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| Introduction

What we see is a "result” of light that is diffusetflected and absorbed by objects. Various
oil paintings are created by applying many laydrsgaque or transparent color on canvas
which reflect, absorb, and scatter light to convieg impressions devised by the artist.
Textures of the skin vary with the season, theremvnent, and age. These textures are the
results of multiple reflections as well as absanptof light due to the shape of the surface of
the skin, the state of the skin cells, and dye$ stcmelanin and hemoglobin at any given
moment. The light propagation and structure ingidgcts—which become the "cause" of
expression and texture—must to be clarified whilgntaining the original shape of such
valuable objects and substances as precious atlipgs, human skin, and so on.

Direct observation of the color and structure iadide living body and inside the object
while maintaining the original state is hoped farthe fields of science, medical care,
industry, agriculture, psychology and culture. Saafondestructive observation technique is
required for quality control of industrial productsich as skin diagnosis, painting of
automobiles and thin display, examination of plartd foods, and research on the texture of
cultural properties and crafts (Fig.1). Such noraBive methods can also be used to observe
time changes and dynamic processes.

(a)

(f)

Fig. 1  Nondestructively measuring the color and strucinside the object
and the dispersion distribution of the particleshsas pigments is required in a
wide range of fields, (a) Japanese lacquerwarear{binkjet printing bug, (c) a
coated product (car), (d) an apple, (e) cosmesipection, (f) funduscopy.



Research on the relationship between the skintsmeiand its sensual texture, which is
the basis of how any skin appears, has been cattlirctthe field of dermatology, color
psychology, and computational optics such as coenpgriaphic simulation. Such research
has been applied to fundamental studies on cosnuEi@lopment and a associated
diagnostic technique. The influence of skin colad apatial frequency on appearance as
well as the relation between the illumination methand appearance have been actively
discussed in psychology. The focus of these studispectral reflectance characteristics of
the skin. As a subcommittee of the Japanese Calmn& Association, "Cosmetics and
Skin and Face Study Group” was launched in 2014rebieer, research promotion
movements toward industry-academic science-based agbpearance are being actively
undertaken [1]. However, the relationship betwdeninternal structure of the skin and the
application state of the cosmetic product and hdaoks is not a quantitative consideration,
because it is speculative in nature; also, a caxgileicture inside the skin (Fig. 2).
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Fig. 2 The appearance and sensitivity of the skin, ikermal structure of the skin

There is a need not only for solids but also liguglich as paints or ink pigments which
express colors, inorganic particles which are pims to nanocomposite materials, and
DDS (drug delivery system) which often contain rgarticles. Such dispersed state of
nanoparticles in liquid dominates physical prosrtsuch as viscoelasticity and surface
tension and its stability is related to storage f commercial products, such as ink (Fig.3).
Thus measurements have to be carried out direatinbndestructively. For example, inks
contain largely varying quantities of pigment naaigles and also include dispersants,
binder polymers, and additives. In such a conctadrdispersed particle system, formation
of aggregates by collision and bridging structueengen particles through binder polymers
is likely to occur; these aggregates make it diffico develop stable liquid and optical



properties. Quantifying the dispersion structurelod suspension nondestructively will lead

to the development of nanoparticle-containing potsiu

Therefore, it is thought that from light, the "r&Swf multiple reflections and other

optical phenomena, the techniques for clarifying ihternal color and structure and light

propagationas "cause"-are required.
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Fig. 3  An example for dispersion state of particlesnikiet that dominates physical

properties and product performance.

1. Concerns and Problems about Light Propagation ashObservation methods from the

Visible to the Ultraviolet Region in the Skin

Human skin changes from season to season and dapesiding on the age of an individual

and the environment they live in. The appearancktexture of human skin are caused by

its surface roughness, inner structure, and theasphstribution of pigment cells at a given

moment. The outermost skin has textures calledstiheus cutis and the crista cutis. These

textures are influenced by skin drying conditioage, and other such factors [2]. Skin

consists of the stratum corneum, the epidermis, taeddermis. The thicknesses of these

