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Development of Nikon’s first FX-format mirrorless
camera with interchangeable lenses
Yoshihisa SAITO* and Koji OZAKI*

KORY DY SO TREICT BEH UV Y AMEEERERTCEZETIVE UCZIVFX T+ —~< v NEEFREUS75H
BEROBHREETTIV Z 722018F 98, BIRY., BERE - —ACIADETIELTZOVIX T+ —< v hER
BEERH40PEZEDF —ILSO Y RES—URETIVLZ 6Z2018FENBICHET UL, CCTIEZ 7, Z 6DRLCISEHEE
RICDWVTEAT 2.

In September 2018, Nikon released the FX-format high-definition mirrorless camera “Z 7" with 45.7 effec-
tive megapixels to get the most out of the NIKKOR Z lenses’ unprecedented optical performance with the
large Z mount. Following this, the FX-format multi-functional mirrorless camera “Z 6” was released in
November 2018, with 24 .5 effective megapixels and superior performance to respond to the needs of
shooting pictures and videos in low-light situations.

Key words LY, ZS5—LURAAXS
interchangeable lenses, mirrorless camera
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Exposure Technology to support mass production of
high-definition large-sized Panel
Naoya SAKO*, Takumi NOJIMA*, Yosuke SAWAOKA™ and Junichi MOROE*

FX-1035/103SH &, Z10.5#ASRFU—b (2940 mmx3370 mm) ([CHILUIcEEE - BEENZRRQER T
RENZIVEIFO FPD BARE CHS. WILFUYIXARDFEABICKY, LEEG—EENLT «—ILNEBRRL, B
OHDIEBN7EH L TNS. —IEEHXT « — IV RHLEHETH BIcth, KEDT# MRAITHNRBEICIFE>TLS. T#

MYRXTDREUEITHD, TehHREDKVARE LY, BRUIC, BAILCHBITZT T —NRABHNKRELRBD. T
TA—ARE, BRENSYIRY (TFT) @E/NY—YORBEEICREEZRIFTT. TOXEZOET BHIC,
T —HAAWERMZRAL, 777 —ARBZERFIETCVD. BRELT, BLEBEREZRIRELTWL2.

TFT @E/N\NY— (&, BHOOE/\Y -V ZBBSE THERREN S Y, ORE/NY—YOERGHERENEECR
. BI0SURASZATIU— MMIHINT 2BE, AT —IDREULDIMETH DN, AT —IDABIEELT 514 XY
hY—J DEHAREENRIEL, EREHDEBEDORIEIRRINDG. TOBRIEILR T BHIC, AT —IDERZ—
WU, BLERELEBEZERLCVS. BEIC, XAT—YOE%RFEEDREL, BLEERICEMULTVS.

FX-103S/103SH is an FPD exposure system for large panels with high precision and high productivity
corresponding to a 10.5th generation glass plate (2940 mm x 3370 mm). Wide-area batch exposure field
by adopting the multi-lens method is prepared, and the increase in the number of exposures is sup-
pressed. Because the batch exposure field is wide, a large photomask is required. As the photomask
becomes larger, the bending error increases, and as a result, the defocus amount in the exposure
increases. The defocus adversely affects the line width accuracy of the thin-film transistor (TFT) circuit
pattern. In order to avoid the influence of defocus, the focus correction technology is adopted and the
defocus amount is reduced, resulting in high resolution.

The TFT circuit pattern needs to be fabricated by laminating a plurality of circuit patterns; therefore, the
overlay accuracy of the circuit pattern becomes important. When it corresponds to the 10.5th generation
glass plate, the stage needs to be enlarged; however, the positioning accuracy of the stage and the mea-
surement accuracy of the alignment mark deteriorate, and the overlay accuracy may also deteriorate. In
order to eliminate this concern, the stage configuration has been redesigned to achieve a high overlay
accuracy. Simultaneously, high-speed driving of the stage is also realized, contributing to high productivity.

Key words =iEiliABy/ V=)L, FPD BXES, $10.5AHSATU—b, T3 —H@IESM, 754 X NIl
high-definition large-sized panel, FPD lithography systems, 10.5th generation glass plate, focus correction technology,
alignment technology
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(1) FX-103S/103SH

FX-103S/103SH 1%, #5105 75 A7 L — b (2940
mm X 3370 mm) RIS L, 654 ¥ F 74 K7L ERT5A
YFIARTLEREORBSAVE—FETHREIGL, #)5F

BHEETEL FPD ¥ ETH L (Fig. 1). 654 L F T K x 8 5L VF T4 K x6@
FX-103S/103SH 1%, A~— b 7 % ¥ 7 EO /N E RS Fig. 1 105X T7L—bDINNXILLLTT b

NANVOAFEIZHE L TS FX-67S208d &, 7 L e

FIVOEFEIZHE LT % FX-86SH2D Bl & & vy S &7 (2) FX-103S/103SH DIEARER E =NV F L ¥ XY AT A

FER D KIS A IAZHRIE L7z FPD #0HETH 5. FPD #00¥ 1L, WMT A AT VA RHEREL T4 A7

* FPD #4388 54 %R
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WL, gyt KVFLYX) 2H4LT, FTARS
L— MITFT Ry — V&2 BEETS. FTATL—1
DEZXIZT7+ MY A7 OB EEPEE, FTIRXTL—1
EMICHEXT A EZEYELITH (AF v VEIE).
FX-103S/103SH DK & = & LT, WEHFRITE,
INVFL U ATVATAPRHEN TS, 2, o
Ly X% 25ICIHEL, 4oL v e iEIcHms s
LT, 1Do0OKELRLV VAR TT, #5AFL—hE
ZIAFPAIC HOSRICE#ER L TW 5.

(3) 7V — ¥4 ZKRAE

HIATL— b A XL, F4REYESH#EA TW5. Fig
SWEHIAT L= A4 XENVF L v ARBDOEEE IR
LCw5. EI0.5MAEMENLE AT AT L — A X,
AR X 912 2940 mm x 3370 mm & 2> CTHB Y, 5 AL
DHFATL— M A XK LT, HEHLTL.8/E %o T
Wb, HFATL— b A ZREITHIET 5729012,
FPD #&ot%i & LCid, AEEom LSRR TH S, Z

FX-103S/103SH
2940mm x 3370mm 5
.o _ ILFLUX @
HIRTL—F 1k @®
®
)
°®
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2200mm x 2500mm ..
IR o®
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[ ] ..
)

Fig.3 7L—hrHAXETIFL L IXBOEE

Do, —H{ELT 14—V FOWKPBEIR D, K
ARG T 1 — )V FEMRT 22 & T, @thlKowin
ZHITES. SVF LYy AOEREE»L, HTFTATS
L— A ZZEDLETCL Y AFERT LT, —H&Et
74— REIKL7.

(4) FX-103S/103SH FEAAL A%
FX-103S/103SH D ALKk % Table 1 (257 .

Table 1 FX-103S/103SH DEAR {4k

FX-103S FX-103SH
it E (L/S) 3.0 um 2.2 pm
(g+h+i#) (g+h+i#)
R 1:1
BRI <+0.5um
Al N Y 2940 mm X 3370 mm
57 N4 AN 60 7L — 1

b A XAF ¥, g+h+if, 30 mJ/cm?

<SR >

FX-103SH Tix, FX-67S2%° FX-86SH2Thi%E L 7= W%
TR B L OCENT R OGN LEAR O@H R, kg
%7 A — N ARIEHMIC LD, R 2.2 im (L/S) =5
HLTW5.

<HREDERE>
FX-103S/103SHD 7L — b 27—V, H4 R, # X)
4000 mm X (Y) 4000 mm x (Z) 1500 mm, I & 4 7000 kg
ORKMEEYTH LD, AT —VHlEEOm L, BXON#E
SR Y 2 7 2 OFHUGEERIRO 72012, HilEr 247, &
REDLEIEE £0.5um LWV BWHEZZER L TWw 5.

AT E PSS

HIATV— FORELIZHE, TL— 2 XFFT LT
L= A7 =V KREULT BN H B, —J, Atk
Lok, A7 —VEE O A LIRS H LAY, K
2T —=T 06, BE PR ECR->TL %, £2T,
AF— VR —HTHI LT, MMEZHEFF LS, X
F—UVRBoEabEER Lz T, By AR
Fy YT L—ary—r s AOREL LTV, EHul
MeHEEBLTWS. 664 v F 74 FFLY, 754 F7
A4 K7 LVEOAERENEE, ZNENIER4808L, 32280 % 3E MK
L, KEDSARIVOREIZEBLTWA.

2 TA—hAWES

1) 74+ FAZDE=bR®

BB BBE DT 7 + — A A&, TFT EIEE/ 8y — >
DOESHEE AT AMIERAEL A S, RN TH S
TAARAT VA DMEAZEALZES.
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A, FOHEICXD 2bAYRAET S (Fig.4A). FX-
103S/103SH Tix, 74 b~ A7 D72bAREIRIZEDLET
INVF LY ADBHRIEZIT-o TV B, RELENEW
W (lzbmilszs) »5E+ % (Fig.4B). 72, K
RIS AV ORRI 2 EFEIE 7 + b~ A7 KEYLASLEE &
Y, FREV b ATEEE LRI B,

(2) Z7H—HA - F4F Iy 7 HEHIN

TAAT VA OMBEERESEL72DI2E, 74+ bR
T DIz ARIERECMIET 5 EVEETH S,
FX-103S/103SH Ti%, ¥~V F L v XS ZIEH» L,
TH—AAFTAF Iy 7ML (FDC) IZTlhbAhitEs
KB L Twb, g, ALy X077+ —5 A
BB L7+ = 25V MEfEEZEOLE R SE5 1 F
Iy 7 ICERET A 2 e TEBL TS (Fig. 5).

(3) HHiIEDRH
FDC |2 X 2 #iIF4h %% Fig. 4 C27R”9. FDC 295
HI LT, RATIDORBEHIZEIDTFT T+ —H AT

T+ —Hh REEE

2+—hRFIL LEEE)

/)

<_I =__— T4+ rTRY
z

Y

oEY | TAFLLR
TROCEL | LS .

—————————— i BT+ —HR

Fig. 5 74—HRX, 7x+—HhXFIV’ERENE FDC ENfE

EHIENDNS.
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1) 794 A2¥ MH~—27 OFHIKE

TFT [/ 8% — 0%, SHEORE Ny — v 2 Fig S & T
fESNTWA. TFT OMRE, /Sy — v MoERED
BRI L > THEAEND 20, FPD BREE 2, 7
SA4 AL (HhGbE) OMRERDEER Y — 128
INb, 794X MVH~—7 OFHIEEI RO NS,
10 5T, #F9ATFL—bEEBIZAT—TVRK
AL L7248, E8MARTHEHEINTVERAT V2N T R
TL—bOY A4 REDETRELLTH, ERLHIED
WBTAT—VOMEREEIELL, 75942 MH~—
7 OFHEE Z M CE 2 VWIBRED D - /2.
FX-103S/103SH Tl&, 2 Xz 5RO FkE
fiiz7z, LAY NOAT—=V2RATHZ LT,
Pekoarte 7 NTHEL LD /RE LT 5 EHTE, X
F—UDMBEREYL, 74 A2 b~x—27 OFHNEE 2 M
FLTW5.

