Nikon

Nikon
Research
Report

Vol.5 2023




HI{TOBE

A&t = a Y937 o RSB OB 2, A AT 2 2 EPTHITOBRETHL. =a>
OATEAMTH D DEFIMEA | & DEEEal | 2 X— 22 L2AZERZEmAR & LT, Brimic
BOATNTPAl &, FREORRED O R 2 T 7280k 2 PO Sl L Tw .



£ R

][

R M HERERITRE

EBEHRONZ B R LX), Hopidtke ZBHEICERLCWET. K2 IZ0 L) o, BEMHK
DHEDO R 5 THARREBEOFEL R T 2K AL EZ, VAT T TV ERHEOEBIIHIKL T & 2w
EEZTHET.

20224F 4 HI2565 L7 310, 20304E12 =3 Y A5dh 1) 720 [ AL BT IEAI 2 Aot is
¥ #FEHTHRLE, FERFETH HHERBROZEMLITNZ, BEHEOANNVAT 7, TV K—%
VN, TUINIZ 2T 70T YT ICBOWTHENMR AT — VLR EDTVWET. ThHOHELH
LT, #&olfsc M3 i, [AldE] 280 CHACEMTE S L) BEICYHMATHE T7.

ARUR— 1T, BEEZLZL2HAOBBRERDOF — L 5 2 BHETMITNZ, BEAMRKIC SR L
) BRI TN % &, =3 v OFHEO—E BIEA LET.

IV T4 T - T zad—
JeAER AN B IS AT e

THE EW

ZALDSEL L & PRI EE 2 B oo b, HlBASSIc BV Tid S T TULRICE MM & Rk, 2L TR
E— FEASROONTWET. = a v OWfRMEOHYTH, Z2RLT 2 B%FHO=— X126z, 20304
DHY 2 VEEERT L7720, e AR IRz ER, HABMBEABICIHY AT, Fiohige
FHH TR OZZHRIEHEFEICB VT, INFE T TEXEMHEORENER/RE LTHIZRZ L
LoT&ETWET.

NS MG OHAMBIFE DHLY LA 2 HuUlNS, 20224E BE 25858 - S8 E L2 2 il & L 2Bl ig s
&, BRA BRI - BRLUTEVEHEZ AWML T =2 ARV AR—-MNIF LD, a7 V—TD
WFZe - BASSHRSEE LT, 24ELBRBICBELZLET. —a v oMEEO—HTiEd ) T3, Fir O
DA ZERICH > TV 22 L HIZ, = a vy ot E BB IR O EBRIC A UEENTY






16

24

28

34

46

Nikon Research Report Vol.5
H/R.~ CONTENTS

BilifEsH/ Technical Reports

MEWE, CO, BILSHIRZRIRT 2, MEE@ITU I v MEATORR
/NEFHN, RRHIBRE R

Development of Riblet Technology for Aircraft to Improve Fuel Efficiency and Reduce CO, Emissions
Akito ONO and Takafumi KAKEDA

AFHREISHIG Uz Roll-to-Roll ¥R T L ABHEEDRHF
ge AR, BRI, Pz, PR R, RYISCR, ISR

Development of Roll-to-Roll Maskless Exposure System for Large-Scale Pattern Deformation
Masakazu HORI, Kazuo NAITO, Takayuki NAKANO, Yoshiyuki IGURA, Seiji HASHIBA and Yoshiaki KITO

SPPC 7 LA #tHgs = AW HERBRIGA XA —I VT
RINEW, NERERI, FHHER

Confocal Super-Resolution Imaging using SPPC Array Detector
Junya OHKAWA, Daisuke KOMORIYA and Yuta KUSUI

EEANAS [LuFact] YU—XDRAH
R, KM, FRERRERL, FRIRR, ehEkA, A RIS, TR

Development of Industrial Camera “LuFact” Series
Yoshifumi SASAI Jun OKOCHI, Masahiro NAKANO, Genshi YOSHIOKA, Kensuke KANAMARU,
Yoshiya MOTO and Shunsuke KONDO

iHZeRFRIL/Research and Development Reports

HRI—EVHTBCANDOLU—Y—NITICKD U T LY MERERY A T )V A 4Tk

MolE—, MHE—, DAEEREE AL
Riblet Patterning by Laser Ablation on the Thermal Barrier Coating (TBC) for Gas Turbines and
Evaluation of Its Resistance to Cyclic Heating

Kenji WATAHIKI, Kenichi ASHIDA, Shintaro TSUCHIHASHI and Hirokazu TSUCHIHASHI

LAY TLY hXIUVVXITRIFZFEBEAXI Y —T I ARFOEEDEVICKDHE
SO, moRIER], IAREME, K R N HE—

Influence on Wide-Angle Doublet Metalenses Due to Different Types of All-Dielectric Metasurfaces
Hidemitsu TOBA, Hidetsugu TAKAGI, Michio OHASHI, Katsura OTAKI and Yuichi TAKIGAWA

A=Y T 4 =)L RICHIFTZECKRIEZE > IcRE DT RBEHIET
BIERAIL, wla e, KPR, il

Estimating Attention Area of Spectator using Self-calibration in Sports Fields
Kazuhiro ABE, Yuuya TAKAYAMA, Yosuke OTSUBO and Tetsuya KOIKE



52

58

UZIIA LY AT AAEECEICETIVEE HEHROERBRACELCETIVBEFEDRSE)
FHHSCZ
Model Construction Based on Real-Time System Identification Method (Proposal of a Model
Construction Method for Anomaly Detection of Control Systems)
Fumihiko HAKODA

TOTAEERRARZEA LR A S A DB
fElEsER, Fai—

Development of Optical Glass Melting Technology using a Process Task Visualization Chart
Kota SATO and Shinichi KAZASHI



PRiilTfEsH
Technical

Reports




Nikon Research Report Vol.5 2023

REE, COHIHEHIRZRIRT B,
finzZfmTY I Ly MEiTORFE

NI, BRI

Development of Riblet Technology for Aircraft to
Improve Fuel Efficiency and Reduce CO, Emissions
Akito ONO and Takafumi KAKEDA
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Riblets are a type of biomimetic technology with shark-skin structure. Riblets reduce the skin friction in
a turbulent boundary layer due to the fine grooves provided along the streamlines on the surface of
objects in fluids. Applying this technology to transportation and rotating devices, for example, can
improve fuel efficiency and reduce CO, emissions. For aircraft in particular, where the surface area is
large and the contribution of skin friction is significant at high Reynolds number, efforts to practical use
of riblets are actively progressing. However, this is yet to be achieved. We have developed a riblet
processing technology using laser and our goal is to put it into practical use. In this paper, we introduce
our efforts towards the application of riblet technology to the aircrafts.

Key words UZ'Lw i, U—Y—IIT, #MESUEE. CO, BEbEHIRL. Mz
riblet, laser processing, drag reduction, CO, emissions reduction, aircraft
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Fig. 1 Eddy-wall interaction without and with riblets. The
flow is in the depth direction of the paper.
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Fig. 2 Drag reduction effect by riblets with various cross
section. The number s* is a dimensionless riblet
size.
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Fig. 3 Schematic diagram of a laser processing for forming
riblets on the surface of an object

L—%—I2L2) 7Ly METIELFIZRT X9 % F
HAd 5.



MEUE, CO,HIHBHIRZRIT 5, MZEHDITUTL v METDRF

R L= =R QEE, ), 2OV RIE, &) x#
KRBT, BERTAVL, &FEvo k4 oY
W6 L TR EE BRI TS Re & % 5.

HNWN) IT—ICEDBAF Y vy — R T hTHIE
THA ) 7Ly MBIRAMER T REE 72 5. EMZT TR
<, RN (CFD) 120 %, Fig. 4 IORT &9 ik
GRWMTY) 7Ly MEMLT A2 ZEDMETHL. T,
WRMOBIEFE) 7Ly FEFTRL, L0 ERERL K
V7T Ly MEIROER D REE %42 5.

Fig. 4 Smooth curved riblets generated by laser processing
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Fig. 6 Conceptual diagram of riblet processing on a large
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Fig. 7 Riblet processing technology development for large
objects
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Fig. 8 Riblets on the flat plate model installed in the wind
tunnel test section
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Fig. 9 Riblet film attached to the fuselage and its surface
shape
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shape
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Flexible electronics, which is fabricated with electronic devices on flexible substrates, have been
researched and applied, because of flexibility which was not realized in conventional silicon processes.
By using Roll-to-Roll (R2R) technology, which continuously processes the substrate material, it is expected
to reduce the difficulty of handling the substrate material and improve yield and productivity. In addition,
R2R technology has merits for long-sized devices which is not subject to size restrictions in the length
direction. However, flexible substrates such as polymer materials can be easily deformed during
electronic device manufacturing process, like 100 times larger than conventional glass or silicon
substrates, because of mechanical and thermal instability. It is difficult to fabricate electronic devices on
flexible substrates with conventional exposure apparatuses, because they cannot compensate for large
amount of deformation.

We have developed a maskless exposure system with a large correction stroke that can correspond to
the amount of base material deformation. This exposure apparatus processes deformation measurement of
the base material and exposure in parallel, and exposure is performed continuously. Exposure evaluation
was performed for A3 size film and Roll-to-Roll film. We have achieved an overlay accuracy of £1.8 um for
A3 size substrates and +4.0 um for R2R substrates, so we will report the details.
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Under the Wave off Kanagawa ,also known as The Great Wave,
from the series Thirty-Six Views of Mount Fuji (Fugaku sanjarokkei)
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The Art Institute of Chicago
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Confocal Super-Resolution Imaging using SPPC
Array Detector

Junya OHKAWA, Daisuke KOMORIYA and Yuta KUSUI

MHREESY DR EEZEANGERER CHD. COHTYAIOX—MUEEORETOMBOPICIE, % =
NIV RUT, aE, DVIRREDLKSADFILARS HRRANGEE) », BROSOENFEL, EaEE)
EHERT DICDICHEEL TV S, FILARSPEQERENRBLNTET, REELCEMIBCAA—IVITINTEL
EETIE, RO CRREEIRDO X A Z X AZE KU FHEICIRET B12H(C, KBV ZERD RS COBRRNKSD
SNBKICEO2>TETNS.

HERU—Y—BEMIRY AT L AX/AX R IF, ERNOTERGAZEIBRVWCHBGZES T 2 C EH RS LR
WIECH, MEOBRRICHERINTVD. H&ldF, AX/AXRICEBFEEIEEEI = v b NSPARC (Nikon SPatial
ARray Confocal) Z#fc(C#EH Lfc. NSPARC (& SPPC 7 LA EWVWW D EIHIFRHRZEAVND T LT, {EROHERIE
WIRORMZEILRS &<, EENMBEZO LSBT ENEES. AETIE, FI NSPARC DZRRI5#RAED D
HPWFIREHAT 2. HULT, BRHESBITER LTS SPPC 7 UARHEBIC DV THIAT 3. |REIC, £WHVTIL
TOF7 FUT—2 3 VBI=EBNT S,

Cells are the basic elements of living organisms. Cells, which are several tens of micrometers in size,
contain numerous organelles such as the nucleus, mitochondria, endoplasmic reticulum, and Golgi
apparatus, including countless proteins that function to maintain life activities. Organelles and proteins
can be fluorescently stained and have been imaged with a fluorescence microscope for several years. To
understand the physiological mechanism more accurately, higher spatial resolution imaging is required

The confocal laser microscope system AX/AX R is a fluorescence microscope that can acquire thin
optical sectioning images without unnecessary out-of-focus light, and is utilized to image cells. We
installed a new super-resolution detector unit NSPARC (Nikon SPatial ARray Confocal) on the AX/AX R.
NSPARC employs a special detector called an SPPC array to improve spatial resolution without sacrificing
the advantages of conventional confocal microscopes. Here, we first explain the optical principle of
improving the spatial resolution of the NSPARC, and then explain the SPPC array detector. Finally, we
introduce an application model for biological samples.

Key words HEREMER, BRFEGEAX—IVT
confocal microscopy, super resolution
’ F LI L2 L, #@EOLEMEMETIE, TV AT DOIEE
< R BT LIRHKDA, o P & BEICH R B 12,

Jefe RN (1] ABISEI g L 325 D1%, $H um ~ 5
mm F2 B O R M SE 2> © % 10 um Ol (Fig. 1
(@), EHI—FNEVHOTIIE 100 nm OF VAT 4T
EIFIEN 2 BN OMMEETH D, TNEDF VT E T

BB TN TOBIEEZBISET 5 2 L5k s (Fig. 1
(be)). FNH AT OMEERLHBANIREE, HLREmwH
RAEMEBHICHERLTBY, 54 794 20 ARA3E%
FZ LD L LZEEOGE TRIENRIZR > TV 5.

16

Bab 3 5 X 9 I RRED KIF R TR0 2 — 2 o8
LWVo e RELR ML= N 72D MEEE D72, 22T
Fxld, NSO ML —FF 72807, ftkoILb iy
BEOT TN r— a s TEEGRETWNE S TSI R
5B gs = v + NSPARC D5 %17 - 7-.

2 NSPARC Dyt3EIE
NI AR OB & B B, S MY



SPPC 7 LA RHBZEAVCHERBIFERA X —I T

(@ (e)

Fig. 1 HESERETERS L -SELEHEGK
(a) HeLa g 4 F¥EOF VI 4 T Ziegeta L, M i
EE AX 12 THRGE.
H ¥
W T rF Y LB
R RUNE (R %)
WiIbarry7
(b-e) KA NWA AT &YKL HAamfk.
24 —)3— (a) 10 um, (b-e) 2 um

Fl L — Y —ERBEMEEO—HTH ), HEH» 5 0HE
FIERE R VET Z E TR RANEDEE A R L,

DE Y R—E L —F—HEIEE IR E R 72 IRTE
T, RBEEHZ L —F—EE LT . Erh—EidEo
7306 % PMT SO RIMERIC X > TOtEFHlL, A% ¥
v 37— ONE & RHIDEE 2 ST 720t~ v 7R R
T 52 LTRSS TE S (Fig.2). ¥rh—iZ
X AL X b S SR CHUE T & 2 WiRIX
= S/N (EokElt) TH2O0H M TH 5.

S/N Z R Lo o @22 M e O 2 451213 ¥
& — IV % 9560 Point spread function (PSF) O EME
PORMTLHEEARY POKRE S TH S Airy £2& [FIFEE
F TR G T HLENH L. HENEMETIIE ~
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@r—¥-XTREZhT
HABEEZRNET S

BAFYIF7—DOBE
MEFIF3Z e T
HAMEy 7EERL.
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HEABRBEICLIERAESHEREI XL

Fig. 2

F— VR FET DI AiryUnit (AU) 8 L7 E2 HW 50
DT, KETHREBROEILTIHHT 5.