sections are 10—-3@m at the stratum corneum, 100-30@ at the epidermis, and 2-3 mm at
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the dermis (Fig. 2). There are two major pigmenteuman skin: melanin, which is located
in the epidermis, and hemoglobin, which is locatethe capillaries in the dermis. Cells are
always exposed to numerous risks, such as physiess, drying, ultraviolet illumination,
and free radicals. In addition, several risks td ahanges in skin appearance have been
reported as a result of UV exposure [3-6]. Celks ereated by cell division at the stratum
basale, which is attached to the noncellular basemmembrane that forms the boundary
between the epidermis and the dermis. The new asfigpushed up to the surface in two
weeks. Subsequently, those cells begin keratimzand finally peel off over the following
two weeks. This process is callskin turnoverwhich is also known as the life cycle of the
skin. A study that clarifies the relationship betémehe appearance and the inner structure of
human skin at a given moment is needed for cosnradigstries, dermatology, chromatics,
and numerical simulation [7].

Conventionally, in order to investigate the stdt¢he inside of the skin as well as in the
development of medicines such as dermatologistsl g@ercutaneously absorbable
preparations where the sizes, shapes and coloabradrmal sites are checked by visual
observation or palpation, further detailed analysimecessary. In such cases, we have
performed medical procedures such as cutting auskin, taking a small amount and then
acquiring an image of the pathological section vatmicroscope. In order to quantify the
depth of light reaching the skin, there is an exanmgd measuring the transmittance by
changing the thickness of the removed skin [8lvdfcan extract information from the inside
of the skin concerning color and structure withdainaging the skin, characteristics such as
change in skin texture and a person's unique skifanvces by season and skincare can be
clarifiedin situ.

Moreover, it is important to clarify the propagatiof ultraviolet (UV) light, which is
recognized as the cause of skin damage. Howeves, difficult to evaluate human skin
without injuring it. A nondestructive measuremestnieeded to measure the distinctions
between each person and the effects of the applicatf cosmetic or pharmaceutical
products.

There is some technique for imaging the tomogréma lkiving body in the field of the
medical test. The tomogram imaging method of the skucture is already being used in a
somascope, a confocal microscope and Optical Cober€éomography (OCT) (Fig.4). The
somascope is commonly used in hospitals and is tesedeasure depths of more than a
millimeter. However, its resolution is 1Q0n; thus it is not suitable for the observation of
skin with a keratin structure that is 10— in thickness. Confocal microscopy cannot be
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used to evaluate skin with cosmetics because #rsawe skin with match oil; nonetheless, it
offers sufficient resolution and measurement depftability to observe keratinous cells. On
the other hand, OCT [9] has been developed as dhedgram imaging method for
examinations of the fundus using infrared lightwafvelengths having high transmissivity
and is called "the window of the living body". Sehsent developments have also been
remarkable. Functional OCTs, such as polarizatemssive OCT [10] and Doppler OCT
[11] which can be used to observe collagen fibarghie skin using polarized light and
measure blood flow, respectively have been devedlopridies have also been carried out to
achieve a high resolution ofiim in OCT by using a white light source to shortea tenter
wavelength and broaden the spectrum width [12].
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Fig. 4 Measurement depth and high resolution of
various tomographic imaging methods for skin obagown

In recent years, OCT based on visible light hasilveported. Full-field (FF) OCT based
on red (R), green (G), and blue (B) light-emittidipde (LED) light sources has been
reported; this tomography is used to measure thdicagion thickness of cosmetic
foundation and the change in the reflection of eaglor caused by the application of
foundation. It is necessary to operate a samplgediar measurement by FF-OCT; thus, a
skin replica has been substituted. In other repwrgvo human skin non-color images were
obtained by FF-OCT with a high resolution (approsdety 1 um) [13]. It is necessary to
maintain the same measurement point in human skih & cover glass during the
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measurement. With the application of a moisturites, refractive-index matching between
the stratum corneum and the cover glass changethasdhe imaging depth of tomography
increases. Consequently, it is difficult to evadutdte skin with cosmetics in its natural state
because of the cover glass. Only red—NIR lightlieen used for measurement, and images
with B and G light have not been obtained. The measent of a human finger by Spectral
Domain (SD) OCT using a superluminescent diode (Skifth a wavelength of 680 nm, 840
nm, or 930 nm has been reported [14]. In anothporte a broadband visible—NIR light
source was used without spectroscopic dispersicachieve a high depth resolution [15].
Therefore, there are no reports on visible-light TOfor the systematic evaluation of a
tomogram of human skin with RGB light because tasimto measure depth of obserbation
for medical use and the wavelength range of th& Bgurce. In addition, there are no reports
on OCT of human skin within the UV-light region