(2) IERIET I 4 A ¥ ME

HIATL— FORELIZHEV, TFT #i&E 7 a2 o
A EOFBICXY, MBS — 2 O RERHIK &
{25,

JERIET 54 A v MEATIE, VT Ly ZORER A H
L, 4oLy DGR RAE R R, G655 % filE 5
52T, MBS — Y ORIKICEDLETEIIBIRE L Z
LA Cc& % (Fig. 6).

(3) ERHDEKIE

HREDLEREIN% Fig. 7 (27~ 7. FX-103S/103SH i,
HIATL—FDOREULR, < VF L XAOFEZE LR L
HENERNZRETA2Z LT, EhobErE =
0.5um ZFEH L Tn5b,
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4 TRTYAREBR BKRERIVE R

FX-103S/103SH Cid, 74 b~ A7 Loy —2 XD}
KEBNRANVEBNRTHIENTE L. ZOWHAEE VFS
(Variable Field Stop) & U8, WS D RKES A VEREICE
kL CWa, %, £10.587 + M~ A7 ¥4 X TIET5
A2 FTA PPN ETE—HEENLT 555, VFS HRBIC X
DEIZIEI30M > F T4 BRIV EGFELTHERTLIED
THEE 2D, WIATL—1M1MH/=01304 »F T4 FI8
DA 22800 LR LR Y R— M52 (Fig. 8).
VESH#fEIZ 7 4+ b~ A7 Loy =V &5H L, 5 A
TVU—=METY—ALVAIMEGDELERTHL. FT
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Development of “NEXIV VMZ-H3030” CNC video measuring
system
Kenichi YAMAMOTO¥, Shingo KADOMOTO* and Takayuki MORITA**

ZVIF20184(C CNC (computer numerical control) BHRRAIEY AT ADBEEETILERD NEXIV VMZ-
H3030%ZH5E Lz, VMZ-H30301&, Fi#RE VMR-H3030(CEENRT, #FTUWBERDILEZAY R (9474 1 4~60X) A
BRABES Y, BEANYR (94T TZ: 1~7.5x/16~120X) [CRIEBEH S NA Z>@T U2 LLEYL > X
ZERALTWVS. &5(C, 3BEOAHFAEICHMUL8DBU VIR SOVBEHRADKRBEZTRES LIz TTL
(through the lens) L—HY'—F—h T+ —AXAZEH L TWVS.

VMZ-H3030D XY AT —J13, Bi#dE VMR-H3030& W V-F (2w ) Z—R)O—5—A4K, Y#ITT17)b
UZPIVI—9—DEEZEMEALTWVS. THEAEY 7D T 7 EHULBY, (MBVAEN TN TLTHIRHORE
ROEGY—F, Yy TTAE, RERESEREEEDEINTN.

INSDEAMTICK Y VMZ-H30301F, HLBPRAENR (£8, SEETFEE, Ml/\vr—I8ik, J—/N\/N9—
VE) DEREBAEDEKICINA D IENTEDZHRREZO>TWND.

Nikon released the “NEXIV VMZ-H3030" CNC video measuring system, a high accuracy model, in 2018.
Compared to the previous model, VMR-H3030, VMZ-H3030 has a new optical head Type 4, whose
magnification can be selected (4 to 60x). A new objective lens that combines a long working distance
and high NA with a high-magnification head Type TZ (1 to 7.5x/16 to 120x) has been adopted.
Furthermore, it has been equipped with 8 division ring illumination corresponding to 3 kinds of incident
angles and TTL (through-the-lens) laser auto focus that enables detection of thin transparent objects.

The XY stage of VMZ-H3030 inherits the V-F (flat) needle roller guide from the previous model, VMR-
H3030, and the dual linear encoder structure on the Y axis. The dimension measurement software has
been newly developed, and functionalities for rotation search, map measurement, and inspection report
preparation have been added that remain operational even if the position or angle is deviated.

With these technologies, VMZ-H3030 is a product that can meet the requirements for high accuracy
measurement of various objects (molds, various electronic parts, micro package substrates, wafer
patterns, etc.).

Key words CNCEHRAIEV R T A, BT URIVLUYR, U= —F—T#5—HR, BREAT—Y, TEAEVI DT
CNC video measuring system, phase Fresnel lens, laser auto focus, high accuracy stage, measurement software
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Table 1 Specifications of VMZ-H3030
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Fig. 5 Comparison of coma aberration
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Fig. 6 Effect of Phase Fresnel Lens
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Diagram method for resolution limit calculation in laser

microscopy

Naoki FUKUTAKE*

IR DN EDREEE, DEDEHFICER UIBRAD' H 2] EXKEKREIND. 7 yR(CKY, COEFBRFREVSH
EATRS N, BRHFEMREORBRIERORRE RS, 7 yROBERIEBRD TS NICEEE, BIASNEEDS
DEBNRZERAVTREERT 2EM UL BN 12D, REFENZSTHRLGAZRROWEHIR(CEDNTND. 88
(CEEHFTEVSBEZAFE LRV, HBPIDEMERC[EHEE L COCOITRFRDORIEE, HCHEHMIEICITBERATER
L. B, SHNHEREMIREORRAZBRCNENMEEZRT. [CHODDMDST, FRAOOHRANRIZTNTD
EMIBOFHIREL RO TVWS T EFEEICET . RPN FRFZAVCIEMIBOREIRFZ LR T 21cHIC, #f
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In this work, we study the influence of optical processes on the resolution limit of laser microscopes. We
formulate rules of resolution limit calculation for all types of laser microscopes that employ a variety of
optical processes occurring in a sample. By replacing the field with creation/annihilation operators, we
develop a theoretical framework to unify image-forming formulas that cover all interactions between
molecules in the sample and the light excitation including the vacuum field. To determine some simple
rules for the evaluation of optical resolution, our theoretical framework provides a diagram method that
describes linear, nonlinear, coherent, and incoherent optical processes. According to our formulas, the
type of optical process decisively influences the resolution limit if no a priori information on the sample

exists.

Key words &5, MHUKRST. BEMER. XEWBEOETIER, 774 YIXYIAT IS A
image-forming theory, resolution limit, microscopy, double-sided Feynman diagram, optical process

7 Introduction

In 1873, Ernst Abbe established the modern theory of
image formation in optical microscopy and derived the well-
known formula for the optical resolution, d = 1/2NA, which
corresponds to a frequency cutoff (resolution limit) of
2NA/2, where A is the wavelength of light and NA is the
numerical aperture of microscope objective®. In fact, classi-
cal microscopies, such as bright field microscopy”, phase
contrast microscopy”?, differential interference micros-
copy”, and dark field microscopy® essentially follow Abbe’s
theorem. Relatively new microscopy modalities, such as

relief contrast microscopy”, digital holographic microscopy®,

and optical coherence tomography” also obey Abbe’s rule.
Recently, laser microscopy systems based on a variety of
optical processes have been developed'”™'. Although
Abbe’s definition of resolution limit is still used as the stan-
dard, it is relatively unknown that the 2NA/A-limit can be
applied only to microscopies based on electric susceptibility
7P-derived optical processes, such as linear absorption (LA),
transmission, and reflection. Furthermore, considering the
three dimensional (3-D) optical resolution in transmission
microscopy, it is known that the missing cone exists in the
spatial-frequency domain'”, as long as the y®-derived optical
processes are used. When using higher order nonlinear

susceptibility y?-derived optical processes (i = 2), the reso-

* WFJERSEARER LR 7ERT
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lution limit may surpass 2NA/A and the missing cone can be
overcome'®. This implies that the higher order optical pro-
cesses, even fluorescence, which is a y®-derived optical
process, cannot be dealt with by Abbe’s formula. Indeed, the
frequency cutoff in fluorescence confocal microscopy is
ANA/IP.

In this study, we formulated the rules for the resolution
limit calculation of all laser microscopes that employ arbi-
trary optical processes. In our theory, the resolution limit
can be calculated by using the double-sided Feynman dia-
grams describing the time evolution of the density matrix. In
nonlinear optics, the Feynman diagram method was origi-
nally developed for the classification of optical processes and
the calculation of y'”. We extended the applicability of the
diagram method to the calculation of the resolution limit.
Our theory covers the Abbe’s formula as a special case of

the lowest order

optical process. Linear, nonlinear, coher-
ent, and incoherent optical processes can all be described by
the diagram that includes some arrows'®. We show that
each arrow corresponds to the 3-D pupil function, following
the rule we derived. The transfer function, which we will
define as “3-D aperture”, can be calculated by connecting all
3-D pupil functions in the diagram with convolutions.
According to our theory, without a priori information on the
sample, the type of optical process involved determines the

resolution limit.

2 Optical process: Feynman diagram
description

Many types of optical processes can be employed for opti-
cal microscopy, as shown in Fig. 1(a). All optical processes,
including coherent and incoherent ones, can be described by
double-sided Feynman diagrams'”'®. As an example, Fig.
1(b) shows the diagrams describing linear fluorescence
(FL). In general, optical processes are expressed by simulta-
neous plural diagrams. For example, in FL, three diagrams
exist that contribute to the optical process'. In an incoher-
ent process such as FL, both the vacuum field and the laser

beam are involved. Because solid arrows are generally used

(a)

Scattering (b)

Molecule
Laser Beams
A D Absorption
A
S R e¥a
Position x
~\  Emission
= e (X4)

Position x,

Vacuum field

Detector

(a) Schematic of light-matter interaction. (b) Exam-
ples of Feynman diagrams (three diagrams for FL)

Fig. 1
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to represent the excitation field (real photons) in a diagram,
we use a dotted arrow to represent the vacuum field. A left-
pointing wavy arrow emerging from the ket side (left side)
corresponds to the signal field.

In this section, we analyze the fundamental mathematics
underlying the physical phenomena by using the quantum-
optical notation to deal with all optical processes, including
incoherent processes. Before dealing with microscopy, we
analyze the simple case where the creation and annihilation
of the excitation photons occur in free space with the transi-
tion of molecules (including virtual transition), which results
in the creation of a signal photon from the molecule and its
annihilation at the detection position (see Fig. 1(a)). In a
diagram, left- and right-pointing arrows correspond to cre-
ation operators d¢'(x) and annihilation operators é(x), respec-
tively, where x = (x, y, z2). We establish the drawing rule of the
wavy arrow for the signal field, in which the arrow for the
signal invariably emerges from the ket side to avoid the
redundant addition of diagrams. The wavy arrow corre-
sponds to ad, (x) (see Appendix). We define the interaction
operator Ein(X) as the product of all operators in the diagram
of interest and the excitation operator Ee(X), i.e., En (¥) =
Ee(X) @ (X). The excitation operator for the i-th order opti-
cal process is composed of ¢ creation/annihilation operators.

Some typical diagrams are shown in Fig. 2, where the
optical processes are categorized in terms of the order 1.
Although some optical processes are depicted by simultane-
ous plural diagrams, one of them is described as a represen-
tative diagram for each optical process. Note that the dia-
grams representing identical optical processes indicate the
same optical resolution. The inner dotted line indicates the
longitudinal relaxation, which does not influence the optical
resolution. In incoherent optical processes, the vacuum field
is involved as a local oscillator and one of the excitation
fields, while in coherent optical processes only the laser

beams are responsible for the excitation. In coherent optical

1st order 3rd order

g, (x)

2nd order

@, (x),

i (®) a.(x)
—]
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Fig. 2 Typical diagrams for some optical processes
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processes, the presence of the local oscillator depends on
the type of optical process.