—MR BT, YR — VIR MR E S/N D
NG VAL 1 AU (=1.22 2/NA) 1 WEICERE TS
5. TR LEMSHREEBIEL T2 —ATIIE v R—
Z1AULTICRAHEbH D, Errh—VERNSLT
5L, ZRBMEREIXN LT 505, 1AUMTOY ¥ R— L%
TIRHOLESORIECA Yy FLTLEIDOTHREL LTS/
NIZEALT 5. ¥ VR — VEOEIITH§ 2 22 5 e &
LR OB E T 5 &, 1 AU LTSk - 72 5:0F Tl
ZE S RRE D UGER I AT, HBREOK FIZRETH
% Z WA (Fig. 3). S/N OEALIZ A TFE Ol
ThHhb7AvR)a—vary PERAREHE) HRICD
B RITY. Lo Ty R— V253 EE %
EOWEARHND LV RTIER . oGNS %
B9 AHITIES/NEZMFFL-F £, ez dET 2080
Hb. TOO, EEHETELT I, L—F -7 —
LT, SNE2YETLILEXRHL. LrLIN5D
KL, FER S FRE DT R BN DN X — VB & v
IREZR ML —FF 7 %9, NSPARC 1d 2 022/ 53 iE
ES/NDO ML —F+ 7 OBRZITH L - Bgi R E T,
Image scanning microscopy [2]—[5] (LL'F ISM) (232
WEERERH L, & S/N & e et 2 iy L7z
BRIIEASHETH 5.
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WIZNSPARC THEHLTWAA A=YV 7HNTH 5
ISMIZOWTHHT A, ISM TIRE Y F— Vb )iz 2
WILDOT LA Bz L — =i & etk & % 2 @ 1A
BT5. COMBEBIIE Y F—LE LToOKkE 2L %M
5, FEFOEEFHNLAT). 5127 LA R E MM
% Z L CTHIBNENICERE SN #0E FHETHE L OLE
G552 ENTE, BB TLEGEUAL EDELI LT
SRR N L XL N TE L. EEOBIREMNT
& 5X5 WD T L A MHeE 1 AU 2SNEES % 5T
LTHY, 1WFENZD 0.2AU %4 Z0HEBERY AA
<Tw5 (Fig. 4).

A7+ —H LB

B k=i
O @ O 1AU
NSPARC X LW FLAeL Y 1AL

o O O_L\j‘cﬁﬁo
(E‘?,:l.U

Fig. 4 HESTEMEEE NSPARC OXFFRDILE

7 LA MR O£ EENENDHEEH L 724 E 5 5
SR~y FTERARLEGRE LTHIT 5. s Hmig
A —WEN02AUZOE v R— b & LM LG
WZHHS T 5 O TZEMGRIEDTA L L TW5%5, 1AULLTO
¥ VRV T S NG & 7 B 72005 < S/N D
WHlIETH L. Lo LEWELSHSNMERE EHT 5
L1 AUMEOHELE IR TE 570, W0 S/N %
LWFaZeTE A, 2R LEAMETH SN S BRIICIE
BENAELTBY, Z2EET 57200 T2l ok
b TAUMNSE 2o TLESH. ISM Tid, 0.2 AU OZ2R 45
e o2 F FMEZ T 7 P S TEETLY TH A A
VML AR AT 2 & THEROILE T EMBE TN TH -
CERBEE W S/N B L WG 2 AT A2 EATE
% (Fig.5).

1 Ay i UFH{ A FRERY

B kol ke wEt €—727 b LTERLPSF

BERTHSNDHPSF

AL 1 gl N 8
FEFR,SHN TN DERIE EEHROBHRELTFL
AR £ A TR M3 BRRELERE TS

Fig. 5 U7HA X MNLIEE PSF ORI

ISM TR LT A BRI CTH 5 ) 734 A > MLt
WZOWTCHEREIZ T 5. L B o 5k
FTHER) PSFe FEIHICK YV RODZ EDTE, TLAM
WO BMHEDFR PSFer b AL 5 2 EATEL. U T
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FHCEICRNT S PSF v 7 MEZFHEL, SHROBIIE)
FIZY 7 PSR THMEDPSF ¥ — 7 iz —H$+5 k9
MIEL T3,

Je A TSR T1% 5 1 5 FER) PSFer 13, EGER T
F % PSFe IZHOWGER TP E 5 PSFen & ¥ Vv — IV BIHKL
PH»5 (1) XTKF 5.

PSF(r) = PSF..(n){PSF.,,(r) ® PH(r) } 1)

7 LAt & Va7 ISM O 6F5R TR DU~ O
EYR— e LTEHLTW20I12NZ, &liFEOREIC
Xo TS Y7 ML7ALEICH D, L7zh> THHE
DFR) PSF 2 5HH$ 5 BFRAIE, 7 L A RGO RE &
SN EZ R oOMEICE Y h—VERELGGD (2)
ATRT%.

PSFy{r) = PSF o (1) {PSF.,(r) ® PH (r-d) } (2)

Z DA D PSFe (X EHMA S ¥ 7 b LALE I — 2 {7
RO D505 (Fig. 6). BMEOMBEICL>TY 7k
WHYT7 MHIMbEDLD L, MEILITYT7 FORIEREY
AL, KEEISOLNEG LB SIEEHTE. 2D
Wfk%a 7 L CTEBETHUEZY 74 A~ MILBL L »
W, 0.2 AU OZERMRRE A HERF L 72 £, SR THGE L
MR EAHET AL MEDL. ) THA A v MERI,
FE#EDTAU BI{RIC3 LT S/N 2 L3 3, 225 iae
R 3 E SR 2 LAk S.

' | BERECLS
N .I Fx L
BREAPSF ( PSF (1)) 1 I
1 i —— JREBPSF
e ; \ i HHPSF
. ! ! —— TRPSF
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a EREECLS o, / h !
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" EMPSFOL T b
Fig. 6 ISM O PSF

F720 74 2 v MUMBEOIER PSF # T, VT
A A FEBIZHLTTFayR)a—2aryw2f7H 2 &N
TEX5., ZOWGUIICE > TERNORF 2R B X,
X RESREEE O S I DKL, Fig. 712 (a) FtH
M, (b)) VT A AL MEE (¢) VTHA AL ME
BICFa Y R) 2—v a3 v LzMW§RERY. NG
TR TE Lo 72 2 ROBAROREEARDS, V71 A
Y MNLBITHAMAFERTEL LR, EHICFa VR
Va—3a YCHIEC 2 RIZGHTE T LI L0 5.
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5, PR 2 e 2 ) = o b Fig. 8 PMT & SPPC 7L 1 OH 1 X
< PMT %5 80 mm X 28 mm (2%} L C SPPC 7 L £ 1Z#) 7 mm X
go-s 7mm TCTdhb.
%0.6
E
g0.4 @
o2
9]
o=

0 200 400 [y 600 800 1000
Fig. 7 &89 > 7V TCOZHEDHEEE
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(b) VT7HA AR
() V7V A A M+ T2YR) 22— 3 VALH
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@ (@-(c) IXMFELETA > 7aT 7 4. (b) SPPC 7 L A Melh 23 THdis L 72 3o He pi {5

OWREE AT 5. FEBITHEG L2 Wi{gR2 5 SPPC 7 L A

3 SPPC 7L 1 #itids (2T PMT & e o WD TE TWA I LRG0 5

e\ T, NSPARC T#Hi7zIZ8RHH L7z, Single Pixel Photon (Fig. 9).
Counter (SPPC) 7 L A #ih# OB %179 . NSPARC i2 B RS B TR WD, BOBTORS T
THHL T Al IE#HE L2 SPPC 7T LA TH 5. b SPPC 7 L A 1385 5. PMT i35 A% 215 %
SPPC 7 L 1 iZ Avalanche Photo Diode (APD) # 7 L 1 Ik EIRENSBILT AR DD A, FO M T D RVt
W77+ b Ay T4 v TFEFTHA. Single Photon DA EN LW E ) ICRET B LENDH 5. e S
Avalanche Diode (SPAD) 7L A (IFEh b2 &b dH 5. i AX TIZTRVIEASAST L 7213308 2 1k B 224 bkhe
ISM D 721213 2 RTTD T L A IO EBHLIETH - 7. LT/, SPPCT LA E PMT & HRB & ASHEIZ X
PEROE T RS PMT) 2327474 7 HH% B RX=V R3O L THANTE S, DD
WD - 7288, 4 A KREWZ LA, Bl IR X Vgl s s b T HbLEH %W
TLUARICERZ Z DLW, 22 THAIIBHED SPPC 7 L A D5 HIiHh S lifg a3 % 70t 12
APD 287 L A RICF%IE S 72 SPPC 7 L A 2R L 7-. BMLCTHPZT S, SPPCTLAIE7+ b 1 ARG

NSPARC (2Tl L Tv»5 SPPC 7 L A 1% 50 um X 50 um LrFnEREL 1 HoER OV AES T 5 APD %
DI WE 1 WFEL LT2BmEIHEIFEDSN TS (Fig. T UAIRICHERZZ S DTH S, PMT 7 D% L ORI
8). MRILERDZMHNL25 W FE A DT b9 % 250 um X Nx BIEOMFIICEIR L AD ZE#E2 352 LI2L ) Z20E
250 um LA 72w, MRIBEGOT A4 X2 KE LT L3 JEMEZ B9 5. & LT AD £ X 7 B AY Wi 15 oo M B
Ro 2RO A 22 KEL T2 LEHT L2000 fililz7 % (Fig. 10F). L2LSPPCT7LA137 % b v9%
FRPEL Lo TLEVEEDOY A XHWKREL->TLE W& 72 % E RO R BRZ S BA OB IV A %2
I, W BWHRHEOEEE, TIA4 A Y MREICEY W35, ZONXVAZEBLRANBKIZL) AT 5L
FESZR S NG, FoMBHROWEFET A ZITRER /4 WCEoTH T+ VAR L2 Y T HIENTED.
AN b BERITT. bre eBETE LR, WA X SPPC7 LA TIEZDH Y ¥ MEDTEDOMEMBIZ % 5
50 um 7S hza# 72 & HIWr L7z, (Fig. 10F). DX HIZSPPC 7L 11, PMT & Ii3fE5H

PMT & [tR2% &4 W3/ E L o T B 253 %0 NHRDBKRELELD, MEDLOFMIZEWTIE PMT &
R RHPH &\ o 72 MRS IE G A MR PMT & )% DLW S/N ERELZMEERZERTHILNTES.
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Scientic Inc-JP) & w9 st 70— 7 C4th L7z (Fig. 11
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VT7H ARy M+ Fa Ry 2—3 g Vg Fig 11
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Fig. 11
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() THAAY N +TFavRYa—a Vli{EO ¥ 4 A5 7 A%
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A= )= 3 F N 500 nm

Fig. 13 BEMELY I XWRA T4 XD z X4 v JEH{&K

(a) BWL~™ 2 A T 4 ZADLAKE. Plan PlanApol0x/0.45 THii L7z 5x5 D & 4 ) ¥ 7 364 2.
(b) (a) O—FpEPLK L 723w,
() (b) DARBHDEGDY THA AL M+ TR 22— 3 VRO AKX,

PlanApo AD60x 1.42 oil % fiH] L THe.
(@) (c) @ 80-100 um #&F D Max Projection DIEK (V 7H A A Y M+ FI R 2— 3 YER).
(e) (c) ® 80-100 um LB Max Projection D5k (LA i {5).
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B 7V THAE ¢ Lin Daniel, PhD. SunJin Lab Co.
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Dy A v 7Eg (Fig. 13 (a) & —#Hx K L%
(Fig. 13 (b)) %#/R¥. eYFP & W) #tmA g # B ¢
To RN E L TR BT 00 5. 5612, ML
v X &0 OMBEN WL v X1 Fx2 T Fig. 13 (b)) »
RGO %2 2 A7 v 7 ¥ LT, SAREERL L 721X % Fig.
13 (0) 1T/R3 . PInlEE & BB 3 2 BRIRZSEE A3k + 72 7 1)
WS TV AR 225 2 sk, 72, BHRgsE
DOFMICEEEE nm RBED 234 ¥ EIFEN 5 PUR ok
WHMERTE /. Fig. 13 (¢) ®z A% v 7 ® 80~100 um
o Max projection Wif§ % ik L 7-—# % Fig. 13 (d)

PHICERIRTIE R L, A BRBRZ LT AZ 0005,
COXIHIHEz A Y v 7 #gllB T H NSPARC I3A H
Thb.

YL ED 3 DO/EFITRLZRRIC,
SRS DS BlgE, T4 7V, EiEls s o—
W7 7V r—a v T, PL—F+ 729 2 %<,
2R I LT 5 2 EARETH B,

b =

EROIERA A=Y V7R LT L=+ 7DEN
ISM Hiffii # #5# L 72 NSPARC 348, LHESBEMSIOZ ¥
VE—=FIHRBEEZTVEL, 4BTRLEPDINCY, £
oI EHEMBEOT 7)) r— a T, ZRSREE K
ELMESELIEDMRETHY), THTITTONAF
ARXA=TY YT ORG ST, BIFEIZBIT 2 IR HE R
BZe EOMEZED T T OIRA KIGHET 5 2 LRI TE 5.
B 21X, NSPARC OERFERERE & 1A L 72 3 Ikochs &M
TOMOFPBILER, OLHEZEP LY XA — V12
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&% I ba v B 7RI O SEHRE I & 5T
OBIENETONDL., INFTBETE o7, T
RSN Twad Vs s oREELe, BEHERERE
Wiz AR ST RS, ERIEHMTOR)ZAL, HEEE -
oA 2 Mfry 5.
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TR, KW, URAERL, SERZE, ST, A

R, LRI

Development of Industrial Camera “LuFact” Series

Yoshifumi SASAI, Jun OKOCHI, Masahiro NAKANO, Genshi YOSHIOKA,
Kensuke KANAMARU, Yoshiya MOTO and Shunsuke KONDO

[LuFact L7727 M) ] &, ZOVHREIV Y 21— —[IFTAASERBTE > TEEBEEOS VT ZEEH Ue
EERAHOASTHD. 202267 BIC GigE Vision (i Uz A1000-G, USB3 Vision [Cxdi LTz A1000-U &&R:E200
BEZROE./ 708X Z AH020-MR, 8005 ERDE./ 7O XS AHO80-MR M 2FEREDH A S A\w RZEFHF U, &
fz, 2023 3 BIC GigE Vision, &KV, Al AENOIEERMETL v b A2000-G £800/5EIZR(D 15— X = AH080-CR,
S00REEOZ O—/NILY v v S —AHAROE /7O XS AHOS0-MG, CHO50-MG D 3TERED A A S\ Y REREFEUTE.