2. Measurement method and application example of fiucolor tomogram and their task

As described in the previous section, if a tomogg@pnmage at a wavelength in the visible
range can be obtained, information on the trueraaokde the living body and the object can
be acquired. Recently, the color tomogram images ohouse dorsal skinfold window
chamber model were studied by a type of SD-OCTedattue-color OCT. This method
utilized a 450-700 nm wavelength region and catedlahe spectrum arithmetically using
the dual window processing method [16-18]. A visi@®D-OCT with a 496-632 nm
wavelength region was applied to carry out a maursgography [19]However, owing to
the presence of melanin or hemoglobin pigment,ethsrno report on studying color
information inside the skin (human skin) with stydight absorption.

For full colorization, | must develop a way to sitameously measure more than three
colors. Moreover, to visualize color informatiorsite the skin, it is necessary to reproduce
the color of the lower layer which is under thduehce of scattering from the upper layer
and the absorption layer. The melanin pigment’'sogdi®n of light and its scattering by
cells in the epidermis affect the apparent colonwhan skin. Fig. 5 is a conceptual diagram
for considering the influence in the case where upper layer is red as an example. A
two-layer model structure that consists of recbptlayer and white at bottom layer is shown
in the figure. In OCT measurements, the apparelur @i scattered lights from the lower
layer is the result of absorption in the upper fayighese absorption layers also affect the
decoherence of light and the degradation in imag#ity for a wide-band or a white band
SD-OCT light source.
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Fig. 5 The relation between the real color of the lolager and OCT
layer color.

3. Particle Size and Dispersion State in Suspension

Nanoparticles are widely used as organic pigmentgdints and inks or as inorganic

precursors of nanocomposites and functional madgef0-23]. In a colloidal suspension,

aggregates of particles deteriorate aging stabditg performance over time and their
dispersed state dominates the physical propettigs as viscoelasticity and surface tension.
For example, consider an ink consisting of 1-30%m@nt nanoparticles, a dispersant,
binder polymers, and additives. In such a denspesisson, aggregates are likely to form by
collisions between particles or bridging floccubais via the binder polymer; such

aggregates deteriorate the physical and optichilisyeof the suspensions (Fig. 3).

Dynamic light scattering (DLS) [24] can quantifyetkizes of particles in a solution with
nanoparticles and macromolecules and is commongyg ue inspect such solutions. To
accurately detect the fluctuation of the scattdrght undergoing Brownian motion, DLS
usually proceeds after the particle concentratiothe dispersion has been adjusted to 0.1 to
0.001 wt% for eliminating multiplescattering (F&8). However, the particle-size distribution
in this diluted state may differ from the actuambrsity of the suspension.

Since the latter half of the 1990’s, the fluctuatiof scattered light and the anisotropic
parameterg, both of which depend on the optical path lengthaimedium that strongly
scatters light, have been studied quantitativelyngistime-resolved spectroscopy or
low-coherence interferometers [25-27]. The combamatof these methods is called



low-coherence DLS (LC-DLS); LC-DLS method can estraingle scattering events.
Polystyrene particles in dense suspensions have beantitatively analyzed with this
method [28-31]. In recent years, LC-DLS systemshwine optical path length resolution,
that use supercontinuum and spectral-domain imtmrfeters have been developed and have
found application in measurements at solid-liquittifaces [32-33]. Although LC-DLS is
an effective method for measuring the dispersityaafense suspension non-destructively,
these systems have not been tested quantitativisty particles smaller than 100 nm.
Generally, nanoparticles have diameters betweerrgkewanometers and several tens of
nanometers, and nanoparticle aggregates in a gpldie state have diameters ranging from
tens to several hundreds of nanometers. Therdtogescale of particle sizes that need to be
measured spans five orders of magnitude. No repgmt® been published so far about
guantitative analysis of such a polydisperse staéeconcentrated system.