3 Notation system

First, we consider the phenomenon in free space. Fig. 1(a)
represents a laser beam incident on a molecular ensemble

® where the light-matter inter-

with nonlinear susceptibility y
action occurs. Then, the molecular ensemble radiates the
signal, which propagates to the detector position x4, where it
is annihilated. We assume the laser beam to be in coherent
state |tx>. We also incorporate the vacuum state around the
sample |0) into the formulation (see Appendix). Under the
excitation condition |a>|0> , the expectation value of the sig-
nal created at x and detected at X4 can be expressed as (0|
7B () (%) |r}|0). For example, in LA, by using the equa-
tion Eiwe(x) = d.(x)dg (x) with d.(x) acting on |er) and dq (x)
acting on |0), the normalizations (e¢|o)= 1 and (0/0) = 1, and
the ordering rule of operators defined in Appendix (symbol

: 1), the expectation value mentioned above becomes

(O] e 2 6o (0ca) s ()£ 2| 0)

=2 (o] ()] ) (0] o (xa ) 5 (x)| 0)
=1V (X) G(xa — X), @

where G(xq—x) denotes the Green's function for the signal
photon propagating from X to xq and «(x) is the complex
function obtained from the equation d,(x)|a) = a(x) |e). In
Eq. (1), we used suffixes «a for the laser and 0 for the vac-
uum to clarify the state that the operator acts on. In free
space without lenses, although dy(x) still corresponds to

dsig(X), do(xa) is not equal to deo(Xa):

a5 (X) = @ (X) @
ao(xa) = [a( fo)e™ > d’ f. )

Considering the interaction between the signal field
described by Eq. (1), which is generated from the vacuum
field, and the excitation laser beam itself, which acts as a
local oscillator, the expectation value of the intensity

observed by the detector at x4 is given by

(O] o i (00 + 2 B 03 )| £ 0)
~ (0f{or|{dz (xa) e (x0)
iV (%) i (00 do (%) @5 (%) + hc.f )] 0)
= |a(xd)|2 +ixVo (x)a(X)G(xq — X) +c.c. “)
where the fourth term was neglected and the Gouy phase

shift -7 added in the vicinity of the focus of the local oscilla-

tor was considered.
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4 Microscopy model description

We now define the imaging system (laser microscopy) in
our model. The laser microscopy is composed of an excita-
tion system that focuses the laser beam onto a sample and a
signal-collection system that gathers the signal generated
from the sample. A schematic of laser microscopy with the
coordinate system is shown in Fig. 3. In the following, we
assume a 3-D sample-stage scanning, rather than laser scan-
ning, which, however, does not influence the optical resolu-
tion. In laser microscopy, one or two excitation beams are
usually employed to generate the signal. The electric field of
the signal is emitted from the molecule excited by the elec-
tric fields of the excitation beams, and the signal field propa-
gates through the signal-collection system. The signals are
acquired point by point with a photodetector to reconstruct

the 3-D image.

Gy (xd)|

----------------------
~. Variable-size

1
1 Sample stage j|2/<'>(x,x')ﬁmt(x)|
| displacement Zi
1 g
\ X Filter g
o %, aperture

mﬁ‘?n . : B‘w:" : ‘ :.:. Detector
o

Collection objective

(NAy)

________

Excitation obj ective

(N4,)

N
o

—>
SIS

Y
Excitation system Signal-collection system

Fig. 3 Schematic of laser microscopy with coordinate sys-
tems

For simplicity, the first Born approximation is applied to
understand the true nature of the optical resolution. In this
approximation, multiple scattering and depletion of the beam
are neglected, which usually holds true for nearly transpar-
ent samples, such as biological specimens. If multiple scat-
tering and depletion are intense, the image acquired will be
deformed to some extent. We assume that both the excita-
tion and signal-collection systems are 1-X magnification
systems, which does not change the essence of the image-
forming properties. In our model, the scalar diffraction the-
ory is employed. The linear or nonlinear susceptibility distri-
bution y?(x, y, z) in the sample acts as an object in the
imaging system. The excitation electric field induces the

polarization, which emits the signal electric field.

5 Quantum image-forming theory

The interaction operator Eiwn(x) is the product of all opera-

tors in the diagram of interest corresponding to the excita-
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tion fields (laser, vacuum, etc.) and the signal field. In
Appendix, the creation ¢*(x) and annihilation é(x) operators
for the excitation and signal fields in real space, respectively,
are found from the inverse Fourier transform of the product
of the 3-D pupil function, P(f), and the operators in wave-
number space, ¢ (f) or d¢(f). When the sample-stage dis-
placement X = (¥, y, ) is zero, the operator for the polariza-
tion distribution in the sample formed by the excitation
objective is expressed by ¥ E«(x), where we presume that
the electric permittivity &, is unity: &= 1. As mentioned above,
Ew(x) is the operator composed of the product of the opera-
tors in the diagram of interest except for ad, (x). The expec-
tation value of the amplitude of the signal generated at x in

the sample and detected at x4 is represented by
<0|ex <O€|}((1) Eim(x)dcol(xd) |a>ex |0>
=(0],, (| x™ tEe(x) ool (Xa) 5 ()| ) |0), G)

where all operators appearing in the diagram and d..(Xq) are
defined in Appendix; the excitation state |oz>ex is also defined
in Appendix. The signal emitted from a single point x in the
sample forms the electric field distribution, i.e., the ampli-
tude spread function (ASF), at the detection position Xq:

ASEul(Xd - X) = <O dcol(xd)dsjrig(x)|0>- (6)

Integrating Eq. (5) over the object space, the total amplitude

of the signal at x4 becomes
(0, <a|” J’ 2960 Endeta)idx|a)_[0). (@)

In addition to the signal, we need to consider the local
oscillator forming the electric-field distribution in the detect-
ing space. For coherent optical processes, one of the excita-
tion laser beams becomes the local oscillator that forms the
electric field distribution through the excitation and signal-
collection systems. For incoherent optical processes, the
vacuum field around the sample acts as a local oscillator
reaching the detecting space through the signal-collection
system. Considering the interaction between the signal field
and the local oscillator, the intensity observed at the detect-
ing point X4 is given by

(0] {efnxor+ [ ] 2700 B 00ks x2it :
|}, 10), ®

where the operator for the local oscillator d,(Xq) is intro-

duced and the Gouy phase shift of -7 for the local oscillator
is considered. The operator di,(Xq) becomes dioq) (Xa) acting

on | @) ex Or diow (Xa) acting on

0> depending on the optical
process. Note that, while some of the coherent optical pro-

cesses are not involved in the local oscillator, which is the
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vacuum field, in this case, the contribution of the local oscilla-
tor inevitably vanishes because of the formulas dj,)(Xq) |0> =

0 and <O dﬂ,(v) (Xd) =0.

Taking into account the sample-stage displacement X, we

rewrite Eq. (8) as

0l {e:

2

i, (xq) + Ijjx(i)(x - x')E‘im(x)flcm(xd )d®x|
o)., 0)- (9)

To discuss the resolution limit, we consider confocal micros-

copy, which has the largest frequency cutoff derived from a
specific optical process. The image intensity acquired by

confocal microscopes can be expressed as
Ix"=

(0], (e

2

—idi, (0)+ JJ.J.)((i)(x — X" Ein (0) deat (0)d®x]
|a>ex |0> ’

where 0 means xq4= (0, 0, 0), indicating the detection position.

(10)

6 Image-forming formulas for each optical
process

We give some examples of the image-forming formulas for
confocal microscopy with a variety of optical processes. We
start with Eq. (10) for all optical processes, including linear,

nonlinear, coherent, and incoherent ones.

(1) Coherent optical process

In coherent optical processes, the presence of local oscilla-
tors depends on the optical process. For example, in LA,
stimulated Raman gain (SRG), stimulated Raman loss (SRL),
and stimulated emission (SE), the local oscillator and signal
interfere at the detecting position. By contrast, in sum fre-
quency generation (SFG), difference frequency generation
(DFG), and third-order harmonic generation (THG), the sig-
nal does not interfere with the excitation laser beam because
the latter can be blocked with a filter by using the wavelength
difference. In coherent anti-Stokes Raman scattering (CARS),
two signals, namely the CARS and four wave mixing (often
referred to as non-resonant back ground), interfere, causing
the non-resonant background to act as a local oscillator.

For coherent optical processes with local oscillators, Eq.

(10) becomes
Teqo (x") = |00 100 (O)f
+ iafo(l)mg(l)(O)Ijjx(i>(x = X") Eex (X)hoot (—x)d°x
an

+c.c.,
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where the equations (0| de(0) a3, (X)]0) = ASFui (-X) =
hea(=X), oy (0) |02) ex = oy oy () | @) ex, ex (x| ex)ex = 1, and
<0|0> = 1 were considered and the fourth term was neglected;
the scalar function Ee(X) = o (o] } Ee(X) |er) ex indicates the
product of i ASFs formed by the excitation beams. The ASF
of the collection system ASF., (X) = /., (X) includes informa-
tion on the signal wavelength and the NA of the signal-col-
lection system. Note that ASF,q (0) = /) (0) includes the
contributions of the NA of both the excitation and collection
systems and the excitation wavelength. Because the first
term in Eq. (11) is a constant, the second term determines
the resolution limit. We refer to the function Eex(X) %co(=X)
=h(-x) as the ASF of the total microscope system and its
Fourier transform corresponds to the 3-D aperture. In this
case, the 3-D aperture is often referred to as the weak-object
transfer function (WOTF)'?. The complex constants tex, texz,
etc. correspond to the laser power amplitude, and /ey (X),
hexz (X), etc. include the information on the excitation wave-
length and the NA of the excitation system.

For coherent optical processes without local oscillators,
Eq. (10) becomes

Ic(x'>=wjx<”(x—x'>Eex(x>hml<—x)d3x

2
)

12)

where the first term (0] diow (0) dise) () |0), which cannot be
observed, was neglected; the second and third terms vanish
because the numbers of the creation and annihilation opera-
tors acting on |0) are different, and only the fourth term
remains. In Eq. (12), we use the equation dc, (0) 4, (0) =
a1 (0) deot (0) + C (const.) originating from the commutation
relation [deq (0), iy (0)] = [|Pea (fo)|* d° f4 (see Appendix),
which results in the part C{0
the Green's function (0| dsg(x2) a3y (1) |0) propagating from x;
to X» is not related to the physical phenomenon. We also use the
relation |0) (0] = 1. As mentioned above, the ASF of the total
system, ASFr, is represented by 2 (—X) = Eex (X) %co1(~X). Note

dsg(%) @2, (1)]0) vanishing because

that grating objects with grating pitch finer than the ASFr
cannot be resolved by microscopes using coherent optical
processes without local oscillators. Consequently, the ASFr

is well-defined indicator of the resolution limit.