CCTIl&, LuFact ¥ U—XDBRRBERICDOWVWTEHRIAT 3.

“LuFact” is an industrial camera equipped with highly reliable technology that Nikon has cultivated over
several years under its consumer camera product category.

In July 2022, A1000-G, A1000-U, and two types of camera heads, AH020-MR and AH080-MR, were
released. In March 2023, we developed the A2000-G and three types of camera heads: AH080-CR,

AHO50-MG, and CHO050-MG.

This section describes the development elements of the LuFact series.

Key words EXMH XS, Gige £Y3>, EtherNet/IP, &S84, TvIIVEa—F4V7
industrial camera, GigE Vision, EtherNet/IP, high reliability, edge computing

] zusic

[LuFact OV 7 727 M) &, —=avy»PEFEay v a—
<=l X 5B TE o T & 2B B & 158K
L7223 A5 Th A, 20224 7 F1Z A1000-G/A1000-U
L2REDST Y M ATy FAH020-MR, AH080-MR
%3858, 20234 3 HIC ATLEL2 = v } A2000-G & 2 FEJH
DS<Y Y M AT~y FAHOS0-CR, AHO50-MG, B X
O, 1HEEDOC<Y Y A AT~y F CHOS0MG % B%E
L7z (Fig. 1).

Z ZTld, LuFact ¥ — XDRAFEHICOWTHIT 5.

2 R - e

AA=T e —%ERET LN ATy FEMFLIEIC
BEETLMGUI L=y MIGEEL, H ATy FOMR
INEZFEI L2, ST Y MNETFIVDOAATAY FTY
% ¥ ML 20 mm X 20 mm OH A4 X5h35, LA T
b, EBEHALE % Hmea b3 5 2 & CT1/1. 8RI800 /7 i % o A
A=V —FTHIGL TS (Fig. 2). /MULIZX D
PR DOBEBERCAEETA v AOFBEHHE LN ET 5.

T AATAy Feazmy MHOr—7VEIZ, REE
HHMERICH L2 o RFy Fray 7 FROEES, B

Fig. 1 LuFact>U—X
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F00m

200mN

1 00mY

(1118

=100mt

-200m

Moy — v oRwit, B, BELZETEMET LA
a54 DV EREEFAML, 10m ETHEIETIENTED
(Fig. 3).

BIRE R WG L=y N H ATy RE5HT 5
LT, WATAY FORE LAPKIEIARKT 5. WE
FHICE D H 2 T o EIE R 27200 Tld e <, R
JEDRB BT 72 VEEEAOY T bW REE 42 5.

3 vik— 7 3EERE

LuFact TIXHBOMERIE IR L, BHE OB,
HANZIE U TRV 5 2 EWEETH 5.

B, A2000-G 259K — b3 2@EHKIE 1. GigEL ¥ s
VMK, 2. RTSP/RTP A + 1) — 3 ¥ 7 #i#%, 3. EtherNet/
IPHEEICHIEL TS, S ZTEEFhZEROBKE
A2000-G IZBIF B HEIZDOWTIHMHT 5.

3.1. GigE ¥ ¥ 3 V#ikk

GigE ¥ ¥ 3 VHKITRE O BB LD 2 3 A5 2 DOERH
KT %, AAA (Association for Advancing Automation) 7%
BEHEAL L 7R E OB TH S, EIEEHT I VD
A7 BLUOZOME (PC ETEHfET 277 ) r—a vy
ThTRE) NO#FEAEAWELTWS, #@E7u b
IV A E 12 Gigabit Ethernet 2 JHWEE T 2 kb oofEifE 4 —
TN Ay b= EEROMME, R SEOmRER
PR ERIC L7z, BRI HEL U 72 B A R A e,
S O A3 & B OB SR G 25t ST 5.

GigE ¥ 2 a v Bk, 754 A, #lfre ban
(GVCP), Wifgizt7a baji (GVSP) BL U7+ —< v
PO 3ITHER I N TS (Fig.4). T2, V7 box7T
4 V% 7 x— ABHKAZ GenlCam, SFNC ZHFH L T 5.

A2000-G TlE GigE I 7 7V r—a v 7 b x
T AL IR HEEE) 35 K S Ik E ST b, &
72, PC CE)ET % LuFact Utility 7 7)) 7 —3 a3 ¥V 7 b
7 7 ORMED TV, = —13 A2000-GEAKRT CIC
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FIV— AR GVGP Gvsp
GigE Vision Control Protocol GigE Vision Streaming Protocol
U AR— UDPR—IHBE
HobI—oPR P7FLZ
- MAC7RL R

Fig. 4 GigE Vision

GigE Bt A 5 L LTENET 52 LASTE 5.

3.2. RTSP/RTP A bV —3 ¥ 7 #k

RTSP % Real Time Streaming Protocol ®W&C# 1), IETF
IZBW T RFC2326& L CRE#E LS Nz R b Y — 3 ¥ 7l
JubavchHhsb, RTPIZVTNVIA LTV AR—=T
O I VoW THH, IETFIZHB T RFC3550& L Tt
b, EHERHWMEEDTFT—F A M) =2 %Y T AL LI
WxkTsr7F—2@E7a haVvchsb. AM)—IVFTF
J&121x UDP % v % (Fig. 5).

RTPIZRTCP & & b I SN, RTPOE2&ENTY v
¥ ORIME, T—FREOMME LS TVS,

A2000-G TiX LuFact Streaming 7 7Y r—3 3 ¥V 7
= 7ASRTSP/RTP 72 b 2 V%Ml L T4, RTSP I
DWTIE, WAV v F (DESCRIBE, OPTIONS, PLAY,
SETUP, TEARDOWN) ® & TCP/IP EIZHHE L TW5 ([
BT 2RI CHELE). RTP IS L CIE, &
7L, Wif§iE MPEG/AVC (H. 264) 551t 7 4+ —~<v b %
BHL7z0h, Wk d 2M08kL 7o T3,

FINr—av@ RTCP RTP
SPZE NN - TCPR—IES UDPHR—IES
b0 PTRLZ
Joi MACT KL Z

Fig. 5 RTSP/RTP

3.3. EtherNet/IP Bi#%

EtherNet/IP I3 & v M7 — 7 Bk D 1 >T, ik
Ethernet # X— 22§56 2L TA v —% v b BLOT
=774 gk, EEMABLT 7Y r—a vxl
RRICIREt 9 2B CTH B, 77— 3 YL CIP (Com-
mon Industrial Protocol) %M L, T2 TCP, UDP %
5% (Fig.6). CIPIEHIEL~u, kL XVEEFIC
WM % EtherNet/IP Oflilc, ¥ H =7 7 F 21—
7 — LX)V OMFEIZEH T A CompoNet, 7754 A L~N)b
WBIEIC@E M 3 % DeviceNet, BLU, ZhH@EOLF 2
Vo7 —RRIEY, ZHE— g Vg TR SR
5. 77V r—2arvy7bbyx27idCIPAY FT—2T
MEENIZV AT A EREERT L) IR THI LD
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THETH 5. KRENIAKREEZ E S IFEFFAKTDH 5 ODVA
(Open DeviceNet Vendors Association) 7% EtherNet/IP %
it CIP 0BG, FBREZATS .
EWNZEETHEA 7Y Ty blifge, AXY M2
EREEDOIA IV THETELII AT vy MEED
KEL 2HHOBEZIR—-1T 5. hoEFEHA Y b
7 — 2 & g L < TCP/UDP/IP & O #ANE A E W O 2345
Thb.

A2000-G Tl&, Z o EtherNet/IP {3 $i#% % $%H, PLC
(Programmable Logic Controller) & ®3ififZ12 EtherNet/IP
ERHAL TV,

Profile s
FH M=t Object Library
o
Drata Management Services
Explicit and 1/0 Messages
PR - R ToPH - &S uoFf -+ &<
Fub— 2 IFFE L2
U g MARTE |2

Fig. 6 EtherNet/IP

4 rErrtese

B ATy FAHO20-MRIZIE, AR EE213H %, *=
SR ) 7 O A=Yy —2BRL 2 K
W AR CEX AVEIBICBL T Wk BERES
WCEMRT B EDNTESL., ¥4 28574 XHEEIZ
TS S HEHIRE I & BB B 2 & 7 < WINR 22 T 15 0 HUEE AT
Echsb (Fig. 7).

AHO20-MRIC K BHRMAZER (IRE : ¥181x)

Fig. 7 AH020-MR ESFri%RE

b =iEmn

PESER A1 A 51%, 24h, 365H OEfEBIEASRD 5.
BEIBEICLELZEZN 1 DL LT, mEXHS. 2
—v PREAM BSOS SNS X ICHY I 2
L—2a VERDEL, = v oBIK GH77 0
A X &P L7z (Fig. 8). S KEMIET b 2 R
(F—==<NV¥ry &y ) IZEABEELEZRITZ &I
e L REBEREBLL 7.

Fig. 8 =fS#El

6 TvvavEi-F4v7

LuFact A2000-G 1%, Al 25 fg% CPU # 2L T3,
Wif§57—% % PC, ¥—/N—7 L% 5 2 &% L ERimK
Mm% EOBWAENETH S (Fig. 9).

W= =R —=F =TIV YT NFIN—ZZHARY, ¥

® &% : 2023.01.11-2

€ FA% : 2023.01.11-2

Fig. 9 ERMRMIRE
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HZ9I—EVEHTBCADL—H—ITICLD
UD'Lw MR E B A T LR T

Mg, EHE—, AR, LR

Riblet Patterning by Laser Ablation on the Thermal Barrier
Coating (TBC) for Gas Turbines and Evaluation of Its
Resistance to Cyclic Heating

Kenji WATAHIKI, Kenichi ASHIDA, Shintaro TSUCHIHASHI and Hirokazu TSUCHIHASHI

VTV S—TU—RPI—EVTU—ROKRAICUT LY hEERT DL, HRI—EVDOMREEZB ESE2 T
ENTED. BLFHRAWRERI—T V7 (TBC) EAOUT Ly ML O@ERMEZHAELE. L—F—ITICK
W, FTEDERITB 12U T Ly MITIARIBCED CENHER TS, UT Ly MEEDMAIERF, BT J)LHER
EERBLUCHE L. UTL Y MIB2BEERVEEDRREZLR T D&, TBCHRPNDZITORRLOMICE,
BRERBRLY (TGO) BOMEREICOEREFRSNGMofc. &, MBI TU T Y MERICELEIRSNG
mole. DEDTENRS, SREBETFCERASIND TBCICLU—Y—ITZHY & T, MAUBMECEEESZD L
B<UTLY hEEMTERZEN DD oz,

Forming riblets on the surface of a compressor blade or turbine blade can improve a gas turbine’s
performance. We investigated the applicability of patterning riblets on a typical thermal barrier coating
(TBC). It was verified that a riblet structure conforming to a predetermined shape can be realized by laser
processing. We evaluated the riblet structure’s durability by conducting a thermal cycle test. Comparing
the results obtained with- and without-riblet cases, no significant difference was observed in the number
of repetitions until TBC peel off, nor in the rate of growth of the thermally grown oxide (TGO) layer. In
addition, no significant change was observed in the riblet shape before and after the test. Accordingly, it
was determined that laser processing can produce riblets on TBCs used in high temperature
environments without adversely affecting peel resistance.

Key words #AX9—t>, UJULwbk, U—H—IT, 8«0V, BERI—T 1T
gas turbine, riblet, laser processing, cyclic heating test, thermal barrier coating

By —CVEANOEHERFE L TwA. L—H—=77

] zusic

HAY—Er&IFLHET LA ORFEON K
ERPEO—DOTH L. FHRIEHUIITE ST (BT
& BEREHRHT CREPEHERHD) ICKRBIS N, BHIZEmL A 2 VA
OFELFRERIC B W T, @it ﬂi’\fﬁgﬁﬁfﬁﬂﬁ T%‘
WHAFAET 2 (2], BLREBEHREII A IR S 2 729
m%%%%ﬁ~%¢&ﬁ&%ﬁi?%%&ﬁ%é.UT
Lv b (riblet) EMEENS, 20 [3], [4] k5%
35~100 pm FEEEDRUN L fEE A RENATAE T 5 &, B
W LT, 8 ~10%MEDELI IO Z 5] &2 2
FTZEPEBRMIZOWSMIINTHS [5].

Falx, o)7Ly MERE LY =TT L -3
YIMTIZ X DT 2 M2 L, HAY—E » Dk

L —3 3 v (laser ablation) &%, + /8, ¥ap, 7=
2 MOV AR R RO SV A L —HF— 12 & o T

WHMHRERIOWE Z BRI a8MTch s (6], [7]. 2o
Hifix ¢, EREOBREMBRECEE T 2H05TE
. Flz, HAY—YrOEMER Y — ¥ URICIE, £
HEOM, &/ &SI v oAk a—F 1 Y THHV
bhn [8], [91 25, L—¥F—=T77L—a yHiizHw
L, FRSEMERIICL Y 7Ly boBEENT 2479 F
HUEETH .

FrlZ, TRETIZY T Ly OB EOWEED 720
TiAkfERT (CFD) 2oV THEF L2 7Ly b%ﬂ%%
DI =Y yRIZL—F—IMITTEXKL, %@ﬁ%@%ﬂé
fToTC&7. #—=Y U7 A MEMOMOZRHNE (3) |

AR, AFEOTUHIE (1] IS LT, BMoEBRRR L BEEMATbOTH 5.



HARXI—EVATBCADLU—Y—IITIC&DUT Uy MERMEEY A T UMt

7Ly FEBRLZFMET, V7 Ly MIXAERKRK
RO EIT, ZOEMEEZRTHEITE L [10]. &
I, BAINEYzy bV VOKBIZY T LYy MIILE
T, IR BRI o 1% KB CHET 2 HNTE 2
[11].

LZAHT, BELBEETHIET 2 AR5 — ¥ VM@
MT 2846, WAMED BERLEFRTH D, HEWIEICEL
T, INFETIEMBETM B L a— MHCY 7Ly Ml
T L7 28 L, 5lk- 72V —7 - 5%
ERL T, TOHFMEEHILz. CoME, SBEHICH
WML AAT) LIRFMEPMRT T A #@)a—71 7
DFIREMTAATH FHT, PITMEL CH R ARTZ B
X, V7 Ly MEREZEKTE 25039 0-72 [12].