_ ()
Actual, Dense (10 wt%) Reduced (0.01 wt%)

,ese*rs, Fluctuation

“
“a,
Y,

+Multiple scattering . - Singlescattering

=Difficultto measure the size =Easy to measure the particle size distribution

Fig. 6 Optical scattering and particle sizing (a) A plgreph of a polystyrene
dispersion solution having a higher dilution raéie it goes from left to right was
irradiated with a laser pointer, (b) Single scatiggroccuerd in dilute solution, (c)

Multiple Scattering occurred in actual, dense sosjos.

In addition, the entire dispersion system may beHie a gel because of a dispersant or
a polymer existing between the particles; alsas mecessary to specify the motion mode,
that is, whether it is floating and performing ewnian motion. Development to address



the requirements of industry has not been sufficien

4. Low-coherence interferometry

Low-coherence interferometry (LCI) is a noncontantd nondestructive depth profile
measurement technique by using the coherency ofighe A low coherent light is in an
intermediate state between of absolute cohennayit dnd incoherent limit. In other word, a
low coherent light means a partial coherent ligtepresentative example of coherent light
source is a LASER (Light Amplification by Stimuldt&mission of Radiation) of which the
wavelength and the phase are unity. The examplé&saotoherent light sources are a LED
(Light Emitted Diode), a SLD (Superluminesenct Dapda SC (Supercontinuum) Light
source and a Xenon lamp that wavelengthes and glaseiot unity and partially disorderd.
By adjusting a LClI's optical path length that ifie@ence occurs, the reflected or transmitted
light signal of a sample in the depth region of diva is acquired.

In this report, | presented developments of measen¢ systems of inner-color,
-structure, and —particle dispersion state insidigiag body, a solid and a liquid, based on
low-coherence interferometry to extract informatefran aiming position of a sample which
caused multiple scattering and reflection of atligh addition, | also showed interpretation
and consideration of the observations.



Il Principles of Low-Coherence Interferometry,
Full-Color Optical Coherence Tomography
and Low-Coherence Dynamic Light

Scattering

1. Low-coherece interferometry

Low-coherence interferometers are classified imto types, one is a time domain (TD)
interferometer and the other is a spectral dom&) (interferometer. In this paper, | used
the TD interferometer for the low-coherence dynatigbt scattering (LC-DLS) system
and the SD interferometer for the OCT systems.

1) Time Domain Interferometry

A basic setup of TD interferometry is shown in Fig.A low coherent source emits a light
beam and the beam is passing through inside tlee fdthe photo coupler. The light is
divided to two beams by the photo coupler, oneapggate to the reference arm line and the
other is sample arm line. Reference beam is refteby the mirror and recollected into the
fiber by a collimation lens. Sample beam is irréeliainto the sample and the scattered lights
inside the sample are collected by a collimatiors Imto the fiber. Then Scattered lights and
reference light beam are interfere and detectetidphoto detector.

/

- ~ r - Mirror
PR <I
\ y, E,
( )
} -
. J / E

—>

/ S

s
Fig. 7 A Dbasic setup for Low coherent interferometr. ifiterferometry
detects the light intensity by photodetecter andr&&ferometry detectes

the spectrum by spectral photometer.
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In TD, the intensityi(t) detected are given by

1(t)=|E,(t)+ E (t)

=[E,(t)” +[E. () + E()E () + ES(E®) | (1)
where * denotes a complex conjugdigf) is the electric amplitude from the sample at time

t andE(t) is the amplitude from the reference. The eledieic! of a sample at the detector is
expressed as

T 2 +2s {2k (1 +s)-at

E, __L Eo(t— _ )E&(s)@{ l+9)-atlgg | @)
wherekE, is the electric field of the light source aR(¥) is the reflection rate of the sample at

an optical depths. In Eq. (2),ls, ¢, k, andw arethe optical path length between the edge of
the air/fiber interface and the sample surfaceigs the light speed, the wavenumber and
the angular frequency of the light, respectively. Hq. (2), the common paths of the

reference beam and the sample beam are omittecel@tieic field of reference is expressed

as

E = P\nEo(t -2—:;) @) ®3)

wherek, is the electric field of the light source aRg is the reflection rate of the mirrdy.is
the optical path length between the fiber and tireomsurface.
The first, second and third term of Eq. (1) areriggn using Egs. (2) and (3) as
) = [[ROR ()8 - 2220 ey - 2228 ety