(2) Incoherent optical process

In incoherent optical processes such as FL, two-photon
excited fluorescence (TPEF), and spontaneous Raman scat-
tering (Ra), the annihilation operator for the vacuum field
emerging from the bra side in the diagram d...(x) (see
Appendix) is essential for E.(X). In incoherent processes, the
vacuum field acts as the local oscillator. We define the

operator E‘ex(l) (x) as the product of all operators in the dia-
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gram excluding duac(X), i.6., Eex(X) = Eexqy(X) dvac(X). For an
incoherent optical process, Eq. (10) reduces to the well-

known image-forming formula:
Lic(x") = (0] dio (0) iy ()| 0)
2 [[im {6~ x| ASFo @ (- f
13

In Eq. (13), the scalar function Ee(X) = e <oc| CEeap®) |(x> ex
is introduced; the relation Eeq(X) = |ASFexq(X)[* is used
because Eeq (X) is inevitably composed of the same number
of dex(X) and ag (X) in incoherent optical processes; and the
commutation relation [Gc(0), disey )] = [V*(fa)|Peat (F2)[* @ T4
= 0 (see Appendix) and the formula |0)(0| = 1 are utilized.
Note that Im{y®(x)} is a negative function. Because the vac-
uum field is never observed, the first term can be omitted.
The point spread function of the total system involving an

incoherent optical process is [ASFexq (<) [*/col (= X)|* = (= X).

7 Redefinition of the resolution limit

In our theory, all optical processes, including linear, nonlin-
ear, coherent, and incoherent ones, can be dealt with consid-
ering the same framework. For coherent processes, only the
real field is applied as the excitation field, while for incoherent
processes, one of the excitation fields is the vacuum field.

To evaluate the resolution limit of all microscopy modali-
ties, we define the 3-D aperture A(f) as the Fourier trans-
form of the ASF of the total system ASFr represented by
h:(-x). The physical significance of the 3-D aperture is the
rate of Fourier components in the object, acquired through
the microscope system. In microscopy with a local oscillator,
the 3-D aperture is derived from the Fourier transform of
the second term (one of the cross terms) of Eq. (10), as
;(6 (f)A(f); in this case, the Fourier transform of the third
term is merely the complex conjugate of the Fourier trans-
form of the second term, which means that the third term
does not contain additional information. In microscopy with-
out local oscillators, only the fourth term remains, and its
Fourier transform is proportional to the autocorrelation of
},(\(T)(f)A(f). Furthermore, because no local oscillator is pres-
ent, the optical transfer function (OTF) cannot be defined,
resulting in some image deformation. Because the spatial
frequency outside the 3-D aperture can never be acquired,
the 3-D aperture itself is the most appropriate criteria to
obtain the resolution limit.

While for incoherent processes the OTF can always be
defined, for coherent processes, it can be defined only if the

local oscillator exists. However, the 3-D aperture can be
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defined even in the absence of a local oscillator. For micros-
copy with the local oscillator, two types of the OTFs are
defined, i.e., ones for the real and imaginary parts of y© (x).
By taking into account the second and third terms in Eq.
(10), the OTF for the real part of ?(x) becomes OTF; (f) =
iA(f) -{A*(~f). Similarly, the OTF for the imaginary part
can be expressed as OTF(f) = -A(f) -A*(- ). Although
7% (x) is generally a complex function, in most cases y? (x) is
either the real function or the pure imaginary function. In this
case, OTF; (f) and OTF;(f) become well-defined and useful
concepts. However, even when the OTF is not defined, the
3-D aperture is still the best indicator for the resolution limit,
because the information outside the 3-D aperture cannot be

acquired.

8 Rules of diagram method

As described above, in all optical processes, including
incoherent and coherent, regardless of the presence or
absence of the local oscillator, the 3-D aperture can be
expressed by the Fourier transform of %:(-x). The expres-
sions for the coherent and incoherent optical processes can
be unified using the diagram method. From the Fourier
transform, we obtain the rule that the 3-D aperture of confo-
cal microscopy with a certain optical process can be calcu-
lated by convolving all 3-D pupil functions that correspond to
the arrows in the diagram, following the correspondence
table below”. Note that, in the table, we rewrite Pooi(f) 6. (| —fso)
as P.,i(f), which has delta-function characteristic in the radial

direction.

Table 1 Correspondence between pupil functions and the
arrows in the diagrams
Excitation | Excitation | Vacuum Signal
arrow | — | +——— | s====- - | v
Pupil function | Pex (=F) | P& (f) | P& (=f) | Pea (F)

All optical processes can be described by the diagrams,
which were originally developed to classify and count the
right amount of interactions and estimate the amplitude and
phase of the nonlinear susceptibility in the interaction of
interest. We discovered one more application of the dia-
grams, i.e., calculating the 3-D aperture of microscopes that
employ the optical process described by the diagram, where
each arrow corresponds to a 3-D pupil function: the 3-D
aperture can be computed by connecting all 3-D pupil func-
tions in a diagram with convolution. The frequency cutoff of

the 3-D aperture defined above determines the resolution
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limit of the microscope. As long as the optical process of
interest is employed, the resolution limit cannot surpass the
frequency cutoff determined by the optical process, regard-
less of how well the system is devised. We can prove the
following theorem: “If there is no @ priori information on an
object in far-field microscopy, the resolution limit determined
by optical process cannot be surpassed, no matter how well

the microscopy is devised.”

9 Results and discussion

As stated above, the maximum possible resolution limit is
determined by the type of optical process employed. For
illustration, Fig. 4 shows the calculation results of the 3-D
aperture for CARS, SRL, SRG, and THG microscopy®?.
With identical excitation wavelengths, the resolution limits
of SRL and SRG microscopy are the same, while that of
CARS microscopy is higher. The 3-D aperture of THG
microscopy exhibits peculiar properties, whereby the value
of the origin in the spatial frequency domain is zero, result-
ing in the disappearance of the uniform part from the image.

According to our theory, the upper limit of the frequency
cutoff determined by the optical process cannot be sur-
passed. Although the optical resolution may be different for
different microscopy modalities, the maximal frequency
cutoff is the same if the same optical process is employed.
The modality with the maximal frequency cutoff is confocal

microscopy. The frequency cutoff of its 3-D aperture deter-

(a) CARS

Acars(f) = Pud=DNOEANSE(-NSELN
-
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Fig. 4 Calculated 3-D apertures for (a) CARS, (b) SRG, (c)
SRL, and (d) THG. n is the average refractive index
in the sample. The NAs of both excitation and sig-
nal-collection objectives are 0.9 (dry). For CARS,
SRG, and SRL, the vibrational frequency (1/Aeq—1/Acx)
is assumed to be 2850 cm™.
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Fig. 5 Calculated 3-D apertures for (a) LA, (b) FL, (c) SHG,
and (d) CARS. The upper and lower rows are for
transmission and reflection types, respectively.

mines the upper limit by the optical process of interest.
‘While each optical process possesses its own inherent upper
limit, the NA and wavelength also influence the resolution.
Only spatial frequencies within the 3-D aperture can be
imaged. Fig. 5 shows the calculated 3-D apertures of confo-
cal microscopy in transmission and reflection modes
employing LA, FL, second-order harmonic generation
(SHG), and CARS. In reflection mode, although the OTF
does not exist (no local oscillator), the 3-D aperture can be
defined. In Fig. 5, the NAs of both excitation and signal-col-
lection objectives are assumed to be 1.2 (water immersion),
and 4 (800 nm) represents the excitation wavelength. In
CARS, where two excitation beams (pump and Stokes) are
used, we assume that 1 is the pump wavelength (800 nm)
and the vibrational frequency is 2,850 cm?, which means
that the Stokes and CARS wavelengths are 1,036 nm and
651 nm, respectively. For simplicity, in FL, we assume that
the fluorescence wavelength is the same as the excitation
wavelength.

Next, we consider the OTFs of SRL and CARS micros-
copy. In the previous section, we defined the OTFs of the
real and imaginary parts of y® as OTF.(f) = iA(f) -iA*(-f)
and OTF; (f) = —A(f) -A*(-f), respectively. This holds true
for SRL because the local oscillator is the pump beam itself,
which causes a Gouy phase shift of -7 in the vicinity of the
focus of the excitation beam in the sample. In CARS, how-
ever, the non-resonant background, whose y® is a positive
real number, acts as the local oscillator. The constant before
the local oscillator becomes unity in CARS because the non-
resonant background is generated from the sample with an
initial phase of zero. Here, the non-resonant background is
assumed to be spectrally flat and have homogeneous inten-
sity over the sample. In this case, the OTF of CARS micros-
copy changes as follows: OTF; (f) = A(f) + A*(~f) and OTF; (f)
= {A(f) —iA™ (-F). If A(f) = A* (-f), OTF; (f) in SRL and
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OTF; () in CARS vanish, but if A(f) #A* (-f), they remain.
Consequently, in SRL under the condition A(f) #A* (-f),
the real part of y®, which also contains cross phase modulation
(XPM, an optical process), appears in the image. Similarly, in
CARS under the condition A(f) #A™ (-f), the imaginary part

® is observed.

of y

We now consider nonconfocal microscopy, which is nor-
mally used to obtain a high signal intensity. Although in
nonconfocal microscopy the detector is normally placed at
the plane conjugate to the pupil of the collection objective,
we consider the microscopy in which the detector is placed
at the image plane conjugate to the sample plane. Note that,
in nonconfocal microscopy, the image does not change
regardless of the detector position. Therefore, to simplify the
equation, we calculate the intensity value at a certain sample-
stage displacement (x, ¥, 2) by three-dimensionally integrating
the signal intensity in the detection space. The image intensity

acquired by nonconfocal microscopy is proportional to 9%

16 [ leatoa) + [ [ 18 = x0[ B&.(9) s = 0

= Jjj‘Elo(xd)‘z d*xq

B[ [[ #8030 [ B0 Jha-odx e

d P
x4

14)

where E),(Xq) is the local oscillator, ¢ is -7 for SRL and unity
for CARS, and [ES (x)] represents the excitation field includ-
ing the pump and Stokes beams. In Eq. (14), the fourth
term was neglected and the relation [[f B (Xa) #eor (Xa—X)dXq
~ EF hea(-X) was used, assuming that Ej,(Xq) = Ei Heo (Xa) if
NA« = NA.. The first term in Eq. (14) is a constant, which
vanishes with lock-in detection in SRL, and can be eliminated
on the computer in CARS. The cross terms (second and
third terms) form an image.

We now consider the influence of NA on the OTF in
CARS and SRL microscopy. By considering the excitation
fields E,(x) ES(x) E,(x) in CARS and E,(x) Es"(x) Es (x) in
SRL, we analyze the key factor & (-x) = [ES (X) 1/ (-x) that
determines the optical resolution, where E, (x) and Es (x) are
the electric field distribution in the sample for the pump and
Stokes beams, respectively. Note that [ES (x)] is formed by
the excitation system, while /., (-x) is formed by the signal-
collection system. In other words, the Fourier transforms of
E,(x) and Es(x), i.e., P,(f) and Ps(f), are the spherical-shell
shaped pupil functions of the excitation system, determined
by the wavelength and NA, while %.(-x) is the Fourier
transform of the pupil function of the signal-collection system
P.i(f). Moreover, note that the radius of P.,(f) of SRL dif-
fers from that of CARS. The 3-D aperture A(f), i.e., the

Fourier transform of /.(-x), is calculated by convolving the
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Fig. 6 OTF for CARS, SRL, and XPM. n is the average
refractive index in the sample. The wavelengths of
the pump and Stokes beams are 800 and 1036 nm,
respectively. The vibrational frequency is assumed to
be 2850 cm™. (@) NA«x = 1.2, NAco = 1.2. (b) NA =
1.2, NAq = 0.55.

four pupil functions: P,(-f) @ P& (f) ® Ps (-f) ® P.(f) for
SRL and P,(-f) ® P& (f) @ P, (-f) ® Pea(f) for CARS. There-
fore, if NA« > NA,,, the 3-D aperture A(f) becomes asym-
metric, i.e., A(f) #A4* (-f), resulting in the appearance of
XPM in SRL microscopy images. On the other hand, if NA.
= NA. (or even NA« < NA ), the XPM disappears from the
image. Note that, if the three focal points (excitation system
for the pump beam, excitation system for the Stokes beam,
and signal-collection system) do not coincide with one
another in the sample, XPM emerges even in the case of
NA« = NAg.