1000C L EoEiRIZ R AT AY — ¥ VR TIX, HEE#Ha—
T4 7 (TBC) DI HwHNEA, EMBEMEH T2 &
TBCO by 7Fa—rEARY FI— FOYH T thermally
grown oxide (TGO) &MHINBERALIE DR~ I2HEL T,
RS THEENRA T L. ZD728, TBC TIEFHBELE) Ofif 2
R TGO # M3 2 P EH M S T3 [13] - [16].
Fy7a—=MIY 7Ly FERERLEYES, €OERIKO
BRIZ X B IBRACHRE R MBS EOZALIZ X D, FIEEZET) 2
AT B RENED D B, FZTHA4 1L, TBC~NJY 7L v b
BRI LI TVEVER L, 2O aEM: % 57l L 7.
T2, TN A 2 VAR ZEIT T, HEECES
TOES A 7 )V MBI AR RO R 2 Bl53 553
T, U7 Ly MEKIC X 5B 08 & G L7

2 ULy MIT

V7 Ly FOIMLIZE L= =77 L= a3 YILoOMH
R E w7z, Fig. 1 IZZ0BEAKEZRY. oL —%F—
AL, PR 532 nm (Rrfl), 79V AIEH 15 ps, K
MR LR 4 MHz, K1) 50 W O8OV A L —4F—
RO, V=¥ Gy FIZE»rh, AN 3
FS—llkoTRILTAF Yy &ML, L—F-kidfoL

Pulsed laser

| Galvano scanner

f9 lens

. Object
.~ XYZ stage

Fig. 1 Schematic diagram of a laser processing machine

for forming riblets on the surface of an object
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VAKX o TTEDMEICEL I NS, INT xS 3
AT =V L o THED XYZ i ICHREC& 5. L—W—
W L 22 R OERRMOWEIZT 7L —Ya v 2k b
BFEEn, ThE2EHBEHICAFYyy$52ETY 7Ly b
DEPEEIND. B5EME2HET2HT, v FRRES,
7Ly MEREHIET 2HESTRETH 5.

3 =mrz

3.1, R

AEH OB % Fig. 2 1IR3, IRy Fa— &
by 7a—bE2REELZDOXHEL, by Ta—tox
M2 7Ly MnLalilL7z. EMiEr 2y - ETH
WHNA Ni JEBE 4 TH 5 INTISLC % ¢25 x5 mm @ Ak
IR L72d 0% Hv7z, iREBRIZH 72 IN738LC Ol
J§ 1 Table 1 ®i@Y) TdH 5. £ 3— bOHMMK - EAIL Fig.
2@ WRTHEYTHAB. V7 Ly MILE, EvFeiE
SOHBEZ ZNZ 50 um, 25 um & L CHIL%E4T -5 7.
O, AR AR L TV 00T,
KT A XTHbH. EDOZD, V7Y MILz{io
TWRWEE S HE L7

Zr0,-8Y,05, 0.2mm

Ni-23Co-17Cr-13Al1-0.5Y, 0.15mm

IN738LC, 5Smm

(a) Materials and geometry

Pitch (tip to tip), 50 pm  Depth, 25 um

s A Al

(b) Dimension of riblet

Fig. 2 Test sample

Table 1 Chemical composition of IN738LC (wt%)
C Si Mn Ni Cr Mo
0.11 <0.01 <0.01 Bal. 159 1.69
Co w Al Ti Fe Ta
8.31 2.60 3.46 3.45 0.05 1.74

3.2. By 4 7 ViR

ABRIL JIS HBASIHEHL L C oM L 7=, Fig. 3ICABE S X
OB St oM %# 77§, Fig. 3 (a) oy, MR
ATEENIHEEY DD, MEFMICe — 5 — &l 2
B ML TWD, GIEREICLD, AETe—%—0
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On/Off B X O 2 B2 3 FHCHiE O - IREEY 1 7 )L
TORGARETH 5. KRB TIE, Fig. 3 (b) 1RIEY,
1100C & 250°C OIREERI B TEA 4 7 V24D R LAMT S
=7 — OB R PR L7 B ORR E, i
FHENATIREGA DAL D Bizsd, )7Ly MNTA DR
B & 4 W$oMEL, Fig. 3 (©) oL )G RIZiE
N, FURELEET) 7Ly OB TEXS XH 12
L7-. Fig.3 (@) 3BT 2R LIZEETH 5.
FEEDHEITHBTEBL 2. HKZEHT5H/IHD
BHEECHERRZ AT\, FIBEDBIZE S N2 H AL, Hill OfifR2
Rp [T 0 & S MR RRIE I A o0 PR B o Il B % B T 2 & L TR
ML, V7 Ly MINTAHETRKLZ F7, FEkEiRE
DR % L — W — WifgsE & BT-BEMSE (SEM) ToOBIgE,
IANF =X BAH (EDS) 12 & 2 I6HSH &7\,
REEHIHROY 7Ly MEROZELRLR Y Fa— e by T

I — b OFRI ORI DRI 2 17 - 72.

(a) Equipment of the heat cycle test equipment

Ther 1 Insulation

I a
Sample table
0000
Q000 hand

Heater box

x

Quﬂ\rly chamber

L 1100°C
E . \\
‘a l, \
AW ; \
£ 60°C/min 50°C/min / |
= 0sh  / \
| — L 250°C
Time
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Influence on Wide-Angle Doublet Metalenses Due to
Different Types of All-Dielectric Metasurfaces'

Hidemitsu TOBA, Hidetsugu TAKAGI, Michio OHASHI, Katsura OTAKI and Yuichi TAKIGAWA
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It has been shown in previous literature that nearly diffraction limited focusing is possible by a doublet
metalens up to almost 30 deg. This result indicates that metalenses can work well, even at oblique
incidence. Although various meta-atoms have been proposed, as far as we know, there is no report that
compares what kind of meta-atom is robust against oblique incidence. Here, we first numerically
calculated the incident angle dependence of the three types of meta-atoms. The results show that the
waveguide-type structure is the most robust to oblique incidence. Next, we performed rigorous
electromagnetic simulations for the cylindrical doublet metalenses to compare the micropost-type and
waveguide-type. These results indicate that a waveguide-type metasurface further improves the off-axis

performance of the doublet lens previously introduced.

Key words x9t9—J12, X9UVX, ASAELKTHE
metasurface, metalens, incident angle dependence

7 Introduction

Metasurfaces are 2D arrays of subwavelength structures
known as “meta-atoms.” Metasurfaces have been shown to
enable control of the amplitude, phase, polarization, and
orbital angular momentum of reflected or transmitted light.
One of the important applications of metasurfaces is wave-
front control and especially the metasurface that works as a
metalens. Many kinds of meta-atoms have been designed for
the phase control of metasurfaces using high-index materi-
als. Lalanne and Chavel classified them into three groups
[1]: waveguide-type, resonant-type micropost, and resonant-
type nanodisk. The waveguide-type has a single mode in the
structure. The period is smaller than the structural cutoff [2]

and the aspect ratio is relatively high. Microposts are multi-
mode; Kamali et al. reported that at least eight resonant
modes contribute to the transmittance and the phase in their
micropost [3]. The aspect ratio is weakly relaxed compared
to the waveguide-type. The doublet metalens that we focus
on in this paper is a micropost-type structure. A nanodisk-
type can be understood in terms of Mie resonance [4], [5].
A nanodisk-type metalens consists of periodically arranged
disk-like structures whose fundamental electric and mag-
netic resonances coincide at the same wavelength. The
aspect ratio is significantly relaxed and good for manufactur-
ing. The three groups classified by Lalanne and Chavel are
simple structures such as square pillars or cylindrical pillars

that are polarization-independent for normal incident light

" This paper is reprinted with permission from © Optica Publishing Group of reference [21].
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due to their symmetry. Most metalenses are designed for a
normal incident beam. However, oblique incident light is
important for many applications such as imaging. Arbabi et
al. showed that doublet metalenses are capable of nearly
diffraction-limited focusing up to an incidence angle of 30
deg [6]. Their results indicate that the subwavelength ele-
ments designed by Arbabi et al. are robust to the oblique
incidence. However, the paper does not mention much about
oblique incidence characteristics.

Although there are previous studies on the characteristics
of oblique incidence on dielectric metasurfaces [1], [7], [8],
there is no report, to the best of our knowledge, that com-
pares the phase responses of oblique incidence and how
those three types affect lens performances. In this paper, we
first calculate the incident angle dependence of the three
types of meta-atoms classified by Lalanne and Chavel. Our
results indicate that the waveguide-type can be most suitable
for wide-angle incidence. We then confirm the effect of
structural differences on the performance of a doublet lens

with full electromagnetic simulations. There are studies on

(RCWA) [12], [13]. The angle of incidence is calculated from
0 deg to 30 deg. The transmittance and phase are calculated
for both TE and TM polarization for oblique incidence
because the response of the structure is different depending
on the polarization, even when the structure is polarization
independent at normal incidence. For each type, the param-
eters of the metasurface structure, such as height of the
pillar and period, are selected from previous papers. The
parameters used in the calculation are summarized in Table
1. Fig. 1 illustrates the dependence on the angle of incidence
for the three types of subwavelength elements with TM
polarization, and Fig. 2 shows the same for TE polarization.
Figs. 1 (a) and 1 (d) are the results for the transmittance
and the phase of the waveguide-type [2], respectively. Simi-
larly, Figs. 1 (b) and 1 (e) and Figs. 1 (c) and 1 (f) are those
of the micropost-type [6] and the nanodisk-type [5]. The

Table 1 Parameters for Oblique Incidence Characteristic Calculations

Meta-atom Type Waveguide Micropost Nanodisk
the optimization of the metasurface for further efficiency Lattice type Square  Hexagonal Square
improvement [9]-[11], but optimized structures are not Lattice const. 272 nm 450 nm 666 nm
covered in this paper. Pillar shape Square  Cylindrical Cylindrical

Pillar height 817 nm 600 nm 220 nm
Amorph
) ) o Pillar material TiO, S;‘,;for‘l)us Silicon
2 Oblique Incidence Characteristics of
Wavelength 633 nm 850 nm 1340 nm
The Meta-Atoms . . .
Material between pillars Air SU-8 Embedded in medium
We calculate the transmission characteristics of three Substrate Si0: SiO: with n = 1.66
. . Ref 2 6 5
types of meta-atoms by rigorous coupled-wave analysis clerences f21 [6] (51
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Fig. 1 Incident angle dependence of the transmission coefficient from an infinite 2D array of meta-atoms for TM polarized light:

(a)—(c) Transmission coefficients and (d)—(f) phase. (a), (d) Waveguide-type structure [2]. (b), (e) Micropost structure [6].
(c), (f) Nanodisk structure [5].
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Fig. 2 Incident angle dependence of the transmission coefficient from an infinite 2D array of meta-atoms for TE polarized light:

(a)—(c) Transmission coefficients and (d)—(f) phase. (a), (d) Waveguide-type structure [2]. (b), (e) Micropost structure [6].

(c), (f) Nanodisk structure [5].

same applies to Fig. 2 regarding the numbering of subfig-
ures.

The desired features of a meta-atom for lens applications
are that the transmittance of the metasurface is close to
unity and that the phase covers the range of 2z or more by
changing the width of the pillars. Further, it is required that
the phase does not change with angle of incidence. In the
case of normal incidence, it can be seen in Fig. 1 and Fig. 2
that the phase can be controlled over a range larger than 2z
and with high transmittance for all three types. For the
micropost-type and the nanodisk-type, however, there are
large drops in the transmittance when the incidence angle is
20 deg and 30 deg. These drops are considered to originate
from the multiple resonances because multiple resonances
can cause destructive interferences. Furthermore, the
phases around the drops in transmittance are drastically
modulated. Therefore, these will not work well at oblique
incidence. In particular, the nanodisk-types cannot cover 2z
by changing the diameter at incident angles greater than 10
deg. This is due to the fact that the electrical resonance and
magnetic resonance in the nanodisk no longer overlap at
oblique incidence, which is clearly seen when the incidence
angle is 10 deg in Figs. 1 (c) and 1 (f). Therefore, met-
alenses made from nanodisks will not have sufficient phase
modulation at oblique incidence and good lens performance
cannot be expected. On the other hand, the waveguide-type
has almost the same transmission phase as normal incidence
up to 30 deg. Because the waveguide-type has only a single
mode in the structure, the destructive interferences do not
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happen, even at oblique incidence [7]. These results indicate
that the waveguide-type can be superior to the lens perfor-
mance compared to the other types. Fig. 3 shows examples
of the electromagnetic field distributions for the incident
angles 0 deg and 20 deg for each type. The electromagnetic
field distribution in the waveguide for incident angle 20 deg
is almost the same as that of normal incidence because of
the single mode; on the other hand, the electric field distri-
butions at 20 deg in the micropost-type and nanodisk-type
evidently differ from those at normal incident lights because
of multimode.

The doublet metalenses introduced in [6] worked well for
oblique incident beams composed of the micropost-type
meta-atom. However, from the results of these oblique inci-
dent characteristics, it is possible that the performance of
the doublet metalenses is further improved by using the
waveguide-type instead of the micropost-type.

Since these transmission and phase simulations do not
directly indicate what kind of lens performance improve-
ment should expected, we performed lens-focusing simula-

tions to find out.

3 Electromagnetic Simulations for
Cylindrical Doublet Metalens

To understand what kinds of lens performance the wave-
guide-type improves, we simulate focusing with doublet-
metalenses composed of micropost-type and waveguide-type

meta-atoms by full electromagnetic simulations. The former
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Table 2 Parameters for Oblique Incidence Characteristic Calculations

Meta-atom Type Waveguide Micropost
Lattice type Square Hexagonal
Lattice const. 280 nm 450 nm
Pillar shape Cylindrical Cylindrical
Pillar height 800 nm 600 nm
Material Amorphous silicon Amorphous silicon
Wavelength 850 nm 850 nm
Materll):ialllfrestween Air SUS
Substrate SiO, SiO,

is a micropost-type introduced by Arbabi et al. [6] and the
latter is a waveguide-type that we designed for these cylin-
drical lens simulations. Table 2 shows the parameters. The
diameter used in the cylindrical lens simulations is from 91
nm to 190 nm and the maximum aspect ratio is 8.8. Fig. 4 is
the pillar width dependence of the transmittance and the
phase for the waveguide-type structure for normal incidence.
The inset of the graph in Fig. 4 is a schematic illustration of
the unit cell of the meta-atom. The amorphous silicon cylin-

drical pillars are aligned periodically on a 2D square lattice
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Examples of the electromagnetic field amplitudes E, for TE polarized light at Y = 0. (a)—(c) Normal incidence
and (d)—(f) incident angle 20 deg. (a), (d) Waveguide-type structure [2] of pillar width 150 nm. (b), (€) Micropost
structure [6] of diameter 180 nm. (c), (f) Nanodisk structure [5] of diameter 460 nm. The electronic field
component of the incident wave is omitted. Arrows indicate the angle of incidence.
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Fig. 4 Transmittance and the phase of the waveguide-type meta-
atom we used in the doublet simulations.

on the fused silica substrate with a height of # = 800 nm and
a lattice constant @ = 280 #nm. In our simulations, we use the
design of the doublet metalens introduced by Arbabi et al.,
whose phase profile parameters are shown in Table 1 of the
supplementary material in [6]. The cross section is depicted
in Fig. 5. The doublet metalens consists of two flat lenses.
We refer to the first one as a correcting lens and the second
one as a focusing lens. This doublet lens is designed for a

single wavelength of 850 nm.