C

N 4)
= [ [R(9R (s+2) ch(t)E;(t —Z—ASj@iMSdso(As),
E () =RiE§(t—2'S:25), (5)
E,()E: (1) = Teo(t _2, *23jE; (t -2_'rj R R ()21 9gs
e C C (6)

= [E(E; [t +7)R,R (s)e“"ds

whereds s difined asds =s’-s. In Eq (6),7is defined as
cr=2(, -1, +s) 7)

A coherence function of a light sorEgis defined as
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Fo(r)= [ Eo(tE, (t+7)at, (8)

—00

and the autocorrelation functiah the reflection profile inside the sample is defi as

r.(as)= [ R(s)R (s +a9ds. (9)
The time average of Egs. (4)-(6) are

(B0 =lim + [0 e

%j j ];ORS(S)&* (s+29) EEO(t)E[;(t § _j e dsaAskt

oort? - r(o) | (10)

=Ril, (11)

= 2(1g-1, +s)

r(Mj RR(Jre” © ds

ls—I +s

o0 -RR(, -1). (12)
In Egs (10)-(12), the relatiohy =dt) is used because an ideal low coherence light sorce
indicates thé o term close to delta fuction.
Simply, Egs. (1) and (10)-(12) yield the time awgrdight intensity detected

(1Y =R, +T,(0)+2R,R (I, -1.). (13)

In Eq. (13), as the first and the second term arestants, thus the depth profle is obtained
by moving the reference optical path renigttMore precise calculation applies to Eq. (13) is
that the coherence of the light source is convdluteote that neglection the term in
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calculation of (10)-(12).

2) Spectral Domain Interferometry
An example setup of SD interferometry is almostesa® TD as shown in Fig. 7. The light
spectrum detected by spectrometer is

(k) =|E(k)+ E, (k)

SEMF M EMER ERER |

A scattering light amplitude spectrum from the semg described as:
Es(k) = [ E(z) ™z, (15)
0

where z indicates a depth from the sample surface.
Performing an inverse Fourier transform to Eq. (&dyl by using (15), the following is

obtaind
I(2) = F*(1 (k)

=M (D+Te (D +Tee (D +Tee (2)

=1,0(z)+2J1, ReE,(D)+T. () . (16)
In Eq. (16), convolution of coherence of opticahligource is omitted. The first term of Eq.
(16) shows the signal arourzd0, the second term correspnds to the sample depfiepr
the third term is autocorrelation of the samplecieile field that is weaker than the second
term. Thus the depth profile is obtained by invdtearier transformation of a spectrum of a
SD low-coherence interferometry.

2. Full-Color Optical Coherence Tomography (OCT)

OCT is a scattering medium imaging method based tmw-coherence interferometry. By
using a scan light beam of a galvanometer mirroraar imaging camera with a
low-coherence interferometer, 2D and 3D tomograiegimg can be obtained.

1) Color reproduction for a full-color OCT
In CIE (Commission Internaionale d&¢lairage) XYZ color space, Y, and Zri-stimulus
values of a spectrum P are expressed as:

X =a,[P(A)x(A)dA (17)
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Y = a, [ P(A)y(A)A (18)

Z =a, [ P(A)z(a ) (19)

In eqs (17)-(19),x, y, z are color matching functions angy, ay, a, are device
sensitivity factors folR, G, andB colors, respectively. XYZ tri-stimulus values chgad to
RGB values by:

R 2365 - 0897 - 0468\ X

G|=|-0515 1426 0089 |Y (20)

B 0005 -0014 1009 )\ Z

A whole color image of a full-color OCT is constted by R, G, B OCT intensity images.

A value of a pixel of each color image is converti@@56 tones. Each pixel of every R, G, B
image are combined and then a color image are. Rgitice sensitivity factowy, ay, and
a, are detrmined by using a standard sample suchhée as in Fig. 23, experimentally.
When an OCT signal is affected by the speckle gmaiito-noise ratio is not enough for a
real-time imaging, it is effective to special fiiteg using surrounding pixels.