Fig. 6 shows the NA dependency of the OTF in CARS and
SRL microscopy, where we assume that, in SRL microscopy,
the wavelengths of the pump and Stokes beams are tuned to
a full-resonant vibrational level, and in CARS microscopy,
they are slightly detuned to observe Re{ x&ks}. Under the
same excitation conditions, CARS microscopy exhibits a
slightly higher optical resolution than SRL microscopy owing
to the difference in the signal wavelength. In SRL micros-
copy, if NAe > NA,, the OTF of the XPM appears, which is
usually undesired. Because the XPM point spread function,
calculated by Fourier transforming the OTF, becomes an odd
function in the z-direction, the XPM image seems a differen-

tial image with respect to z.

10 Conclusion

We have applied the Feynman diagram technique to calcu-
late the laser microscopy resolution limit. This method
allows the description of linear, nonlinear, coherent, and
incoherent interactions. By performing the calculations,
simple rules for the evaluation of 3-D apertures were

derived. The 3-D aperture can be calculated by connecting
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the 3-D pupil functions corresponding to each arrow in a
diagram with convolution. Our theory implies that, without
a priori information on the sample, the type of optical pro-

cess determines the resolution limit.

I ’ Appendix

The plane wave of a laser beam can be assumed to be in a
coherent state with the frequency f = (%, £, 1,)

|a>ex = feg(/)|a>f ’ (Al)

where « is a complex number and |n> ¢ is the number state
for the plane wave with frequency f (wavenumber k = 2zf).
Because the excitation laser beam is focused onto the sam-
ple by the excitation objective, the corresponding excitation
state is represented by the direct product of all modes
restricted by the NA and wavelength:
g
’ n§0ﬁ|n>f ’

where P represents the 3-D pupil function for the excitation

la), = *2)

objective. In coherent optical processes, we consider only the
coherent states for laser beams. If two different laser beams
(ex1 and ex2) are employed for the excitation, the state rep-
resenting the excitation condition becomes |a> exl |a> ex2-
For incoherent optical processes, we incorporate the vac-
uum state |0> into the formulation as one of the excitation
lights. For this purpose, we consider the direct product of
the coherent state and vacuum state |a>ex|0> as the excitation
condition. The vacuum state |0) contains all modes |0) with

frequencies f :

|0} =11]0), - (A3)

This vacuum state exists around the sample. Note that the
contribution of |0>f in |a>f is negligible because of the normal
order product for the operator, which will be explained later.

We introduce the basic idea of the annihilation and cre-
ation operators in real space, d(x) and 4" (x), using the 3-D
pupil function P(f):

a(x) = [P(f)a(f)e*d’ £,
a'(x)=[P'(f)a" (e ~d f,

(Ad)
(A5)

where d(f) and ¢'(f) are the annihilation and creation
operators in the wavenumber domain, respectively. Using
this underlying concept, we can define the annihilation
operators in real space for the excitation laser field de(X),
the vacuum field around the sample d...(X), the local oscilla-
tor field derived from the vacuum field di,) (x), the local

oscillator field due to the excitation laser field d,q (x), the
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signal field emitted from the sample ds,(x), and the signal

field collected into the detector d..(X) as

b () = [ Po( ) G( 1) *d* £,

liac(x) = V()3 (| f] - fi) G ) d* 1,
Giow(xa) = [V(f) Pt (f2) @(fa)e*™ 2 d f,
o (xa) = [ P (f2) P (f2) a(fa)e* 5 @ fy,
i () =[5, (| f] - fu) G0 £,

ea(0) = | P f2) G fi)™ & f, (46)
with
Polfisfynf) = PO )P (o o o),
1
6| F|— feig ) =6 (| F|— fog )+ ————,
(1= fse) =5 (| F|- £ )*,7,(|f|-fsig) @a7)

where P.,(f) is the 3-D pupil function for the excitation sys-
tem expressed by the product of the 2-D pupil function for
the excitation system P& (£, f,) (including laser beam profile)
and the spherical shell truncated by NA P (£,, £, £,), which
has delta-function characteristics in the radial direction. V(f)
represents the complex random function whose modulus is
one, P, (f) is the 3-D pupil function for the signal-collection
system, which is the partial sphere with the modulus of one,
and f, is the modulus of the wavenumber for the signal
field. Note that £, takes into account the refractive index of
the sample. The information on the aberration is included in
the pupil functions.

We now establish the operators ordering. The operators
dex(x) and diog (Xa) act on |0} o, and the operators dyc(X),
diow (Xa), dsigX), and deq () act on |0). For the operator order-
ing, we introduce the symbol : :.In the area between the sym-
bols : i, the order of the operators is rearranged as follows:
® Rule for the operators acting on | ot)ex

Normal ordered product: creation operators are placed to

the left of the annihilation operators in the product.
® Rule for the operators acting on |0)

Anti-normal ordered product: annihilation operators are

placed to the left of creation operators in the product.
The special ordered product defined above means that the
vacuum field cannot be observed, except when considering
the propagator represented as the vacuum expectation value,
such as <0| Gea(Xa) @Sz () |0> . Note that we ignore the vacuum
expectation value (0| diow (Xa) Gioe) (xa)|0), which cannot be
observed in practical experiments.

To unify the framework for coherent and incoherent opti-
cal processes, the classical field is replaced by the operator.
Then, the operator acts on the bra or ket describing the
excitation condition. Because the vacuum field inevitably
exists around the sample, we always utilize both the coher-

ent state for the laser and the vacuum state as the excitation
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condition, such as |er) ex

()>. For example, using the relation

dex(f)| @)1 = a|a) 1, the calculation is as follows:
dx()|at), = [P(f) ()™ f )

:J‘[)ex(f)a eian'»xd3f|a>
=a ASEx(x)|a>

ex
ex

(A3)

where ASF«(x) is the ASF formed by the excitation laser

beam onto the sample through the excitation objective. The

calculation related to the vacuum field is as follows:

(0]éen (xa)al ()] 0) = [P (£)8: (| f |~ fog )€™ 2 f
= ASF.i(xa - x),

(A9)

(0] ()i (2] 0) = [V O Pea (1091 1] i)/ -0 |

={ASFa(xa-x)}, (A10)
(0] s (X)L (x0)]0) = {{0] et (xa )il 0|0
= {ASFua(x - )}, (A1D)

where ASF.,i(Xq) is the ASF formed by the signal field onto
the detector through the signal-collection objective. Eq. (A9)
represents the propagator for the photon that is created at x
and annihilated at xq. In Egs. (A10) and (Al1), the left-hand
side, which appears to be the light propagation from X4 to X,
physically indicates that the light expressed by the complex
conjugate propagates from X to Xq.

For the convenience of formulas transformation and sim-
plification, we calculate the commutation relation between
the annihilation and creation operators in real space:

[[deo (x0), 5 (x0) ]
= Geot (%)l (xa) = @l (3ot (Xa)
=[Pa(f) a(f)e* @ fi] Pa( f2) @ (f)e PP d’ f;

—[Ra(f) @ (e ™4 d fo] Ba(fi) @ f)e* " f;
=Jfl’col(ﬁ)l’eél(ﬁ){d(ﬁ)d*(ﬁ)—ti*(fz)é(ﬁ)}e"z”‘ﬁ’f““dsﬁd:’fz
= [ Ra( P a(),a () ]e* - P4d’ fid’ £,
= [[Pa(fOPa(£)8(fi = e = d* fid’ f;

= |RaC) &, (A12)

where the commutation relation in frequency domain
[@ (f), @* (f2)] = 6(f1—f,) is used. Likewise, we obtain
[ e (x0), oo (xa) | = [V () [P (S]] & £
=0,
where the random phase nature of V*(f) is used.

(Al13)
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Super-resolution nonlinear fluorescence microscopy
using repetitive stimulated transition
Fumihiro DAKE* and Seri HAYASHI*

' N ¥

FHDEITRF Z B IeBFRMEENBEMIE G /N A F A A—=I VT ICBVNTARTRBRY —ILEF>TWD. BLDTFEN
REERFSINTHBY, ZOELNMREYBEOHEEERZNRNITTFALTVS. BLE, BB UFEEER (REST,
Repetitive stimulated transition) EWOWIBIRKRZIREE U, THUZ2RIA UICBRRMGIHR I e IR ZiRER U T
W2. RESTBEMEETIE, 2BOLU—T'—XNFEEIT2FEWIN (Fhie) EFBHHBZEHORCTEU DI NS

OvIA VBT 2 & TEGZERIST 3. FFREHADESHEBGNI AT KORGEBEDHEHMDLHEREELRDIC
&, BREHENEOSND. SHHE—X - EYHABEA X —I VT DERIE, REFAICKDDBREEE L3R ZHE (TR
LTW2. RIS CIE REST BEMERICDWVWTHE T 5. FIWHHIC, ENEIHFREXICET DREKFNETILZANT,
REST DIBFEERHRICDOVGRND. XIS, TNFTO REST BEMERDRIBEIIESERICOVTIBN T D. REIC, JE
RERIDERESEDORLEICDOVTERNS.

In developing super-resolution fluorescence microscopy, light—matter interactions allow the diffraction
barrier to be broken. Super-resolution nonlinear fluorescence microscopy is presented in this study using
a unique light—matter interaction named as repetitive stimulated transition (REST), caused by two-color
laser beams. The resulting nonlinear fluorescence, which undergoes the aforementioned REST processes,
is detectable as a signal via the lock-in technique. The signal is produced by the multiplicative combina-
tion of incident beams leading to an improvement of the three-dimensional optical resolution. Imaging
results of fluorescent beads indicate that REST microscopy has a superior optical resolution compared to
conventional laser-scanning fluorescence microscopy. Biological imaging results verify the acceptable
feasibility of REST microscopy for practical use. In this review article, the phenomenological model to
describe the mechanisms and characteristics of REST processes is presented. Then, the recent
advancement of REST microscopy using two distinctive REST processes implemented with pulsed and
continuous-wave lasers respectively, is described. Finally, a general outlook of nonlinear fluorescence

microscopy is given.