Nikon Research Report Vol.5 2023

Fig. 5 Doublet metalens introduced by Arbabi et al. Phase profile

parameters for this doublet metalens are shown in Table 1
in the supplementary material in [6].

There are various electromagnetic simulation methods to
study the behavior of electromagnetic fields in structures of
the order of wavelength size or below. In particular, the
finite-difference time-domain (FDTD) method [14], [15] and
the RCWA is widely used. The RCWA is most typically
applied to solve scattering from periodic structures. There-
fore, we chose RCWA to calculate the transmittance and
phase of the periodic element of a metasurface for Figs. 1
and 2. On the other hand, FDTD is more flexible than
RCWA, and FDTD can be used for a nonperiodic structure,
so we chose FDTD for the doublet metalens simulations
below. FDTD grid element sizes are typically from 1/10 to
1/20 of the wavelength to avoid numerical dispersion. How-
ever, the grid size to simulate a metalens must be much
smaller to represent the change of the pillar diameter of the
meta-atom in metasurfaces and a much larger scale simula-
tion is required. As a result, a tremendous amount of time
and PC memory will be required to simulate a metalens of a
size for practical use. In this paper, we simulate the doublet
metalens designed by Arbabi et al. [6] (see Fig. 5). The
diameter of the lens is ¢ = 1.6 mm and the thickness is f = 1
mm. If we simulate such a double metalens by simple FDTD
with a 5 nm grid element size, the simulation requires
320,000 x 320,000 x 200,000 grid elements. This means that
we need much more than petabyte memories to simulate the
doublet metalens—and it is unrealistic.

There are several ways to simulate the mm size doublet
lens and avoid this difficulty. One approach is to proportion-
ally reduce the simulation size [16]. Lenses under those
kinds of simulations are scaled by some scaling factor with
parameters such as NA or F/no kept constant. It is reason-

able to assume that the focusing features are unchanged
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because the spot size for ideal focusing depends only on the
wavelength and the NA. However, the wavefront aberrations
are proportional to the scaling factor and, in this situation,
the wavefront aberrations will be underestimated and the
balance between the wavefront aberration and the other
effects will change. Hence, the lens should be simulated in
the same scale as we use in practice, if we want to know the
imaging quality in terms of the aberration. Another approach
is that the metalens is treated as a phase mask. The
response at each position on the metalens is defined by the
transmittance and its phase obtained by numerical calcula-
tion of individual elements [17]. This method allows us to
efficiently simulate many features of the metalenses. How-
ever, interactions between subwavelength elements are
neglected in this method. In the dielectric meta-surface, a
material with a high refractive index is used for the meta-
atom so that the electromagnetic field is localized in the
meta-atoms and the interactions between neighboring meta-
atoms are suppressed to a small level. Therefore, the
assumption that the meta-atom can be treated as an indepen-
dent element might hold to some extent, but the interaction
is not zero. In particular, the interaction is likely to be very
different at regions where the phase changes rapidly. Byrnes
et al. proposed another good method that takes advantage of
the fact that the phase profile away from the center of the
lens can be approximated as a collection of deflector cells
[9]. The propagation components from each cell are
obtained by RCWA and then the electric fields immediately
after transmission through the lens are constructed by the
components. This method can calculate a large lens with a
good approximation, but the complicated calculations are
then required when the incident light is not a simple plane
wave, as is the case at the focusing lens of the doublet met-
alens.

We adopt yet another approach. We simulate a cylindrical
lens instead of a rotationally symmetric aspherical lens [18].
Fig. 5 can be considered as the cross section of the corre-
sponding cylindrical lens as well as that of the rotationally
symmetric aspherical lens and the wavefront profile on the
meridional plane of the spherical lens is identical to the
wavefront profile for the cylindrical lens. In a cylindrical lens
simulation, we can only know the behavior of the wave on
the meridional plane, but the balance between the wavefront
aberration and the other effects are the same as in the
original lens and we can get useful information from the
results. Because the meta-atoms on the cylindrical met-
alenses are aligned periodically along the cylindrical axis, we

can use a periodic boundary condition. And the periodic lat-
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tice constants of meta-atoms are smaller than the wave-
length. This means that a cylindrical lens configuration can
reduce the simulation size smaller than the wavelength
along the cylindrical axis. In the case of a doublet metalens,
however, the distance between the two metalenses is as
large as 1 mm. Hence, even if there is a cylindrical configu-
ration with a periodic boundary condition, the simulation
size is still too large to simulate along the optical axis. We
must therefore adopt an additional means to reduce the cal-
culation time. One of the ways to reduce the calculation size
is subgridding [15]. The space between the two metalens of
the doublet is a uniform medium and the grid element size
can be larger than needed by metasurface elements. Still,
the calculation size with subgridding remains huge. So
instead of subgridding, we calculate the propagation from
the first metalens surface to the second with Rayleigh—Som-
merfeld (RS) diffraction that is usually used for scalar dif-
fraction. The medium between the first metalens and the
second one is isotropic, homogeneous, and source free. Each
six components of the electromagnetic field obey the RS dif-
fraction formula independently in the medium (see Appendix
A). Therefore, an exact full electromagnetic solution can be
calculated by the RS diffraction between the two metalens.
Then the FDTD calculation is needed only in the vicinity of
the two metalenses and the calculation size along optical
axes becomes only several micrometers if the wavelength
used in the simulations is 850 nm. As described above, by
adopting a combination of an RS diffraction calculation and
FDTD with a cylindrical lens configuration, it is possible to
perform the imaging simulation of the doublet lens in a real-
istic time. We calculate the fields on the focal plane by fol-

lowing steps:

Step 1: FDTD calculation for the correcting lens.
Input plane wave is excited in the plane just before the
correcting lens. The outputs are Ex, Ey, Hx, and Hy in the

plane just after the correcting lens.

Step 2: RS diffraction calculation between correcting lens and
focusing lens.
Calculate the RS diffraction for each field distribution out-
putted by FDTD calculation in Step 1. The outputs of
these diffraction calculations are the field distributions just
before the focusing lens. These calculations can be calcu-

lated independently for each field.

Step 3: FDTD calculation for the focusing lens.

Input source is excited in the plane just before the focus-
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ing lens using the field distributions calculated by RS dif-
fraction in Step 2. Outputs are Ex, Ey, Hx, and Hy in the
plane just after the focusing lens, just like in Step 1.

Step 4: RS diffraction calculation from focusing lens to focal
plane.
Calculate the RS diffraction as in Step 2 from the plane
just after the focusing lens to the focal plane. The focal
spot and the modulation transfer function (MTF) can be

calculated from the outputs.

It is important to note that the multiple reflections
between the two metalenses do not appear in the results
since the back- ward wave is excluded from the calculation
of the RS diffraction in Step. 2. However, if there is 10%
reflection from a metasurface, noise originated from the
multiple reflections will be only about 1% and there will be no
significant effect on the simulation results. Multiple reflec-
tions will be discussed further at the end of Section 4.

We adopt the FFT-DI method [19] to numerically calcu-
late the RS diffraction formula. The sampling periods and the
calculation size on the input plane do not change at the out-
put plane and the output region can be shifted perpendicular
to the optical axis by shifting the center of the transfer func-
tion kernel % (x, y) in Eq. (A3) of the FFT-DI calculation. In
our calculations, since the structures along the cylindrical
axis are smaller than the wavelength, propagated wave fields
(not evanescent wave fields) are constant along the cylindri-
cal axis. Therefore, we adopt as the transfer function kernel
Eq. (A3) instead of Eq. (A2) for the cylindrical doublet met-

alenses simulations.

4 Results and Discussion

Here, we show the simulation results of the doublet met-
alenses made of micropost-type and waveguide-type meta-
atoms. Simulations are performed with both TM and TE
polarization, and the incidence angles are from 0 deg to 30
deg in 10 deg steps. The grid size in the FDTD simulation
is Ax = Ay = Az = 5 nm. Perfectly matched layers (PML) are
used in the Z axis direction and the periodic boundary con-
ditions are used in the X axis and Y axis directions.

Fig. 6 and 7 show focal spots on the focal plane at 0 deg,
10 deg, 20 deg, and 30 deg incident angles, and the corre-
sponding MTE. Fig. 6 is for TM polarization and Fig. 7 is for
TE polarization. Figs. 6 (a) and 6 (c) shows the focal spots
for the micropost-type and waveguide-type, respectively.
Figs. 6 (b) and 6 (d) are the MTFs. The same applies to
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Fig. 7 regarding the numbering of subfigures. Intensity dis-
tributions are calculated by I = |S,| = |E:H,~E,H,| and are
normalized so that the maximum value of an ideal spot with-
out loss due to scattering or reflection is unity. The chief ray
heights calculated by ray tracing are set at the origin of the
horizontal axis for oblique incident focal spots.

The difference between the results of the micropost-type
and those of the waveguide-type is not large for the TE
polarized incident light. Similarly, the difference in results is

not large in the case of normal incidence for TM polariza-
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tion. However, we can see differences in the MTF between
the two types at low frequencies below 0.2 cycles/um for
the oblique incidence, especially at 20 deg and 30 deg of TM
polarization. Obviously, the waveguide-type is superior to the
micropost- type. Moreover, the MTF for incident angles of 20
deg and 30 deg of the micropost-type is very noisy. This is
because speckle-like noise is distributed around the spot.
Note that the intensities of the speckle are too small to be
seen in Fig. 6 (a). We can understand it from the viewpoint
that the MTF is defined as the magnitude of the Fourier
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transform of the point- spread function. The speckle-like
noise appears as flare under incoherent illumination.

Figs. 8 and 9 show the wavefront aberrations of the
micropost-type and the waveguide-type. These are our main
results. Fig. 8 is for TM polarization and Fig. 9 is for TE
polarization. The left column is the micropost-type and the
right column is the waveguide-type.

The light brown lines are the wavefront aberrations by
electromagnetic field simulations that are the difference
from the ideal spherical wavefront on the plane immediately
after the focusing metalens. The green lines are the
designed wavefront aberration calculated by ray tracing

(CODE V, Synopsys, Inc.) as the optical path difference
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(OPD) aberrations. Metalenses can be defined as phase
profiles with even-order polynomials of the radial coordinate
in ray tracing calculations. For the waveguide-type, it can be
seen that the wavefronts of ray tracing and those of electro-
magnetic simulations are in good agreement in all cases. For
the micropost-type, good agreement is shown when all the
cases are of TE polarized light and also in the cases of TM
polarized light at small angles of incidence. However, when
the incident angle is as large as 20 deg and 30 deg, we can
see very large fluctuations in the wavefront and large devia-
tions from the wavefront by ray tracing. In this way, the
waveguide-type can suppress the jaggedness of the wave-

front aberrations for oblique incident TM polarized light.
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The main difference between the micropost-type and the
waveguide-type is whether it has multimode or single mode,
as we can see in Fig. 3. Note that multimode can cause
destructive interferences at oblique incidence. They can be
seen in the results of the transmittance and transmission
phase of the meta-atom itself at oblique incidence, as shown
in Figs. 1 and 2, and can result in the jaggedness of the
wavefront for the micropost-type metalens.

The difference between the two types can be clearly seen
by looking at the wavefront aberration rather than the focal
spots or MTF. In addition, the speckle-like noise that
appeared at 20 deg and 30 deg of TM polarized light when
discussing the MTF can be understood from the disturbance
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of these wavefronts.

Fig. 10 shows the total power immediately after the correcting
lens, the total power immediately after the focusing lens, and
the focusing efficiency at the focus position when the power
of the incident light on the correcting lens is unity. We
define the focusing efficiency as the fraction of the incident
light that focused within six times the FWHM spot size.

It can be seen that the focusing efficiencies of the wave-
guide-type are clearly better than those of the micropost-
type. There is not a big difference between the waveguide-
type and the micropost-type in terms of wavefront aberration
for TE polarization (Fig. 9), but the focusing efficiencies are
better than those of the micropost-type. From this result, it
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is clear that the efficiencies are greatly improved using the
waveguide-type metalens compared to the micropost-type
metalens when the angle of incidence is large. As we men-
tioned above, in our simulations the multiple reflections will
not have a significant effect if there is 10% reflection from a
metasurface. All reflectance from each waveguide metalens
are below 10%, except the condition when the incident angle
is at 30 deg of TM polarized light whose reflectance for the
focusing metalens is 11%; therefore, we can neglect the mul-
tiple reflections. As for the micropost-type, however, some
reflectance for each metalens are more than 30% and multi-
ple instances of reflected light may appear on the image
plane as noise or flare. Therefore, the image quality for a
micropost-type metalens can be worse in terms of multiple

reflections.

5 cConclusion

It is shown that the wavefront aberrations estimated by
full electromagnetic simulations for a waveguide-type meta-
surface are in good agreement with those found by ray trac-
ing. On the other hand, when the incident angle is large, the
wavefront of the micropost-type metalens has large fluctua-
tions. Then, the difference from ray tracing becomes large
and those fluctuations cause flare. These results show that
the waveguide-type can improve the lens performance of
Arbabi’s doublet in terms of efficiency, wavefront aberration,
and flare.

