEER BT 572
DOFHAT DT 7 A3 T 7 DEN%EKR
L7~ [Miyamoto, LPHYS ’14 (2014) 1],
QeI LrOHE

WA 7787 MNMEENAT Y v RiE



DENZE AT 5720121, EBRROEER
ﬁﬁﬁ@ﬁi#%ﬁf%é E— NEHLZT
IR T T AOERIEOERZREL CE
Haxf PE 2 [F] | X85 FIRICEY filA, A u
TT B E o TR - RS b e — 2D 5
FtEE— M S D FIEIC O THE %
1T-7- [Miyamoto et al.,
a7 AMEENIARY ~—DE R
ioTﬂ?OTW‘éﬁi1ﬁn$Wﬁ¢quﬂﬂJ
AR OBNEBEBOTFCINE THNT
wtﬁﬂ@ﬁ%m%#%otoﬁbw %ﬁ
BHEESCER T T DM EHZ W TE 1
%%%#k%l%é@%%@@%%ﬁot
[8H fth, Optics and Photonics Japan 2013
(2013)fth], FHAECTH D glL1000-5 (XA 7
WHFBZTOERICE L RY A% 7 U LfE
AFNROBRY)<w—ThHV, FaxBAHLE
st o @R e 77 AMERICHL HR
LEZLND,
@) iR w 7T 57 MEOFER
A e 7T Ay 7 MERE RO G
ra s 57 MEEAVWD L ORLA VIR
M FIETH D, ZOFEIC K D ERER
EINETORRETHIHER (@] Lokt
& 1T - 7~ [Mivamoto, LPHYS 13 (2013)],
PR TIOE 3 BRI IC R & 5 R IRE
HERIZHOWT, BRADEOMIARIZD
WTCAXFY U E2ITI &, 2 HTFRERTDO G
ONEWIREETHDLZ &, Aua T Ly 7 b
ENRRDRESTbEOMEEITY 2 &2 K
L CHRMREEVREH OS2 BT
BTz, EBRTH LN RIRFEHECEED
7 — U fRHTIC X 0 . FEFRFIER S DTEAE D e
‘émtoﬂﬁﬁ@4®m:/%7x%@ﬁ
NS OB HER AT XA X —IZHoNTH,
mEEBRNILS KT 5 &%ﬁﬁf%to
é& « FEFAFIRR S 23 b DA WV OREIC
@%ﬁﬁbto
%% XL B ORHMNH 52, L@ DFE
A FEBRANCHRIES L, Widle 77 507 b
&@@%ﬁ%%h@@ﬁkéiéo
(4) Jihike Y oo VE S
TR b SNE W R A2 AT S
CHOICHWA DT, EBRADORLELIZLDY
3-30 mm DI b —L 2 RAEEHIET HLERN
BTl FNBIRE T & P8R L — P —
PR A - Ll oT, DY, FTH

u+k iﬁbnq:'fﬂﬁi{f@*ﬁnf%??’)fi [ﬁg%{: {m\

W7+ b= AR SERFET R
WHEE (2014) ],

R L —— Ol &2 T o722 2 A,
FEL TV —Lab—L U AEDOM
TR TH2ZEDRHE LW ER g T2
N [FEE fl, Optics and Photonics Japan
2014 (2014) ], ZDHOBRIT LV @Y 7%
HarRAHL-22H 5 [Miyamoto et al.,
OIE * 15 (2015)],

FBAERIZ FREEL Y S RFM #1272
b, AR SIS 7Y v REEDOFEBRIC
EHEFTX oo, SHAIIRZH VT

Opt. Rev. (2013)10

FrEEDDHHETHD,
(5) B — LB N o £ 1E Bl i 55 A1 O FEAT
KA OUMEAEHEDORIRTH D E— L
Wi N O = R L X — DN D 53470 ZF LI
Lo TATLLMEBESAMIIONT, ERIC
FVEBENICHEMT 5 FiEx S LT
[Miyamoto et al., J. Opt. (2013)], A&F
(ff e — ALEEW@%’E?%TM“’\%E%EME
WHIE L, 22 0EEICEY =X —0D
AL AIEB) DS \;fﬁ%ik?@%)o iz ky
B 22 il TP s v — A8 N O SR o [E]
B F RN ERT 5 77— A2 DWW T, MERRT#:
TE—A2KOMEHEOH{FFRAETH
HZ LB TERIZEIVRLE, 6122
NEBBSEHZRMEICEFTLOOH
Do
(6) B2 HTAE & oD et o0 JE BH O L
WNTA RN w7 P HE#BZ IO ET D
FERIE e RE OB - IR TIX, ARUF
b a BRI 2R L CAEES ST
W7 L ORETT D LRV, HEIHE
fm R — Bk 72 R K HE oD Y 23 HE M 7 AR
KA ET DRABSEN ML TND,
ZOMFEBET AT, EiERF TR
HWEERRAEAREREL, Z£iExiTo 1
[Brundavanam et al., Opt. Express (2012)],
HEHE 2R Y AR 1S %@T%ﬂ%%%i U3
L BETDHEDICERROUREZITo T2,
Fo. BEIGOEEFREOME & ML L
EB L ok & 1T o & [Miyamoto,
Correlation Optics (2015)], F7-#iE A&
B e b OO EMERIC OV T H BRI