Key words =0ovamsR, FEREEEME, BFE, FEIN, FEHE

fluorescence microscopy, nonlinear microscopy, super-resolution, stimulated absorption, stimulated emission

1 Introduction

Fluorescence microscopy is an indispensable tool in the
field of biology and is widely used for a variety of biologi-
cal imaging applications?. However, the optical resolution
remains limited to about half of the wavelength on account
of the diffraction limit?. To surpass the diffraction barrier,
several super-resolution techniques utilizing the nonlinearity
of various light—matter interactions have been applied® 2.
Recently, super-resolving nonlinear fluorescence (NF)

microscopy that employs repetitive stimulated transition

(REST) processes caused by two-color laser beams'?'"

was
proposed. The NF is produced by the multiplicative combina-
tion of both incident beams, resulting in the improvement of
the three-dimensional optical resolution — theoretically to an
unlimited extent. There are two REST processes, their main
difference being the origin of the saturation effect'®'. Both
methods are similar, but have different physical phenomena
leading to offbeat signal properties, such as optical resolu-
tion, quantum-limited sensitivity, and tolerance to photodam-
age.

In this review article, first the phenomenological model to

* WFJERSEARER LR 7ERT
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describe the mechanisms and characteristics of NF including
REST processes is presented. Then, the recent advance-
ment of REST microscopy using different REST processes
implemented with pulsed and continuous-wave (CW) lasers
respectively, is described. Finally, a general outlook over NF

microscopy is given.

2 Phenomenological interpretation of REST
processes

Figure 1 describes the phenomenological interpretation
for linear fluorescence (LF) and NF. The wavelengths of the
pump and probe beams overlap the absorption and emission
spectra of the fluorescent dye, respectively. Thus the pump
beam induces stimulated absorption (SA) and the probe
beam induces stimulated emission (SE). In the LF process
(Fig. 1(a)), the pump beam induces SA (i.e., excitation),
then generates fluorescence. In the lowest NF (LNF) pro-
cess (Fig. 1(b)), the pump beam excites fluorophores, a few
of which are reverted to the ground state by SE from the
probe beam. The NF signal is then produced. The detect-
able NF wavelength is different from the probe wavelength.
The LNF microscopy was previously implemented with
pulsed lasers®” and CW lasers®'®. In REST processes (Figs.
1(c) and (d)), a few fluorophores, which were excited by
the pump beam and then reverted by the probe beam, are
excited again by the pump or probe beam, resulting in the
production of higher-order NF signals (i.e., REST signals).
These re-excitations are due to the finite lifetime of the high
vibrational state within the ground state, after fluorophores
are reverted by SE'©. This is generally considered to have
a negative effect on Stimulated emission depletion (STED)
microscopy since the re-excitation unavoidably disturbs com-
plete fluorescence quenching. Contrastingly, REST micros-
copy can utilize these re-excitations as the origin of signal
production. It appears that REST processes are higher-order
nonlinear phenomena compared to the LNF process. REST
processes can be interpreted as a part of a saturation effect'.
The REST process based on the re-excitation caused by the
pump beam (Fig. 1(c)) can be interpreted as the saturation
effect of SA. On the other hand, the REST process based on
the re-excitation caused by the probe beam (Fig. 1(d)) can
be interpreted as the saturation effect of SE.

Optical resolutions for the LF and NF processes can be
roughly estimated from the phenomenological model. For
simplicity, it is assumed that the optical resolution is deter-
mined solely by the incident beam, ignoring the pinhole

effect'”. The LF signal is proportional to the pump beam;
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(a) LF (b) LNF (c) REST (d) REST
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Fig. 1 Phenomenological interpretation for LF and NF pro-

cesses: (a) LF, (b) LNF, (c) and (d) REST caused
by the saturation effects of SA and SE, respec-
tively. So: population of the ground state, Si: popu-
lation of the excited state.

therefore, its resolution is determined by the pump point
spread function (PSF). The LNF signal is proportional to the
product of the pump and probe beams; therefore, its resolu-
tion is determined by the product of both beam PSFs, result-
ing in a superior resolution to the LF signal®~®. In a similar
manner, REST signals are proportional to the product of the
three beams; therefore, optical resolutions are determined by
the product of the three PSFs, resulting in superior resolu-
tions compared to the LF and the LNF signals. The theoreti-
cal expectation can be estimated using a resolution scaling
factor of 1/4/7 ™, where i is the number of associated stimu-
lated transitions. The specific theoretical formulas for both
REST processes are described in our previous works ™9,
To extract the REST signal from the total fluorescence
signal practically, it is necessary to use a lock-in technique.
The intensities of the pump and probe beams should be
modulated with sinusoidal waves at frequencies of /i and
f2, respectively. The REST signal can be detected with a
demodulation frequency of mf; = nf, ¥, where m and » are
the numbers of associated stimulated transitions caused by

the pump and probe beams, respectively (m + n = 7).

3 Experimental setup

Figure 2 shows the experimental setup for REST micros-
copy, the details are described in our previous works'!?.
Two-color lasers are used for the pump and probe beams.
The pump wavelength is set within the absorption spectrum
of the fluorescent dyes. The probe wavelength is set within
the red tail of the emission maximum. Pulsed and CW lasers
are used for the proof-of—concept demonstration of REST
processes based on the saturation of SA (Fig. 1(c)) and SE
(Fig. 1(d)), respectively. The intensities of the pump and
probe beams are temporally modulated by acousto-optic
modulators with sinusoidal waves at modulation frequen-
cies of fi = 2 MHz and f; = 2.7 MHz. Then, both beams are
focused into a sample via an objective lens (Nikon, CFI Plan
Apo VC 100X/1.4 Oil) that induces the light—matter interac-
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Lock-in amp.

Probe beam DM, QP
Pulse: 640 nm o= AOM - f*
CW: 647 nm GS

A Sample
Pump beam Mirror
Pulse: 532 nm % " 'Kfllrror LEDH

CW: 532nm GS” 0B

Fig. 2 Experimental setup for REST microscopy. AOM:
acousto-optic modulator, DM: dichroic mirror, QP:
quarter-wave plate, GS: galvano scanner, OB: objec-
tive lens, OF: optical filter, PMT: photomultiplier
tube. fs: demodulation frequency.

tions such as: LF, LNF and REST processes. A backscattering
fluorescence is passed through an optical filter (593 = 23
nm), which removes both pump and probe beams. Fluores-
cence is focused into a pinhole with a diameter of 30 pm
(~1 airy) and detected with a photomultiplier. The detector

photocurrent is then determined by a lock-in amplifier.

4 Demonstration of REST microscopy using
the saturation of SA implemented with
pulsed lasers

The REST process based on the saturation of SA was

19 Figure 3

applied with two-color picosecond pulsed lasers
shows the experimental results for REST signal detection.
A fluorescent solution consisting of ATTO 550 dissolved
in water at a concentration of approximately 1 pg/ulL was
employed as a test sample. Figure 3(a) shows the depen-
dence of the lock-in signals on the pump optical power. The
LF signal was detected with a demodulation frequency of
/i, when employing only the pump beam. The REST signal
was detected with a demodulation frequency of 2/ - £ (1.3
MHz), when employing both the pump and probe beams.
The results confirmed that the LF signal was proportional to
the 0.9™ power of the pump power, in good agreement with
the pump power dependence of LF. On the other hand, the
results also confirmed that the REST signal was proportional
to the 2.1" power of the pump power. This result is also in
good agreement with the pump power dependence of the
REST process. Figure 3(b) shows the dependence of the
lock-in signal on the probe optical power. The REST signal
was proportional to the 0.9" power of the probe power. This
result was in good agreement with the probe power depen-
dence of the REST process. Therefore, these results confirm
that the lock-in signals demodulated with 2f; - f; originate
from the REST process based on the saturation of SA (Fig.
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Fig. 3 Experimental results for REST signal detection™. (a)
Lock-in signals as a function of the pump power. (b)
Lock-in signals as a function of the probe power.

(a)LNF (fi-f,)
-

(b)REST (2f;-f,)

h

/] LNF VE REST

= ; - o 08 1 15 2 25 3
Lateral position [um]

-

Fig. 4 Imaging results of fluorescent beads with a diameter
of 500 nm™. (a) LNF and (b) REST images. /; = 0.1
mW, I, = 1.5 mW. Image acquisition time: 5 s. (c)
Line profiles along the white dashed lines indicated
in (a, b).

1(c)).

Figure 4 shows the imaging results of fluorescent beads
with a diameter of 500 nm. Figures 4(a) and (b) show LNF
and REST images, respectively. The LNF and REST signals
were detected with demodulation frequencies of /i = £, (0.7
MHz) and 2f - £ (1.3 MHz), respectively. The imaging
results showed that the bead diameter in the REST image
was narrower than in the LNF image. Figure 4(c) shows
line profiles of the images. The intensity of the REST signal
between the two beads sharply declined, indicating that the
REST signal has a higher resolution than the LNF signal.
The full-width at half-maximum (FWHMs) of the bead pro-
files captured by LNF and REST were 684 nm and 539 nm,
respectively. Since the bead diameter was larger than the
diffraction-limited resolution, the estimated FWHMs do not
directly provide optical resolution. Nevertheless, the experi-
mental results clearly demonstrate the scalability of optical
resolution and provide sufficient evidence of resolution

improvement using the REST process.

5 Demonstration of REST microscopy using
the saturation of SE implemented with
CW lasers

The REST process based on the saturation of SE was
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Fig. 5 Experimental results of REST signal detection'. (a)
Lock-in signals as a function of the pump power. (b)
Lock-in signals as a function of the probe power.

applied with two-color CW lasers'?. Figure 5 shows the
experimental results for REST signal detection. A fluorescent
solution (ATTO 550) was used as a sample. LNF and REST
signals were detected with demodulation frequencies of f; -
£ (0.7 MHz) and £i - 2, (3.4 MHz), respectively. Figure
5(a) shows the dependence of the lock-in signals on the
pump optical power. The LNF and REST signals were pro-
portional to the 1.0"™ and 0.9™ powers of the pump power,
respectively. These results were in good agreement with
the pump power dependence of the LNF and REST signals.
Figure 5(b) shows the dependence of the lock-in signals on
the probe optical power. The LNF signal was proportional
to the 1.0" power of the probe power. On the other hand,
the REST signal was proportional to the 2.1™ power of the
probe power. Both power properties were in good agreement
with the probe power dependence of the LNF and REST
signals, respectively. These results are effective evidence
that the lock-in signal demodulated with f; - 2f; originates
from the REST process based on the saturation of SE (Fig.
1(d)). Under these experimental conditions, the REST signal
did not follow the square-root law when the probe power
reached several milliwatts (Fig. 5(b)). The saturation of a
certain NF signal indicates the generation of higher-order
NF signals?. It should be noted that the REST signal satura-
tion gives rise to an unavoidable negative effect that worsens
the optical resolution, since it three-dimensionally expands
the signal generation volume. In this case, it is desirable to
detect a higher-order REST signal that can be detected with
a demodulation frequency of i - nf; (n > 2).

Figure 6 shows the imaging results of fluorescent beads
with a diameter of 200 nm. Figures 6(a) and (b) show the
LNF and REST images, respectively. Figure 6(c) shows line
profiles of both images. The FWHMs of the bead profiles
acquired by the LNF and REST signals were 289 nm and
251 nm, respectively. Because the bead diameter is smaller
than the diffraction-limited resolution, the estimated FWHMs

become approximately equal to their respective optical reso-
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Fig. 6 Imaging results of fluorescent beads with a diameter

of 200 nm'. (a) LNF and (b) REST images. (c) Line
profiles along the white dashed lines indicated in (a)
and (b). (d) Axial line profiles of the fluorescent
beads. Image acquisition time: 1 s. [y = 12 uyW, [, =
2 mW.

lutions. These results demonstrate that the REST signal has
a 1.2 times higher lateral resolution than the LNF signal.
Figure 6(d) shows axial line profiles of the fluorescent beads.
The FWHMSs of the bead profiles acquired by the LNF and
REST signals were 913 nm and 721 nm, respectively. There-
fore, the REST signal has a 1.3 times higher axial resolution
than the LNF signal. The theoretical value can be estimated
by the resolution scaling factor of 1/y/ '¥. The theoretical
FWHM ratio of LNF (7 = 2) to REST (¢ = 3) is calculated as
v (3/2) = 1.22. Therefore, it was confirmed that the experi-
mental result was in good agreement with the theoretical
expectation.