Because our simulations do not take fabrication errors
into account, we cannot mention how tight the tolerance is.
The waveguide-type structure is not easy to manufacture,

and tight tolerance might be required, which will increase
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the manufacturing costs. Therefore, a lens with nanodisk-
type or micropost-type might be more desirable when using
only normal incidence or when the incident angle is not so
large. However, from our results, it is better to select the
waveguide-type to make a metalens with a large angle of
view for a single wavelength, which will have a small aberra-
tion and high efficiency. In addition, it is important to check
whether the oblique incident characteristics meet the
desired lens specifications when designing a sub-wavelength

element.
APPENDIX A: Rayleigh-Sommerfeld Diffraction

Let’s review the Rayleigh—Sommerfeld (RS) diffraction.
When the medium is isotropic, homogeneous, and source
free, the time-independent 3D Helmholtz equation for a sin-

gle frequency is derived from Maxwell's equations:

(V' +F)E(x)=0

(V*+EHH(x)=0 @l

where E and H are the electric and magnetic field, and k is
wave number. From this formula, we know that each compo-
nent of the electric or magnetic fields can be expressed
independently from the other components. The Rayleigh—
Sommerfeld formula of the first kind is

Ux,y) = [U, y)h(x - ',y - y)dx'dy’

h(x,y)z i[exp(ik\/x2 +5° +22)]

0z e+ + 2

A2

where Ul(x, y) is a complex amplitude of a field. It is an exact
solution to the Helmholtz equation from an initial (x’, y") plane
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to a parallel (v, y) plane with distance z [20]. Therefore, if we
know the six components of the electromagnetic field in an
initial plane, we can independently calculate each field in the
planes parallel to the initial plane using Eq. (A2). If the field
distribution does not change along that y axis, as in our
simulations, the Rayleigh—Sommerfeld formula in Eq. (A2)

is reduced to
U(x) = [UG)h(x—x')dx’

h(x)= ki\/z—HfZ) (k\/ 1+ 2 )

2iVa® + 27

A3

where H® is a Hankel function of the second kind.
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Estimating Attention Area of Spectator using
Self-calibration in Sports Fields
Kazuhiro ABE, Yuuya TAKAYAMA, Yosuke OTSUBO and Tetsuya KOIKE
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In sports video solutions, estimating the attention area of spectators is useful for extracting important
scenes. The attention area is identified as the area on the court corresponding to the gaze direction
based on the spectator’s gaze. To do this from cameras installed around the sports field that capture the
spectators, camera calibration is required to convert the coordinate system of the camera that shoots the
spectators and the coordinate system of the court. However, it is difficult to apply the general camera
calibration to the camera capturing spectators because the court is not reflected in the camera.
Therefore, in this study, we propose a method to estimate the attention area by self-calibrating the
combination of the camera capturing the spectators and the camera capturing the overhead view. Since
it is difficult to estimate the gaze accurately from low-resolution images of spectators, we approximate the
gaze direction as the head direction and reduce the error by aggregating multiple head directions.
Verification using the shooting data of an actual 3 x 3 basketball game shows that a reasonable attention
area map can be obtained based on three camera inputs.

Key words 12tE21—9—EY3Y, R—VIRED, RIRHETE

computer vision, sports video analysis, gaze estimation
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Model Construction Based on Real-Time System
Identification Method (Proposal of a Model Construction
Method for Anomaly Detection of Control Systems)

Fumihiko HAKODA

AET —9 ICEDEHEREEETIVERET 2F AL UCYRT LAREENSD. UPIVI A LAY AT LEEED.

VRT LBEEEN— RO T 7EEICE D BRUMETIERT 2 Z&ICKY, FROBEFTEERIRUCHEET
IWOBEY, REHPOREROEZI VYT, RURBRINEZTLETDFECHD. AMARTIE, YATLEEE
CBIFB/NIA UV IETIVDSSE, BOEHR ARX EFIVENRIC/N— RO T PERE/EREETV, /NSA—5—
HEICETHBZEABICERBLUIL. —7, ERETIRT AORKEZHTET 2150, HANICRAIL—TRETTOY
AT LEEERY, BEICK O CFERBEBOREEDD —EEBEBD CEREND, HEBREDRBILHIBELLSD. D
BREICH LT, ANESERHGZEZRBUICLET, EFTIWNSA—I—D—BZEET D/ A -5 —HEFEEEZEL,
ZOEMEERBRTIRIIUfe. EREREY, BREFENMHEBELFELTHOMIUZRIRT 2 Z@RB L.

Real-time system identification is a technique for the monitoring or anomaly detection of control
systems, and it enables us to construct numerical models reflecting on the instantaneous properties of
control objects by hardware acceleration. In our research, ARX model is selected for the abovementioned
purpose and its implementation on field programmable logic devices considerably shortens parameter
estimation time. However, in the application of real-time system identification, there arise difficulties
derived from closed-loop system identification and the consequent ill-conditions. Real-time system
identification is supposed to be used for actual machine operations, therefore, the reference signals for
control are sometimes set to constant which are understandably insufficient for system identification. This
problem can be addressed by a modified estimation procedure considering input signal conditions and
a model with partially fixed parameter values. The effectiveness of the proposed method is investigated
by experiments. They show us that both of accuracy and stability in parameter estimation are obtained.

Key words 25 LREE, ES0E, AHESEMHF. /\— RO 7R BERA
system identification, signal processing, input signal conditions, hardware design, anomaly detection

1 susic

VEAE, HIREEHC BV TE T IR — 2 DB T
DANGLNTEY, EXEAREERWICS T 2 HIHR%E T
Tt Z2bEb)o0hHb [2]. EFNVR— AR EEHT
5 L CREERDON, il G OREEZ F AR TR
LEBIEEF LV THY, ZOEFNVERHET L TEO—D
2, R RO A7 — 2 12D Y AT AFEEDRD
% [3], [4]. Y AT AREERE, FOHBLEATIT—%

L, FOANNCE > THRE SN2 HBEOR T %L
MILZ2EBIC LD, HEREETHOBEET V&R LT
BThDH. F7z, FROEEHEWSS ERE T2 1% T
I MBI, AEdomER e HCEET— ¥
BREIZNHIND X HIZHD, HohlT—2I1dEon
T, MBERE, BEF, EERROE=S) Vi v
TS T Cnws [5], [6]. ZORERAIREREL, K
BB ]S\ & 2 FlO I T A b O, AEE - Rathomn
LR EORRE ST D ST, BAHMIZ

AR, FHROTUHCE [1] oM OS2 ML, FEEHEHOICRERE R L2 O THS.

52



U7ZWIA LYAT LAAEECEISCETIVEE HIEROESRACE U T T ILBEFEDRESR)

BoltF—F2%E=8) Y7 TERITINL, B#H o7z
MBS 12k o T, BB ARG, FE-TY V-
ADPEE & o T A EREALOFTRBIC D DA ) kv,
Fig. 1 I3EEEMEMOE=5 ) >V F Y 27 0BT, Ll
WORAERE—Y —HHE Ty —FTHIELT, E—¥—
MR IZIE 2 S DIEDZALD & B RAA W TH 5.
2L, = =R EEOBBLIIIE L TRELE
It352ehn, AN Eu 77— L THALZNY
T F TR TIE, FEEORMSEADOE(L L B & 2 X
TELVWHEND 5.

l—
——

time

—
time

()
N
time

Fig. 1

Input
|
LS
=
\.OI{
i
LS
Output
|

Anomaly detected

_/_

—
time

Input
i
LS
i
LS
Output
|

Data monitoring and analysis in industrial plants.

AR L7z AT AREEO#HE 1T T v MIBIT 5
FEBAOMEICH LT, BEOBMICHML T AT 4
WS A FETRER ) TV E A LAY AT AREHEOBS
DT WS, Fig. 213V 7T NVF A A AT LREEORE
WERLIZHDT, EFMEREEFILTIT) 2LI1CkD,
BB OBIREBIIE U2 EF VEGSTREE 2D, DY
TNE A LY AT AFAEEC & 5T T VRSN & Tl
OFEEHIHVIUE, EFAR—ZABKERH D 2 LA TE
HIEZOREBRI A, ANTF—7 T —r D
M2 HWTEENTA—F—FHEELTNDEI R,
H A R M IEAE & o 722518 ORISR S 20 W B #
TIBEREATEBLT 5.

Instantaneous
model

Fig. 2 Real-time system identification.

VT7NEA LY AT AFREHEE LBOFEZET S0
D, VAT LSRN EEL L & A, HIHEE
oOxA4raraty FICEFOFT TMAAGL L IFHEBAN
THEETHL., ZDD, VTNVIALTAT AMEDE
HI2iL, Y A7 AREEOER % 5 FEIT W RE % 5
N=FT7 2 T7PRIREEZ NS, RIFETIE, Y AT
LFEETEMENDLIINTA N v 7 EFVD—DTHA
ARX ETNVEN—Fo 7k T2 LB, Y TIVIA A

53

VAT LAFEDEBHTIREEL 5NV —TRUETTOY
AT AFE, BROADGEEO BN 2R L
Z DA RYE " FERCTHEE L /2.

2 UPWIALYRF LAERE

2.1. ARX EFNVIZDNVT

ARX €5 )V (Auto-Regressive eXogenous) 1%, ¥ AT A
FEHETHWONL/F X M) v 7 BT VOHR TR S IR
MaETNVTHY, FHEOFS P LIHE CHwHRTY
% [7], [8].

MERAL SNz 2 27 2D AMDBRER (1) ko TE
F#T5H, ZIZT, RV VTIOVERLL, yR) 1EHTI, wk) X
A1, vk IAELE 2 A A TH B,

y(k)+ay(k—1)+-+a,y(k—n)

=byu(k)+bose(k—1)+ -+ buue(k—m) +v(k) 1)

qRTAVINVETDOY T bARL—=5—T, X (2) T
ERKT D,

q'u(k)=u(k-1) (2)

ZHNDOREBT A= -2 3) DLHTFLDE.

Alg)=1+aq ++aq™”
B(g)=bg" +-+b.g"

(3)

Nl o®) & LTHBAMLwk) 20ET 5 E, KX (1) &
X @) THZLDOLNS.

A(q)y(k)=B(q)u(k)+w(k) (4)

Fig. 313 (4) #7uy 7 THRIALL DT, W)
ML IEKX Alyk) 1EH RIS, AJMOZIENX B)
u®) IWEATEGTH D, ZOEFIVTIE, HELRT
A ZDHVERINCEREIINE S NG, T A= =137 —
FICHLTHIETH Y, —F/h REIC X EtHTE 5.

w(k)
Noise

ut) —s[B()] <}_+Z%5_ﬁy@)
Input Output

Fig. 3 Block diagram of ARX model.

2.2. ARX EFVON—F = 7L

ARX EFNIIBWT, /85 2 —F —iE@HAEOR E 1 b
BRI OB /N T FEIC BT B MATIREE TH . AT
FIHEOMREE LTIE, 7 ADWEEERLTZDO—IET
H 5 LU SRR A ENTWBEH, N—Fvx7it%

EZLHBEICLTLIREHTLEY., 22 TE, N—F



Nikon Research Report Vol.5 2023

7= 7ALIZE L 72 QR 32 v 5.
QR ETIE, X (6) DX HIATHIA ZHLATH Q &
E=AMAA75 R ORI RS 5.

A=QR (5)
22T, EATHIQ & EEMAATHIRIEE (6) RUEL (7)
RS &) BATHITH 5.

Q=|la - (6)

En Yin
R=|0 . (7)

10 0 7
EEATHN L ZHINT PVOEESHEL 1T, LArdBHEWIC
BERLTWAITHITH L. HIATHIOZMEUL 1 THIERIZHE
WRETH A, ERATHIERE T 5 & WATHIC R 5 2 L5

Q'Q=1 8)

2T, TIZHMATHTH S, ERTERELTUTD
X9 2EZL.

A9=h 9)

X (7)) CEHELZRAHAVWLE, RIZFE=ZMA1T6740
TUTOBEBRAZLVEICKRT 5.

QRO=D (10)
Q"QRE=Q"b (11)
RO=Q"b (12)
QRMREFHT AL LT, ¥7 AN, N7 Ak
VT, TTh a3y VRSB LD, TONT

N—=F7 7S X D EREOEFLI R E 2 5 DIEF T
v AA#E% CORDIC 7V TY AL TEIT LI EE 5.

2.3, AJIGAITARAE L7 HE 2 RS FE 0 AL

UTNE ALY AT AFEIIBETOREZ NS E L
FHETHY, BRIWIZEHN—TE&UETOY AT AREE %
b, BV—T Y AT AFSEIZ AR5 OMIRS: K O
JARGEMCEY, EFNVHERREEICHINEZ TS L
MuNTw2 [9]. Fig. 4 3HERET LB 1 20 5 M
W—=T Y AT7L0D70y JHRATHS. 2T, rk) 35
MET, Flg 3Hl#Eg G SHIBROERE, ek)
R A X, y(R) R, w@) EHEATITH L. B
=T A7 LFER FQ (X AH#EoTT, AH7—
7 uk) & yk) 2 SHBERNG Gl@ #HETHZILTH 5.
EEBBOHEMGE”) &, X (13) ITRTLIICAD
DARY NVEFE O,0@") E AMTTO 7O AR N IVE

54

Noise
e(k
Reference Controller Plant +( : Output
) >0— F@ [ 6@ *é y(i)
- u(k)

Control input

Fig. 4 Close-loop system with external input and noise.

B @,(@") DM LR END. F72, D,(€°), Due”) 132
NEWINEBES, Bl A ZDARZ PVEETH .

jo j@ d)e (ejw)
P G(e] )d)y (e] )+ oo
é(ejw)=§:Eejw;= Cbr(ejw)—@e(:jj) ) (13)

ZZT, B A ZOEENERTEX DLE (D) =
0) TH, WBESIHREIRELZ T 56, T4b
5 @,(67) DD B VB Tl 2 72 e WAL, wkak
TEYUBRENEL, 7F > b O EREIZELT 5.

é(e“’):

VS5 DOFFIRIEA S5 A — % — eI ET 50
i, V=T DY AT AFEETHEETH Z25, FV—T
DY AT AFAETIELEIN U THORRESFOR T LNV E
IR IS 5N DI L, BMILV—T&ITT
BADEZZHHICEE T LIETE R, 202 ki,
VT7NVIA LY AT AREEORETH Y, DTITRTA
NG U A OBIE»UE L 2 5.

G(efw)q)y (ejw)

o, (el'w) ¢G(em)

(14)

24. ANFHFEZBB LI NT A—7 =g

VTNV ALY AT AREEICLLETVHEETIE, A
&t WD) SETIVIEEREICRE BBT 5.
TR, MERDHEHOSEZFNIY, AT ES:
& BRI D T TN EAE EEAN O R R KT R 7R )7 ik
RT3 5. Fig. 5 3 & RO B RO/ BE 5 (HAEE
fil), D, MEREEZRLZD DT, FEMET IR
VHERDRETIIRESEILT 200, REHHEO—E
X CAINT B E 2 5. HEETNVORBERISE A

Constant velocity

A i TN

Smooth and low

External
Input
Gain [dB]

Frequency [Hz]

T =
x‘:; é input level ~
S = \U U/\ Poor estimation
i = accuracy
. g R
: I
5 .,,A. IWA’_’
L1 i Frequency [Hz]
Fig. 5 Input signal condition and parameter estimation
accuracy.