B & 732 L7z [Vyas et al., Opt. Express
(2015) ], Stifh D BEEHBILR N HLE A ET & b

DAV AR DERICE 2 D EEBIZON
LS REEITo TV TETH B,

<5 HCHR >

@O Y. Mivamoto, D. Kawase, M. Takeda, K.
Sasaki, and S. Takeuchi: Detection of
superposition in the orbital angular
momentum of photons without excess
components and its application in the
verification of non—classical
correlation, Journal of Optics 13,
064027 (2011).

@ D. Kawase, Y. Miyamoto, M. Takeda, K.
Sasaki, and S. Takeuchi: Effect of
high-dimensional entanglement of
Laguerre—Gaussian modes in
parametric downconversion, Journal
of the Optical Society of America B 26,
797-804 (2009)

5. FRFEELIRLE

UdEstamsc) (G 614)

@O S. Vyas, Y. Kozawa, and Y. Mivamoto:
Creation of polarization gradients
from superposition  of counter



propagating vector LG beams, Optics
Express 23, 33970-33979 (2015), #F
BAY.

DOI:10. 1364/0E. 23. 033970

Y. Miyamoto, A. Wada, T. Yonemura, and
M. Takeda: Detailed measurement of
phase distribution of an optical beam
with inverting vortex, Journal of
Optics 15, 044002 (2013), &wHA Y.
DOI:10. 1088/2040-8978/15/4/044002
Y. Miyamoto, K. Bito, Y. Ozaki, A.
Wada, and M. Takeda: Characterization
and Compensation of Phase Distortions
in Holograms for Generating and
Detecting Doughnut Beams, Optical
Review 20, 127-131 (2013), &HHA Y.
DOI:10.1007/s10043-013-0018-1

M. M. Brundavanam, Y. Miyamoto, R. K.
Singh, D. N. Naik, M. Takeda, and K.
Nakagawa: Interferometer setup for
the observation of polarization
structure near the unfolding point of
an optical vortex beam in a
birefringent crystal, Optics Express
20, 13573-13581 (2012), &HA Y.
DOI:http://dx. doi. org/10. 1364/0E. 20
.013573

(aRE] Gh4 61)

@

Y. Miyamoto: Experimental setup to
probe higher dimensional
entanglement in orbital angular
momentum and optimization of
microtrap array for single atoms,

25th International Laser Physics
Workshop ~ (LPHYS ’16), Yerevan
(Armenia) (to be presented

2016.7.11-15) (Invited paper).

Y. Miyamoto: Generation and analysis
of high—-dimensional orbital angular
momentum entanglement of photons, the
5th Annual World Congress of Advanced
Materials—-2016 (WCAM-2016) ,

Chongqing (China) (2016. 6. 6-8)
(Invited paper)
HEEE, BEAYEL, FINE—: T

AN w7 SeEhE R R L — Y —
DOEEERae— L AEORIE 11,
H 72 fﬁ’J’/\ Optics and Photonics

Japan 2015, FE KZFEFF v /%A
B C%ﬁ%ﬁ R X))

(2015. 10. 28-30)
Y. Miyamoto: Analyzing the unfolding
point of an optical vortex inside a

birefringent crystal, 12th
International Conference on
Correlation Optics, Chernivtsi
(Ukraine) (2015.9.14-18) (Invited
paper) .

Y. Miyamoto, T. Kamei, H. Tateno, K.

Shishido, and S. Vyas: Experimental
system for comparison of hologram
shifting and path interferometer

methods in orbital angular momentum
entanglement detection, OIE ’ 15, The
Eleventh Finland—-Japan Joint
Symposium on Optics in Engineering,
Joensuu (Finland) (2015.9.1-2)
(Invited paper)

Y. Miyamoto: Characterization of the
unfolding of an optical vortex in a
birefringent crystal, 14th Workshop
on Information Optics (WIO 2015), i2
HH—7 v X CRLEIT - mUAR )
(2015.6.1-5) (Invited paper).