Figure 7 shows the imaging results of the spheroid sample,
where the actin of HT-29 cells was labeled with ATTO 550
dye. Images were captured via a water immersion objective
lens (Nikon, CFI Plan Apo VC 60XC/1.2 WI). Figure 7(a)
shows the confocal fluorescence (CF) image captured with
a demodulation frequency of fi while employing solely the
pump beam. Figure 7(b) shows the REST image. Figure 7(c)
shows line profiles of the images. These results demonstrate
that the REST image has a better optical resolution and
contrast than the CF image. Imaging results also reveal that
even REST microscopy implemented with CW lasers can be
sufficient for biological application. Thus, the feasibility of

REST microscopy for practical use was verified.
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Fig. 7 Imaging results of the spheroid sample'. (a) CF and

(b) REST images. (c) Line profiles along the white
dashed lines in (a) and (b). Imaging depth: 10 um.
Image acquisition time: 1 s. /1 = 40 pW, I, = 4 mW.

6 Discussion and Outlook

Both distinctive REST processes (Figs. 1(c) and (d))
caused by the saturation of SA and SE have complementary
features. The optical resolution of the former REST signal
is superior to that of the latter because of the difference
between the pump and probe wavelengths (4; < 4). The
photodamage caused by the probe beam is potentially less
problematic than that caused by the pump beam because
the probe beam is intrinsically transparent to the sample.
In terms of quantum limit sensitivity, the latter REST signal
(<I115%) is potentially less susceptible to shot noise than the
former REST signal («<I\’I,). An increase of the pump inten-
sity boosts the LF signal, resulting in a definite increase of
the shot noise. On the other hand, the probe beam does not
produce the LF signal; an increase of the probe intensity
decreases the fluorescence photons due to SE, resulting in a
reduction of the shot noise.

Both pulsed and CW lasers were used as light sources for
REST microscopy. It is apparent that pulsed lasers are more
efficient in generating NF signals than CW lasers. However,
the need for a pulsed laser inevitably disturbs the wider
use of this method due to the high cost, low robustness,
and narrow wavelength selectivity. CW lasers enable REST
microscopy in a more practical way. In STED microscopy,
equivalent fluorescence quenching can be achieved by both
types of lasers — as long as the CW laser power reaches
several folds compared to the averaged power of the pulsed
laser'®. Thereby, it is expected that the REST image qualities
captured by CW and pulsed lasers could be identical. Judg-
ing from the fact that photobleaching occurs predominantly
from the laser peak intensity'?, CW lasers are potentially less
harmful than pulsed lasers. The image acquisition time is vir-
tually irrelevant to the laser type because it is predominantly
determined by the lock-in frequencies.

The present optical setup enables both REST signals to be
acquired, as well as the conventional LF and LNF signals,

via the appropriate setting of the demodulation frequency.
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It is desirable to select appropriate NF signals based on the
imaging and sample conditions. It should be noted that NF
signals can intrinsically retain their sectioning ability without
the pinhole due to the nonlinearity®?”, while the LF signal
cannot retain this without the pinhole. The pinhole effect
theoretically extends the frequency cutoff in both LF and NF
microscopy, and a smaller pinhole is desirable'”. However,
too small of a pinhole is problematic for photon detection
efficiency in thick sample imaging due to the light deflection
or scattering impacts. It is advisable to set an appropriate
pinhole size which can achieve balance between image qual-
ity and optical resolution.

Fluorescence lifetime imaging (FLIM) is a promising
application for NF microscopy. Fluorescence lifetime enables
fluorophores with the same emission spectrums, but differ-
ent lifetimes, to be distinguished and therefore improve the
molecular discrimination capacity?’??. Fluorescence lifetime
essentially depends on the molecular conformation and the
manner in which the molecule interacts with its environment;
therefore, FLIM can elucidate molecular interactions and
dynamics®~®. The LNF signal has previously been appli-
cable to FLIM®”%?_The REST signal is also expected to be
applicable for FLIM with a higher optical resolution than the
LNF signal, which enables visualization of biological interac-
tions on a subcellular scale. Such versatility will be useful for

a variety of sample observations.

7 Summary

In this review article, first the mechanisms and character-
istics of REST processes with phenomenological interpreta-
tion were presented. Then, the application of REST micros-
copy using saturation effects of SA and SE implemented with
pulsed and CW lasers respectively, was described. Finally,
a general outlook over NF including REST processes was
given. REST microscopy is pursued in order to make it a
beneficial approach for the visualization of various biological

interactions and dynamics on a subcellular scale.
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Development of the super-wide field of view WX binoculars

Katsunori TOMITA* and Satoshi FUKUMOTO*
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FRFEELUTCORES - ESTHRIEI DT EZEREL, 2HEBOWRE (WX 7X50 IF - WX 10X50 IF) ZFEFEL
. TNZENOMRFEDRHMTTRIE, 66.6°E76.4°THD.
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The purpose of this development is to produce one of the best binoculars in the world. We made two
types of binoculars that had unprecedented super-wide field of view (FOV) with sharp images up to the
edge by correcting aberrations. The products specifications are 7 x 50 and 10 x 50. Each apparent FOV
is 66.6° and 76.4°. Consequently, we achieved target performances and launched these products in 2017.
After commercialization, the binoculars are highly regarded for its excellent performance.

Key words WiREE, BLRR, #BRLUVX, FURL

binoculars, super-wide field of view, eyepiece, prism
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Light-field optics, 3D space transformation onto 2D plane
Toru IWANE*

SARNT4—=IUREZRIE, T2 —IDRE, SHTF—IDTIIIEICK > TAlREE TR o e Wk D ETERS 2D
OEDT, INFTCORBGHRZEFZOEFNBFEZANEBR>TVD. INETCERINCER, IO EMEIERE
KoTe 2 RTDHDBENTZLIR L CVEDICH LT, BITAESHIZ3RTT—IZERDWE LTEEL, ZNH5S
BERESHERRERZE IV 1—I T HEUERTZEVSIBDTHD. IARTEET—INZFDEITIFINT
WBDT, TNETORFEE—EREGDE PR DRERE—F, T4 T4 —IUREZTIRI N OBV YV ITT
TREERD. TNIEU T4 —HNAEREE UCR<ASNIZBDTHD. TUT, EEX2OEHENS, 2 KkTE IR
BENfE3IXTEE(E, SRBEWOTOTATETIT D ENTES. THE 2 ATHLICERRSNERSET—9
NS, 3XTEEDE EEDONAFRENBIRTESD. CNE, 3XTHGREEBIREE, BRI XTETREETCHY,
FREEBDOHZHHERBROWRD BV FEBE THD. CDSA M T+ —IU RAEZOMEEHAT S.

Light-field optics is different from conventional imaging optics. This technique was produced based on
development of computer and digitalized light detector data. In contrast that 2D images or pictures, 2D
light amplitude distributions which do not include depth nor phase information, are captured from 3D
scene in conventional optics, in light field optics 3D space or conditions of rays in 3D space are recorded
on 2D detector plane as they are. Though this concept of light field optics seems to be similar to
holograph, a system of the light-filed optics uses neither diffraction nor interference of light but uses
geometric optics and computational processing instead. Acquired data on 2D plane contain depth
information and a 2D image of any focal position can be composed from the data by post processing;
this process is well known as “refocusing”. In addition from reversibility of geometric optics, these coded
data on 2D plane can be transformed back to conditions of rays in 3D space again through same optical
system. This can be thought as a glass-free 3D display. As an image is reconstructed from coded data,
image is not necessarily optically conjugated with a display plane which shows coded data. Then optical
system of light field optics is free form limit of optical conjugation. | introduce theorem of light field optics
and its applications in this report.

Key words S+ hJ4—JLR, A VFISILT A RTFUA, 3XRTER IVEI—F4—YaFrII4 b
plenoptics, integral photo, 3D display, light field camera, computational photograph
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Optical properties of Ga,0;-based glasses prepared by

aerodynamic levitation

Kohei YOSHIMOTO?, Yoshinobu EZURA*, Motoi UEDA* and Masafumi MIZUGUCHI*

IEFEDHFFETOLREITHED, HRERBDHUVAZRMZR > M BEORBEIEENTVD. FKITHS RIS
FHICBVREZEFD CENTRECH B, KEMBIE UTA<KFIAINTVS. HRFEEHEAL, —RNE2D
BB CEIBOSNBVIULLWASAEREGH TET2FECTHD. EESF, BEFECTRELASITRY ZRVE
MD—D2THD La:0:-GaOs FRPAFEATHSRET R ZEZRHL, ZOEAFEZHSHCLIZ. TOHSRIF
1.9Z8BX 2BVEMEICIA, KA~PRACHDIEDEVNEEHHR ERRBEREERT LMD Nofc. BICH
[BITER D TH B ND,Os, TayOs ZBAT D ET, BIHFONFAS XA TRERENTVRVERBITEE D BRI T3
et E R Ule. BITEDBMECHEIT S NDOs, Ta:0s DRRICDONTIE, E—IRBFETILZRVTEENIC
T LT, &, Er ZRADDE UTRIET 2 & T, BEBDRAFZRR L. BASER TR, EF' 25
BEEAUTCTOREHEAOEEN NSV ENDNY, ZOEXANDZXLICDVTERZT>fc. DEKY, HRZ
BIEFBETHEOSND Gay0s RASRIE, HEMEE UCTENCEAER LR 52 T ENRESNS.

Aerodynamic levitation method is useful for vitrifying new materials with low glass-forming ability. In this
study, we first report the optical properties of a simple La,0;—Ga,O; binary glass synthesized by this
method. The sample exhibits high refractive index > 1.9 and optical transparency over a very wide
wavelength range, from the ultraviolet to mid-infrared region. The Raman scattering spectrum shows a
maximum phonon energy of approximately 650 cm™, one of the lowest reported values in oxide glasses.
Next, in order to improve the optical properties, Nb,Os and Ta,Os were introduced into the La,O3—Ga,0s
glass as the third element. As a result, excellent optical properties with high refractive index and lower
wavelength dispersion were realized. The effects of the addition of Nb,Os and Ta,Os on the optical
properties are discussed using a single oscillator model. Finally, the emission properties of Er**-doped
La,0;-Ga,0; glasses with high doping concentrations were evaluated. The samples showed an intense
emission at 2.7 um without serious quenching even for high doping concentrations. These results suggest
that the Ga,Oz-based glasses obtained in this study can be used as promising materials for optical
applications.