UZISA LY AT LBEECEICETIVEE HHROESERACEUICETIVEBEFEDRR)

MO X H D EAT) BHIZIEH 2 @R B 5N D b
DO, —ERXETEIANLELRMEERERE 2L, [ UHIEH
WHREDOEFNEZHE L TWBIZD0b ST, HEEEIC
FIRELERPELS.

Fig. 6 IZAJI4&M MMEMES) X2 ETVHEERED
KT &b 2 e Ry, BVv—75%01CBWT, —&
X7 =51 LTANE &2 iHTA2 LT, /8
FTA—=F — R EERETET 5.

Input condition and partially
fixed parameter estimation

|

Judgement of input
condition

Fixed parameter selection

!

Partially fixed parameter
estimation

|

Estimated
parameters

Input condition

Gain [dB]

Frequency [Hz]

Gain [dB]

Frequency [Hz]

Fig. 6 Partially fixed parameter estimation based on input
signal condition.

LIF, LlEgd 27— 2 2 BN BARR) 2 PN % S5 5.
HENRETVELTKRAEERS.

y(k)=G(q)u(k) (15)

b A 7 —ITiE, X (15) O Gl \ERMAFEE ()
HE=TF) KT Gualg) & IR (HRE-F) 2%
T Grso(@) OF1 (HIAE— FEIHRE— FOERQGHE) &
L il TE 5.

G(q):Gn’gid (61)+Gma () (16)

b L, MIRFMEZET GulQ PHEEFEATEAITHN
X, Tom)yk) ~OFGHEEHRTE L. 22T, i
HEAET N Gro(@) ZHWT, LRI I~DEF S5
Yeo®) ZEMET . THICKY, WIRKEMEE RITET VI
MR B P ONT LN TE, ZONT X =¥ —FFHES
N2l s.

Yo () = G () e(R)

W y(R) @ MIAREEE 2%, 17 y(k) A & L3845 1 4
VeoB) HHETTHIETHEONS.

Yrigid (k) = y(k) = Yreso (k)

17)

(18)

WARRE 2 29 Grga(g) 1, AT u(R) & IARKEMED O

jj yrigid(k) 75) %*ﬁ%‘(‘\ g ZI .
Yrigia (k) = éﬁgid (q)u(k) (19)

Dk, NI A= —0—fZzMELLTHEICIL), d5

55

ETFNVILUTORICHEE SIS,
é(q) = éﬁgid (q) + GAreso (q)

T, VAT AREEIIBT B ANEMTOHE %L L
T, ANEZOART PVEEEZ EHBEBER TR L7
BRANRT MVEEZEREE L THVA.

(20)

V=] @u(e”)do (21)

ERICEDSEREME 5237 A= —1THEEZ BET
52 LT, HEEMEDEALZ Mk 5.

3 =me

3.1. FEEREEE

Fig. 7 \OR TR = VR LS KoM ERO AT — T %
SRIZ)TNVE A Ly AT ARG EOANEZ M 5.

T, VTNVEA LY AT LREEDIENG & LT,
WHOY AT AR (X794 vV AT AFZEDE) 12X
LETFTWVHEEAT). Y AT AEEITHEH L7 AJJIZ8EM
Iy uEE MARGES) THaH EFVKREEY 4kE
L 7z3E ek R % Fig. 8 IS8T

Linear
Scale

Displacement

Linear Axis
Motion

. Torque [Nm]

Control unit

Fig. 7 Ball-screw driving stage for the evaluation of real-
time system identification.

-50

Magnitude (dB)

-100

-90

-180

Phase (deg)

Frequency (Hz)

Fig. 8 Frequency responses at multiple stage positions by
off-line system identification.



Nikon Research Report Vol.5 2023

32. VT NVE A4 LY AT LED#EN

Table 1 12— N7 = 7HELEW 5 O FPGA K — F/RT.
FPGA & L TH\ % Intel #1# Cyclone V 133 K H &M T
HY, FAHOBES A v Fy FTIIRD ZMC AT iE%
FNAADVEDTH A, N— K7 =7 &N A0
ERFEY =V THAH Quartus I ZHWB E L (I, 7T
J XL DENA Y — VT3 % DSP Builder Z 1§ 5.
Table 2 |[ZIHFAM OB G TH % CPU K— FOthAkz
Y

Table 1 Specifications of FPGA board.
Items Description
FPGA device Intel Cyclone V FPGA
Development Quartus II
software tool DSP Builder (MATLAB/Simulink)

Table 2 Specifications of CPU board.

Items Description
CPU device Renesas Electronics SH-4A
(R8A77850 600 MHz)
Development software tool | GNU C++ Compiler

Table 3 12U 7V 5 £ A AT AREHEC & 5 ST LBEI:
M ZR9. Fdo Stepl-51%, Fig. 9 IZ/R L7z ARX 5V
WZBIFENRT A=y —HEEOHE 7o —IIIs L TH Y,
KW ONREZFELTWD. T OEERRIZ0. 5D A
WHF—% #7235 DT, FPGA Z V723612134
KT 10.2u %, CPUZMWZHEIZIE 852 u B2 TS, &
OFER L Y, FPGA OB CPU O34 D1005 3 1
BELRY, KIEREEORIEERTE L L 09H
b, T2k 20X, EFOHEY — R A 7 VE1kHz & L7z
Yity, WEMIEZ CPU CHEATT 5 LT AN %
M 20 L, FPGA % H w7234 1213 Moo fii L
FLREBFUHEHARLRBEALTVADS.

Table 3 Comparison of calculation time by FPGA and CPU.

Step Calculation load [usec]
FPGA CPU ratio [%]

1 0.73 15.24 4.77

2 0.03 1.35 2.05

3 0.80 12.01 6.63

4 0.13 5.89 2.24

5 8.52 817.93 1.04
Total 10.20 852.41 1.20

BT, 287 X =8 —HEERRIZOWTERS. Fig. 10
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Fig. 9 Flow chart of parameter estimation.
Step.1 and 2: Data vectors X and y are assembled. Step.3 and
4: X™X and X'y are calculated. Step.5: Parameters are calcu-
lated by solving Linear equation.
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Fig. 10 Frequency responses at multiple stage positions
without the consideration of input signal conditions.
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Development of Optical Glass Melting Technology
using a Process Task Visualization Chart
Kota SATO and Shinichi KAZASHI

HEASADHEES FOURBOBEECHIY, BREIRCHITPEELS LIFZEEL, RRETOIRETHE
(CRETFEEMALL. (ERE, NREOERBTIRIEICHRIREETL), BERHZETD, RICKRRGERTE
ETTZNHERLCE. UL, IREOERBRIKRROERCHIRE Y, SEUS LIFICHEIEET EVSR
BENELDIENHolc. COMBERRT D12, [FUHIC, TEEAZMHE LIRS I NERFEHET D EEBIC,
TE2ATOREEZRS Ue. RIS, FHORELRERFZIRL, AREGRBRCTHIRY 5/ RIRsHI S A= L
Ufc. TOE=ZS<OERICERL, RERINERE UTERT DL, TOBERISERMOMODIEEICT U THEA
TEBHI LMD ofc. ZORBR, FIICHELUCHETH >Th, BRRERZTOI (CEHHICEEILS FIFER
Rur.

In the development of new and improved types of optical glass, we have applied quality engineering
to small-scale evaluation in the laboratory, with the goal of vertical ramp-up in the melting process.
Previously, we had optimized each process individually in small-scale experiments, determined the
optimal production conditions, and then carried out a large-scale experiment to confirm that these
conditions were actually suitable for volume production. A problem that had sometimes delayed the start
of volume production in the past was that the small-scale experimental results could not be replicated in
the large-scale experiment. To solve this problem, we started by surveying the entire process, selecting
the factors to be studied, and studying the optimization of the process as a whole. Next we adjusted the
evaluation metrics and noise factors to obtain small-scale evaluation methods that would give results that
could be replicated in large-scale experiments. By applying this methodology to many types of glass, we
obtained a body of production technology information that turned out to be applicable to many types of
optical glass in the same family. The result was that we were able to ramp up volume production of even
newly developed types of glass quickly, without performing orthogonal array experiments.

Key words ¥ZHS2, WEEER, SN, 97FXV YR, BETZE
optical glass, internal transmittance, S/N ratio, Taguchi methods, quality engineering

1 susic o ] "

ng —Nc

L1 BT AT 0»T

AT AL, I A TR EEE, WS LGSR
BOTEHRIEEIIHCOENE N T ATHY, LYy A7)
ANELTHHENS. WET T ADONEMEE % £
BT, Fig 1IR3 L9918, d#t (P8K 587.6 nm) 12
T HEPTFENd &, BaiEERT T v N vd D oM
GETHEEINS, Ffi (K 486.1nm), CH (EE
656.3 nm) 2K LHIIFEE ENFInF, nC THET &,
Ty _RBUIRKTERSNS.

Fig. 1 WML, KT 2L 27 5%~ (vd 25550
F), 7Y (vdABOLLT) WXHishs, 512, 4§
B ZALZE B & - TRl A s e Yy (1],
BIZIE, LA TOHEEBIE, sty (F) 2235
vy (K) THAHIEH»S, FKEMKEIFATYS,

BONEEZEDDH720120F, PEEZD R LEDNH 5.
Bl 2L, HDOIRIFTEIPERICL > TGE) Z L IERT 0
PGEIR, BFEBDOREDLL Y A2 HabbeThET S,

TARRE, FEFHROTIHE [8] o—BAFIEARE LES L) FHEH TS,



TOEREEERFRZER USRS X DB @kiiiEF

MIZ SRk A IGEZ Y B 720, £ DR (77 A
Bromil) 2 EL %5, IAEOEAREORTERRIL, /N
BEIZRE G, BRI o B 38 R EAE MR D B AT K) % ZER
FETITEEoTHBY, TH D ORI Z R & e
L ETTHZENMOTEETHS.

1.2, ETHT 2T Ta—F

PERAE, FAHHE R BEAF A O Rt & # LD LT 5
Yitr, /MBIBFERC LR Z L ICHIBIR T oKEEZ k> TH
WM ZED, KB RERTRENRZMEL TS L
L, B E KBBR EEBRTIIHEI DD 5 721 TR

WK ERETHE L 2w v EE L Twniz,
COMEERUIT B 720, KR TIE, OF ot ARRE
JEMZE (2] ZIGH L, IR#EPHO TF CHFER#E{L 2 ME L
Too WIS, @FFREE LiER T2 TRL, KBS REE
T/NRBFEBR OGRS T 25l G2 L. 2o
S 2 O RERE I 35 0T B IR TR IERRAT R L 724G 5,
FH G oA L WA R TE 20T, @FDER
WREONZ ML YV=7Y 7 (RE) T [3] LT
ERE L7, 2oL, FREDOMOMHEI N LT b
TELZENGNY, - CEHBELEWETH-TD, |
RERFEBRV AT, BMICEEND LIF%24T) 2L TE

, W7 av 2B b20, NIBERTHE S N 7-0T, DTFICHET S
2.15 r T T r
210 | o —NHEH T A
2.05
2.00
1.95 .
1.90 e
E L85 15 1= il
v 180 .- = _c . S
B bt o
= LTS AT U 3
E 170 < | . va
1.65 PR R I R R
Tdeele v b| L
1.60 - ry { A
Rl il B 2
1.55 i —
. . .
1.50 - —1
1.45 -
1.40
100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15
T v _E (vd)
Fig. 1 nd-vd &1 775 L (tH7ZA%AEH)
Table 1 %47 ZXDOEF - 5%E5tH 5 H T A8EE TOHEE T Ot A EEERE
PR + akat W &
R - e . A& o - . -
R ASHER JRRLEE _ _ R AR B - iE SRR . FTT=—n
vro& " &
HBEELC o RS N[ AEERCRD | H 7 ABCAAC LI ELEBAGLARNE|HZ7 A7) v [ REIRAHZ | H 7 ABREERFL 27 7 =
EAEHZ 2D ORERFLLZ(ZAHHO A —|§ 3B k> BOFAHES | BRFCRALZH—CREE(A7) vy 28— HHLEMSEREZNX)
R Es 2|5 E). AT eHELrBE Ry b BHc BEA D 2 BEMAR—4|bes, DEQ|EERLAE. RoOBRCEBT K. < 04
TEoHN MR 2HHA T sRAHHOEHR T2, DRENTYHEER 5. HZ2A27) 2 P ARERCEZ| BOECHEE 5, ELTH—
5, cEAEERD CEET S, #fEs. LIBEBO 7| EREDEH TaETWS.,
B Vo b8 —K|H7ARBECT
BET 5. .
vaome (8| |5V el VL el VL e\ (2|7 £\ = Y, s AN
e | =] N N
) % v |% | ® v | B N | v | bR | W | A S E 1
TELE FRLE AR HAR [ BE ] BE ] ]
-EEE | -WoBE | -BERA-n |- 0> BRF| - RARE |- BREN |- BRAmE |- BEEE |- SuEs [T
- T KRR Y | - THBEG | - BEEE - RAFMN CREFF |- BRESE |- AER R
HEET MM | - SRER SHEEST YR | - b — 2R
B &
- A E
- Bk - Wik B - BT - Bt - B - BT - B /i
IRHD - B -REREE |- 5 - B - B - B - BB - B %1t
ERAT - - ik 14 - % - Bk - ik
- ffkE - fkE -
— - R - iR - PR - iR - JE - R - iR - R - iR
i - YA A
YRT A R DFF € - > < < < <
s 2 D I <
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2 JOtRsEER

Table 1 12, %7 I A OFERE»H AT A8EE TD
WA 7 O AR B R 2R . AR, BE -GS
Wk FToTOLRAIZOVWT, LREIEK, THEOHMEZ
DL, HHKT, LTEANOBEERT, ERET
VAT AGEOHPAERIILEZDDOTH .

THOHMICIE, FTEOHIOWT, BHORES
FH L7, THOKEICIE, ZoTROHNEERT S
OB E L LR LA WK, 2ol
TRDLITNE RO WEHFEVANT v I35 L EBH1,
PERIIHGES L C e o 2T L7z, TRNOME
HWFICE, TOTROIEEGDEIERNEYAMNT v T L7
KFFEDY 6, LD 2 #iPH CTIIFREKN T TH B2, L
WHIPHTIZERN T & L 72, 4tk &TRTHYW
LRMORELLELL, WEEMFOREEOEE2EDL.
LHIPITIE T 4 — F Ny 7 & THTW5ED, ZDXH %8
B BBV RE DAL L TN MZT B 0ENH B &
E Rz WBOTICIE, VAT LAGEOHBZ R L.