Y. Miyamoto: Probing orbital angular
momentum entangled photon pairs with
holograms, 2015 EMN Optoelectronics
Meeting, Beijing (China)
(2015. 4. 24-27) (Invited paper).
EAFEAS BN LT L, BELY
DERFBREV VR U LATELHRTHED
BUR), RPERFTAILF v 82 (R
- SCRIX) (2015.3.17) (V2 RY
DARFFERTH)

Y. Miyamoto: Singular Optical Modes
and Quantum Information, Photonics

2014: 12th International Conference
on Fiber Optics and Photonics,
Kharagpur (India) (2014.12.13-16)

(Invited paper)

M. M. Brundavanam, S.
Miyamoto:
interferometer to
polarization
unfolding point of an optical vortex
beam, Photonics 2014: 12th
International Conference on Fiber
Optics and Photonics, Kharagpur
(India) (2014.12.13-16).

Y. Miyamoto: Quantum information and
orbital angular momentum of light,
20th National Conference on Atomic
and Molecular Physics (NCAMP-XX),

Vyas and Y.
Birefringent
observe the
structure near the

Trivandrum (India) (2014.12.9-12)
(Invited paper)
FEEEE, EAYET, @R T 2

NU 7 d R gL L — Y — D
ERE Na e — L U AROHEE, AR
fﬁfA/\ Optics and Photonics Japan
2014, HHEKFPHIF v /N A UK
& (E'iﬁ%rﬂ < SURIX) (2014, 11.5-7)

B, EORVEL, fEEFEE: AT o
EAESHEERSDERERE O
OORB T T LMERIZOWT OIS 11,
H A fﬁ’J’/\ Optics and Photonics
Japan 2014, L KPR F ¥ /3R
X A C%ﬁ%ﬁ R X))

(2014. 11. 5-7)

EALET i SRR R A, RA



2> Optics and Photonics Japan 2014,
HRF TR v L R A SRR A (B
- SCRIX)  (2014.11.5-7) (>R Y
U LHRAE )

@® Y. Miyamoto: Towards analysis and
manipulation of orbital angular
momentum entangled photon pairs with
a path interferometer system, 23rd
International Laser Physics Workshop
(LPHYS ’14), Sofia  (Bulgaria)
(2014. 7. 14-18) (Invited paper).

® FEEEE, EAREA, B STk
Wn A & 8K U — W — O PEREFEAN
WEge, & 8 M Wm Y + b =7 AEs
B A R 5w SRl i 22, "R XUEAE K
5 (RS - Fifmr)  (2014. 3. 4)

@ B, EAET, EHEE 7T
B—T 7T b w—)LT =)=
S DA A EB) B E S DR R
Hodora 77 MMERICOWNTO
BF4E, H A4 Optics and
Photonics Japan 2013, 43 B B/ 4 4

(BRI - ZSEH) (2013.11.12-14)

Y. Miyamoto: Scalar and vector
singularities 1in a birefringent
interferometer, 11th International
Conference on Correlation Optics,
Chernivtsi (Ukraine) (2013.9.18-21)
(Invited paper).

Y. Miyamoto: Anharmonicity in the
detection of orbital angular momentum
entangled photon pairs and photon
counting holography, 22nd
International Laser Physics Workshop
(LPHYS ’ 13), Prague (Czech Republic)
(2013.7.15-19) (Invited paper).

@ EAEA: N vortex DM LIS,
H AR BEOERE 7 23 18 47 fif AE FE 1 BN ER
BLEE 8 [EFEE Tvortex B — A &%
DOAREME ] HARUNEM A — (HARHS -
HgeX) (2013.3.4) (FBFEHE)

(& D]
R B— U
http://www. qopt. es. uec. ac. jp/

6. HFITHELAE

() gz

BA PEFE (MIYAMOTO, Yoko)
TERIEE KT - KREFEBEE B TR -
W2

WeEHZS : 50281655

(2) TEHEIF 2T

N EH (TAKEUCHI, Shigeki)
FAEBR « REFEBE LRt - 2%
EEFZ: 80321959

(3) MM RIRSE ) 1

MOLINA-TERRIZA, Gabriel
Macquarie K% (A —A K< U 7) «Faculty
of Science * ARC Future Fellow