Key words HZFisaR, KFASR, BIfE, BBE AR

aerodynamic levitation, optical glass, refractive index, transmittance, emission property
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Development of photoresponsive material toward fine
patterning technology by roll to roll, additive type of
process

Yusuke KAWAKAMI*

—MREVICEBFHER ICH BRI E RIS T B [CIFBEZAERIN - 77 MUY T ST 1« $iilf - TwF 2 IEAMHHAL
5N%. INSEFEHTRVEESEENGITDRE, 2EMER UIEZEDMICERZE L TL< Subtractive (BR%)
RIAERNTCHD. SOHICEEERBREARRRRBRENVDETH Y, FLDOIRTILEYEZHET BIcHIR
REEIAKEVRCHREN G .

TR CFEECTERESE S Additive ECIREAEITORIEZBEE L, HNEERELIEMEIDGRIC K > TH
137Uy RIUI bOZT R - o> EECHRINZIRET 5. G LIS ERELERHE, SBAIE DR
MRS, HBBIVERABHIRILF—RE, (LFH - WIEKRFEZN(CK > THIT 2 CENTTREICTRD. SRMEHEH
BRIAMENMES TEL, BABORDFRIBLZEREICINT S BT THRLIR T « JVLABRE KRBT 52 EN'T
E, FEZEDTAIVLLTIE, BAIBOHFOMEERRWGEIRNRIR U, TIRORELICKY, BETOEX - T
hUVIST4TOER - TyFrITOLRDIRTZER UICED Additive BUTIRICK Y L/S=5/5 um ORI
FRIERICRT LTz,

Generally, electronic devices require fine metal patterning with vacuum deposition, photolithography,
and etching process. While these techniques provide extremely high accuracy and reliability, they are
subtractive in nature and cause the removal of material from the substrate once deposited. These manu-
facturing techniques require large-scale capital investment, as several chemicals are consumed during
these processes, leading to problems such as significant environmental impact.

In this research, for realizing simple and low environmental load additive wire form technology, we
develop a photoresponsive surface treatment material and apply it to novel printed electronics and plating
patterning technology. This synthesized material can control chemical and physical properties of the
substrate such as the trapping ability of metal catalyst or surface free energy with photoirradiation. Syn-
thetic materials have high material utilization efficiency, and it is possible to photo functionalize various
film substrates by processing an exceedingly small amount of equivalent molecular film on the surface
and on the film. This allows regioselective metal deposition on the exposed area to be realized.

We optimized the process and succeeded in forming a fine metal patterning of L/S = 5/5 um using a
true additive type of a process that eliminates the need for vacuum, photolithography and etching pro-
cesses.

Key words 3¢t/89—=>7, $->F, FUYFYRIVINOZIR, 7TF4T47FOCR, BRERM

photopatterning, plating, printed electronics, additive process, organic synthesis
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Practical method of cell volume segmentation in elec-
tron microscope image stack using deep convolutional
neural network

Kohki KONISHI*, Masafumi MIMURA*, Takao NONAKA**, Ichiro SASE***,
Hideo NISHIOKA**** and Mitsuo SUGA****

YRR EDER UIcBFERMEE (SEM, TEM) BIRODR Y v Ih'S, ZRTEEBEL, BNOEEYZEmET 2
& (BTAXYT—r3Y) (F, WEICHNT2EFIDMBEFHEDONDDIEETHD. BAHFZ1—T)bRY hT—7
(CNN) (&, BIAVT—Y3VOEEZBENICTD ZEZBNICERTINTVZN, KEDFBT—Itv hed
HEEDIVE 21— —HREBTH DI ENKERRNURY I THD. CORBEHERT BIHIC, HLRFR/IBRDZE
BT —9ZAVWTCENDEEYZMETED XL SICCNN ZHR Ufe. HAEY D RNBMODERT SEM B H 51080
FBTF—Ity bEERL, INZRAVCHERESRY v TZHE L. INZEANALT 2 BEHS (F1E 9 15E)
THILF Y THROBRZGEDMIREZNE TS, COFERF, PBOEET—IDIERDH TIETH Y, 5HEE
BRI BIENTEDDTIERTER ) DIFEBRAZRBIORD S E S e TEfe. S5ICE—DMIRRIERY v
TERVTTIVF Y THAHEOHRIC T 7 BE MR ZERE THERL I A Y T—vavdmTen
TEle. TOFER, 2HOFET -9ty bRV, BRESYDOMBIEENRIEFETHD &R DITT.

Segmentation of three-dimensional electron microscopy image stacks is an arduous and tedious task.
Deep convolutional neural networks work well to automate the segmentation; however, they require a large
training dataset, which is a major impediment. In order to solve this issue, especially for sparse
segmentation, we used a CNN with a minimal training dataset of cell membrane. We applied our CNN
model to create membrane probability map. We then segmented a Cerebellar Purkinje cell from an image
stack of a mouse Cerebellum cortex in less than two working days, which is much shorter than that of the
conventional method. We further segmented several cells close to the Purkinje cell by utilizing the same
membrane probability map as used to segment the Purkinje cell. Assisted by the probability map,
segmentation process was more efficient than manual segmentation method. We concluded that we can
reduce the total labor time for the sparse segmentation by reducing the training dataset.

Key words E&tEIAYT—Y 3y, YO, BAF_1—T)bxy hD—7, BFEMBE=ITER
image segmentation, mouse Cellebellar cortex, deep convolutional neural network, electron microscopy image stack
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New product development through process optimization
based on functionality evaluation of combustion reaction
Yohei KONISHI*, Kiyoshi NOZAKI** and Takuichi SAITO*

IURF JRTFOFRERICHIEY, NAMDOG 2R TERAMFERAEEEEL, BRFEYZa0—3> (CAR)
EEA UMM R T o /e, BN TH DY U AT /HTFORTEDMEFINT B120H(C(E, ARDPOAR O EFK
IEDHIENANEED, MNKDOESHWIREE - (tFEEEDAEISR#THD. T T, YUNF /RTFERE DD
BEICHRL, TNENCAEBINICKIEHET 2 &ETURT LRSI =T, YU A /HRIFORFED AR
Dfce, £ 1TEREEE LT, ZDODEEICHIFTEEHERONRXRE O ADES DEWRZTofle. 2KRBET
CAE ZAHWTEHI g 28 Z > X 7 A2RITIEA L, BRMEDSVEHIERNESND LD (CHT. &8I, B51N
FFONZANIVIZFZUVIERERAVT Y AT LADEE - iEx{TV), REOLZERITDIENTER. TN5D
BEBEHEBUC, YZal—YavERBETIZ2ERFEDEREFEICLZRET O A HEREMAERIIL, Y UhF
JRIFDORTFESAHERMZEES U

The thermal fluid simulation based functional evaluation of furnace system was carried out. Upon
investigation of silica nano particle as a new commercial material, this work aimed to establish a versatile
method for controlling the particle size distribution. To achieve the technical targets, controlling the
chemical reaction and thermal heat in the flame was required. However, quantitative measurement of the
flame temperature or the chemical population in the flame was quite difficult. Therefore, we tried to apply
numerical analysis by decomposing the system function based on the idea of quality engineering
method. At the 1% step, a partial evaluation of the separated function was validated. Next step was
expanding this validated method to the whole furnace system. Then we achieved high reproducibility of
the functional evaluations and acquired a robust engineering information (RE information) for the whole
system.

By using the RE information, optimization and modification of the system was carried out and silica
nano particle quality improvement was achieved. Through this work, we established an evaluation method
such as a numerical simulation combined with quality engineering. And the technic for controlling size
distribution of silica nanoparticle was obtained.

Key words > Uh7 /HiF, WFEHMNE, HOREENT, RETS, AT
silica nano particle, particle size distribution control, thermal fluid analysis, quality engineering, functional evaluation
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Development of an organic thin-film transistor by a wet
fabrication process utilizing roll-to-roll direct imaging

exposure system

Shohei KOIZUMI*, Masakazu HORI*, Yosuke HAYASHIDA*, Kazuo NAITO*, Seiji KAWABATA™ and Yoshiaki KITO*

TUFVTIEREICERER NS VYRS (OTFT) ZERTER IO ZHRE LR,
EEAVSRE, BELCTOEREETRRAD IIEELETHD. TDHO—)L -

FCHRIERUICEREBRD D &
Yo - O—)b (RtoR) 73D

BEINEFEL<, OTFT OZAEEER LIE IR N TERTE D LG CES. SO, RtoR ARADHIERE &
LT, BEFE U RtoR BEMEBECEEZAV, Ad BXERE D L+ TIVERLEC OTFT ZERT B LICHINULT.
AT, OTFT 7 U= a VRO 12ELT, OTFT 7IF7 4« 7N MU RABZERWVCENEY T —F/NA R

DFEICHAII LT

We developed a method for fabricating an organic thin-film transistor (OTFT) on a flexible substrate by
a wet fabrication process utilizing electroless plating. In addition, the OTFT was manufactured on a large-
area substrate using a roll-to-roll direct imaging exposure system.

Key words ##~>>I29, BXTIE,

MERH-T, O—)L - VYn—- 0=, TUFITILER

organic transistor, wet process, electroless plating, roll-to-roll, flexible substrate
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Real-Virtual Bridge: A Modular Mechanism to Mediate
Between Real and Virtual Objects

Tomomi TAKASHINA™ and Yuji KOKUMAT*

N=F v UPUTF 4 (VR) (&, IVI—FTA XY NDBFTOERNEY, SBIESKIVLWVWAEDF UT— 3
UNEBRSND T ENMHRFEINTVD. ZORIBRNUYRICBVT, VROFZFUSr—y 3 V(U FZILEN—F v
DEFREXEHDDEVNIRBEBULNS, HLFREOSF TV I NEREBT TV I MEPNITDUTFIL—N—F v )b -
TUyIEVNIEENETIVERET 2. FHNTlE, ZOERET—FTIF vZHBEL, XRIC, 2 DOEKNRIEG
FABEBNTD. AN—N I3 \DIATIEVRDZ U — 3 AR FRUTCVWSRPICIREORAN—N T4 V%
BETE2. BEMEDIATHEZEDEREN S RBIRIECEMIBEERVCEERTDIIENTED. U7 IL—
N=Fv)U - TUwIEEAHROERE SFIERICHESNDD, BLEZO7—F7I7F vEERNICEERLE. BL
FUTZIL=N—=F v)U - TUwIN, BEAARENZA TI T FOREICKY, ILLWZ U — 3 VDRIEZ(E
T DEHFTD.

The practical use of virtual reality (VR) is expected to be extended to a wide range of applications after
its successful deployment in the entertainment sector. Currently, the domain of VR applications crosses
the boundary between the real world and the virtual world. Therefore, we propose a real-virtual bridge, a
conceptual model that can be used to mediate between real and virtual objects. We introduce the con-
cept and architecture of a real-virtual bridge and describe two applications of the bridge to smartphones
and microscopes. As for the application to smartphones, users can operate real smartphones during VR
experiences. As for the application to microscopes, users can do experimental work using real micro-
scope from the virtual laboratory. Although concepts similar to a real-virtual bridge exist in science fiction
works, we explicitly define its architecture in this paper. We believe that a real-virtual bridge promotes

emerging applications by integrating real and virtual objects.

Key words N—Fv)L-U7UF«, UZIL-N=Fv)U-TUvI, FvFRIU—2, BHE AX—hT5V
virtual reality, real-virtual bridge, touchscreen, microscope, smartphone
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