COREANTEEREWNT 5 &, MR TRO 72T
FOWRIE, FE B bF M, BO9TEe, Ry
A EDEALT 5720, WL OoFEBRTIEESMNE %
5. ZFOMICEHHICER SN A (Table 2) 12DV T,

Table 2 XZH T ADHEMICEREh3MHE [4]

P noow
s BT, S
{2 BRRLE, KPR &
BT # AL &

BRI PR LIS &

Z ot A, {0 R, IR &

PEROFROFEERICB T, FEASNORESENPIELT S
EHNTLES7:. XoTC, MAHMEIALT 7T ==V F
TOTRERZ —DOD Y AT 4L LT, REIIRELT S
L EME L7

3 ==

3.1, FEARREOBE

BMOHMIE, RELEMENCEAZ L, WEETT
AR EBRLZETH L. ZOBEIE H T ARG
IoTHEOSNAZ NS, Fig 2 IORTHRARIELZZ 2 /2.
BB X o TA U 2B OE W% Fig. 312, KB
REICBUT DL PIZL 545 2LKBDE W% Fig. 4 (12
RY. NHBLE KB RIETIE, BRI AR

— HE — HiAE
e
100% ¥ i EUZ‘EE&% 100%
g Ny g FAEEY
2 Rl [ 75 A i
77 ARl =
T RIS
INEAIRFRE INENIRRRE
Fig. 2 77 XBMBOERKEEE
— /B SR — KB RE
(e=h—27—n) L 3018
////, 17 P1 — /
//,/’// L P,
@ /[ASLWW 75 AR
4 PI
I 1
k=g &
£ 4
0 0 P,
= =
N o
W Y
TNEAERFE] TNEAERFE]

Fig. 3 BMEOBRMBHKRE
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1009% K= ————— ——q % 100 ==———
P | x H 7 AR | 8 77 AR
INEARERE M, HNEARFRE M,

IMEAEERT M,

—_—————

77 AR

INEARERE] M,

Fig. 4 XHEBEICH T 2HEMICLZRICDEN

e
5 F A A v Owh
&) \\
#)
|
e
S—EE—-%
H42218  H7 AR
\I 4
—p PtPt n
Pt P pt

— ey (o)

4 Al

Bk~

N
i

S —ghi—%
e
. ﬂoo"o ooooe - °
7@ o O o ?

Fig. 5 BEICXY 2 EBELSHYORRER

L2 2BE\ENAEL L. E51C, BETIIHEILEN
720, BN Lo TR MBBEOENDPELRT V. £
OFER, WAORY AL L LT, KEEL RIS
BDHEVHIBEMET T L L2 LT, BRI
EoFTH I AEPUBEE L, SISHEEIH N Z & % A
EE 27

3.2. AR EE & AR KO FIT T

MR ZAT I o 728w R, SURFEOWE L L Vo T,
ZORMELT, HEET LV HEIBIZHEH L7z, Table 2
TRLIWEOPRT, #hNb 5 EH TR T, ZRske
WHES ML — N+ 70BtRE %% (Fig.5). HEt K&
{T5L, 22B0METHEAEDNA L MELTH T A
RNEIZIRA L, TRIMEOEREMET T 525, (@3 E
WX BETES [4]. ZoHLE, 1ZIZETOMMICIE:
W5, 22T, BRICESTH T ADBMENEIH W
ZEaMEE LT
EREOFMTIE, HFH T ADONIBEBREZFH L 7-.
WNIRZE M= &1L, H T AKMOFUREZ & F Rwitd

61

WRDOZ LT, #HKE 5] L7225 TMlE L 7. Fig. 6
(a) 12, MOl E B MM E /RS, 22T, N id#h
BOVHRWGEHETHY, N ZBEEOLFETHS. N, T
X, B&A T Y ORADID Rz, 400 nm LU o9k Kl
DOWNEBEMRIE L % 5H%, 400 nm LLEOERI T, £
CBERAE L7 toER 2 HE L, WEEREI T - T
W5, WIEHEZHWLZET, —DODTFAME—=AT
HEWR LR R CE b L FE 27

B9 NI IR & % 2 TEBRL2. BoKIEZ R
FTEEBEIHZTCLES 20, 1KREE Lz #ERT
1, KEIBI R TOWFToENE LT, MEKEFELAT
Bt EL X ¢ B 1-% Table 1 225 L, AL TIH
2R3 Lis OAMINZHI D A1 72 (2KkH8E) . FREEN T 0 K HEfH
N3, FPERZIT, 77 ZbT % ORI L2 2% fil
L L7

NERE MR, SEATAINEEE 2 Fiz g 5720, X (2) T
T ATERMEQE KD [6]. 22 Tpid, WIkEHEZ
#£7.
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H4 A4 A i & 3R

N, N, & A A

20 -10 0 10 20
N, 7 2 7155l
(b) #ZitE SN o2

Fig. 6 AIERE B3R & R4 SN LA DK

1.0 }
0.8 }
ooo06 |
&
Zooaf
02 }
0.0
e (nm)
(a) PURERIE 3
Q= 1010g(1pr @)

I A TEHAIZONWT, N, N DTFIME N I3 LT, N,
N %70y L7275 7%Fig. 6 (b) 1ZRd. #MERTIC
X B IR MR D2 B, Ni, Ne O SFIMH %& BEiE S
DT No& U 72 SN HCRFAf L 7.

HIHK 12, Table 1 225K TRORTFEZ/NT v A L #
WL, BERE Ls ONENZE D A1 7.

4 wEORR

4.1. BEHE SN HoFH5R

B Lig l2hE - T, /PMEBEETHE0IO 7 A ¥ —
AZVERL, WEREESRZME L7z, WEK RO Z Table
312, FRHE SN HLoRHE % FRLlImRy .

Sr=(-17.37) +(-8.18)" +---+22.19"
= 16262.2130
(f =2x35="70)

7 =(~18.086)" +(~8.416) +---+17.887
=7804.0274

Ly =(~18.086) x (~17.37) +---+17.887 x 13.58
= 6315.4123

L,=(-18.086)x (~18.80)+---+17.887 x 22.19

= 9292.6425
o _ (it LY _ (63154123+9292.6425)
T 2% 7804.0274
=15608.0548
(£=1)
o _ (L.} _(63154123-9292.6425)
NPT ey T 2% 7804.0274
= 567.9055
(£=1)
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Table 3 BIEHER DA
W PR E R D F X F Al
(nm) Ny N N,
1 360 —18.086 -17.37 -18.80
2 370 -8.416 -8.18 -8.65
34 690 17.887 13.58 22.19
35 700 17.887 13.58 22.19
Se =ST _S[i _SNx/J
=16262.2130 —15608.0548 — 567.9055
=86.2527
(f=70-1-1=68)
y S 862527
f 68
=1.26842
Sy = Snxp +S. =567.9055 + 86.2527
=654.1582
(f =1+68=69)
J Sy _ 6541582
N T 9
=9.4805
fE i SN b
2r 2x7804.0274
=10log| — |=10log| ——————
=10 (VN J % ( 9.4805 )

=32.17(db)

4.2, BRBRIA & il S O P

FHTEOI D E AN R % Fig. 7 IZ/R"9. TORI D SN kb
DREVKIEER, A:B: CsD:E Fi G Hy 732 5.
WEREBRIL, BV EPBTH 5720, HIYOWEHE
PHICBIT S Ny DF A TEBEZEE L L7z, BEO N
MR Z Fig. 8 IR ¥, milifEMFE LT, G%C, Fi %
F; &L, W#MIZ, A2B: CiD:E F; G H & L7z,
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Fig. 8 MEIE0ICH T2 BREDERMER
Table 4 HEFEFER & HERIERODLEE
ik SN Lt (db) J&KEE (db)
e Vi Eliy Vi
B 5 50.67 48.96 16.05 15.41
e 4t 19.01 17.89 10.13 8.46
F1E 31.66 31.07 5.92 6.94
1.0 f 1.0
0.8 | 0.8 |
¥ M
= 06 | = 06 |
i &
E 04 | — E 04
02 —-N, 02 |
0.0 0.0

300 400 500 600 700

K (nm)

(a) IRESMF
Fig. 9 FESIREROAEEERMIRD LB
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(b) MemGtt

Ofek st
&
i
LR e ESiE
®
i
K—MifEER -

Fig. 10 FHIEO1ICH T 3 EFEBRMEDOHESE
(HHBREOWNIEBRKD L Z M7 T L)

63

4.3. TlEBIER

A & B2 VT, MRRERET -7, €D
Rk, HBUMEAE SNz (Table 4, Fig. 9). fi#isfh & &
PEDBGERMIIM 2 &, KRB 2EETHHIL, it
KRR L CNTRE R RO R WM 2 ZE L TRIET 5
Zepc &z (Fig 10).

b Exzz=moswEREEONZ FIVY=F
Y IEROEHE

0L & Mk D R FKEH %, FlCHBL-mMED &

W, AEF% () OmE02, 0312 oWT H FEHiL7-. Table 5
2, HFERREROFGHREM AR, AL S TG
FIHMEAME S N7z L BRI, B TR E DM 2v%eE L
THESNIz. R0 & ik L CRYFE02LLRE D RIS AV S v
o, HIEKNTOKEREED/2Z L, B HEKT D
Y EFCTnb 2 gL CwhbEEZ. b dh,
I RO B L AR AR TE DT, Bk R
(0) DORFE05~08IZHF LT A& IR % Fhti L 7.

Table 5 HEXXRIEBROFGHEME (R SN L)

" - e RIS Tl FAFIAE
AR B2 (db) (db)
01 L 31.66 31.07
L, 12.75 13.60
02
L 6.50 6.10
03 Lig 12.80 9.95

% ORI CHEE L 72 K EROR R & HAfrER & L
TERET A0, —ODFEICE LD (Table 6). AFEiT,
W7 0 & AR B L OITH 2 AN, il 7ot X
FEREIRBIRICL, EREREBROBREZVNICERLL2RKTH
5. oK, FIZIE, SN HOBERZT TR L, FHIEK
TOREEREZ 2L EOFRER I A POELLELL 7.
Kz, ToFEranz Y7 5 (RE) e
ATV [2].

RE 158 E M5 &, MM X 53 SN I RoH %
KT KEOHMELBTEL LI IR -7, ZhiC
X0, EME L ORELRBEL72IT ) 2SR WHIEE T2,
Z 9 THROHIBERF?HEICZ D, KRBT I
VLD & % BEBA TSRS EH S e,

6 5 =

6.1. HARKFEHL AL pREVD LIT

filfhh = & DFEERD HiYy & #87J5 % Table 7 12779, RE 1§
WMOBERMREWEERMT S LT, Ry, o NOMHEIZD
WTIE, HARFEIEBRZITD I, RE Hl o mEORES
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>/

1] —° &
Table 6 i#0 DR T O+ X MEEBHIR & RE 1%
WEH0S L1 W05 L -2 W06 L -1 WER06 L ,4-2 W07 L, WER08 Ly
i HHEE 320db " 5 26.1db 8 HEE 49.5 db. 5 53db i HEE 14.3 db i€ 55.4 db
HRERL R 41.0db HIRERE R 209 db HEEaE TR 51.3db HEHRE R 4.6 db HRE R 12.5db i R 46.8 db
HERT - 0@ HERT - 0@ RERT : 00 JENT - 0@ HERT - 0@ RERT - 00
i [~ SNE T SN SNIE T SN SNE T kakd
Py v 7 RELT MRR [N, [ v WER [y, | vev MRR [y, [ v MER [y, [ v L HER
kil | kg2 | ki3 kgL | kg2 | ki3 KL | A2 | kHE3 KHEL | k2 | ki3 KL | k2 | A3 kgL | kg2 | ke
e
.
st
# =% - o
ﬁ R 3
m S~——
3 = o
! Zlel s = - 7
T
E e S AN VAN PaN
T T
# AE-AEAE- - PN //
& T 3 T
5 AR 5~ —~ /™
=~ P i =
@ lmlzl s
§
i /
P — 3
7 a2 8
§
#”
&

/)

\

— NN~ -3 -D2

-
<

| \>

Table 7 WECEDEBROEMNEED S

EXN Tl H [ERrE LS
y 01 AL 1 [
02 i EEEL 2 |
03 BB 1 [
04 HHLH5E LA
P 05 ik E AL 2 |
06 A ELI 98, 2 |
07 kAL 1 [l
08 BB 1 [
09~11 | FHHpIE LA
12 A~ B VA
13~16 | EaEHHAt LA

e ET 52 L TEz. EROFETIE, 1ZLDIZ,
INRBEEBRTHMOMWED R SN A DR L, EEEH D
VY5, T& 5721 SN I PIs 3712, Bk
FBRTF a—=v 7 L7z RIS, KRB FBRTHIEZ <
HETE AR L. FBICHE LM TH - TH,
RE [HHAEFERIN TV L AMTHIUL, HERLRIRL AT
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1) ek D KBIT &

B EERL/T

mFEka = b
mFEEN 7 2

2) BERERERL 2

@i kWL/T

0 50 50

L/T [#HxHiE] (%) SR [HHRHE] (%)
L/T O E I X MEIRORR

100 0 100

Fig. 11

FHIROWICEEOBERMAZIE L, FifOEE S
EVFATREE Ao 72 (R§FE04, 09~11).

6.2. V—F% A LHHiE L 2 2 I
AFFEDWRIZONWT, fERTTH & Dl % Fig. 11 1R
T.OERY) -y A (L/T) B4R, KEGERD
S pE £ TOMMAL/ICEM TS, FEBREH D 1/3IHIR
T&E72. TOMR, EBIZHED L T4V F—728 CO fE
(7] THRISS/AEDHIRE 2D, S 512, AROHEIKIZLD
BEFEY AT COL 55 THY 103 t/4EDHIIK & 7% - 72.
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] &

AREFFEIC LD, Bhe IR L, =EFEED
B L/ EB G EEEN.TE 2. Z0hT, 4 23E
L7z 7 a b ARBEREMEDOIGH Tk Z TRUIRT.

1) Lo TRERZ AL, B3~ & #ipH 2 DI
255 (VAT L50E).

(2) BN L3N T2 Mat L, KBS 2 S TRl
D H/IBEEREIT .

(3) ZAHHRICIER L 7-ERREROME R %, #HMT oL
FERBIE BRI L, B3~ S HIHET %2 RS
% (RE TH#OER).

COWHAFEICLY, WERGHIZEHTX2MHEDD 5
BIEPAMN 2 L CTE 2. TORE, BEREEBRL A THA
FoMEEH FIFEEH L7

B
Kifsez D 5128720,
TIRICEHH L L5,

CHRETHW e = O v DYE

sk Kota SATO
ST Akka At
HIKARI GLASS CO., LTD.

-

([ S AR —
Kota SATO Shinichi KAZASHI
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