2) Light attenuation in a strong scattring medium
A light intensity inside an object in the depthszipressed as:

| (2) = 1,g7 W) (21)

where W's and , indicate a reduced scattering coefficient and asoldtion coefficient
respectively. A reduced scattering coefficientdpressed as

1y =(1-g)u, (22)

wherepsindicate a scattering coefficient of the objectElq (22),g is the anisotropy factor.
For a forward scattering media like skin, a g valie known as 0.75 — 0.95 [34]. An
anisotropyg is expressed with phase functi@ié which implies the scattering angle
distribution:

g= j p(8) cosh2rrsinéd o (23)
0

For a strong scattering media such as a biologicsdue, p(6) is expressed as
Henyee-Greenstein function:
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1 1-g°
p(6)=—1 d

AT (1+ g2 - 2gcosh) 2

(24)

Note that Eq. (16) shows the SD-OCT signal intgnisitcorresponded to a electric field E
and Eq (21) shows the intensity. So the electeitdﬁs

E. \/— Ee /15 Ha)z =E,e —%ﬂl (25)
The signal intensity of the depth z is reduced g@)(times because the sum of optical
pathlength of incident light and scattering ligle®2z. Therefore the OCT signals at depth z
are able to be compensated by multiplying the sigmansity by exp(z). In general,
OCT-signal sensitivity is not a constant for z-dtren to be affected by an object lens
condensing efficiency difference of back-scattetigbts and a point spred function, thus it
IS necessary to compensate the influence by a mezasunt of reflection intensity by a
standard mirror sample by moving in z-direction.

3. Low-coherence dyanamic light scattering (LC-DLS)
A LC-DLS system based on a TD interferometry isvaman Fig. 7. The poweP|(t) is
detected by a photometer is inverse Fourier tramstd P, (a0,

PO = [ Rlwe“do (26)

and alsd”,(w) can expressed bya):

R( )=|(w)D*(w)

j j Je ittt

:Lorl r)e’“rdr | 27)

whererl (1) is a temporal autocorrelation function of theed#dr singnal. Furthermoi®(c)
can expressed by electric fieid

F’l(w)=l(w)El*(w)

j j )ttt

=" j_m E.(t)+E ( t)}{E 1)+ E OHE. () + E (){E0)+ E e ot ()
EqQ. (28) is expanded into 16 terms:
R@=[{EQENEREL)+(EQEDER)E 1) +(EQEDE () +( EQEWE () ¢
+HEWQEORCEX)+(EQE(OER)E ) +(E '
+HEQEQEXEW)+(EQEOER)EX)+(E
15



)EI .dt.

In EqQ. (29), By using cumulant expansion of Gausgiacess [35,36],

(ABCD) = (AB)(CD)+(AC)(BD) +(AD)(BC) (30)

In Eq. (30) , odd moments A&, <ABC>) are zero. By setting =t + 7, each term in Eq.
(29) is expanded as:

term1—<l (t)l*(t')>: r.(z \

term4 =(1(t)I, (t )> =0, (r)

term5= (I ) . (0)+ T (r)rec (7)

term6 = (E,()E; ())(E ()€, (1)) + (E,(OE: (1))(E; (VE, () + (E()E, ())(E; (e ()
|

: (31)
term9=(1)Ic . (0)+ 7L (7)rc . (7)
term10= (term7)
terml11= (term6)
term12= (1) (0)+T (7)rzc (7)
term13=(1,O1;(t)) =T, (r)=T, (~7)
term14=(1 )z (0)+ T (7) e, (7)
term15= (1) . (0)+ ¢ (7)rec. (7) /
term16= <I 1, )> (@)

where €“>=0 is used as random fluctuation of light ampléudh Eq. (31) x denotes
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autocorrelation fuction of a physical parameternd By y denotes cross-correlation fuction
betweenX andY. A 'y y term indicate an interference compornet. By using. (31),[ is
expressd as :

ro={r.@)+r @) +r, @)+, Col+dre. (O
+ 2 (o) +2fre (e (1) + et 201){ree @)+ el + 21 )free (0)+coc)
Hre () + e Ofrie, 0+ rie O @+ e (e 0+ e (0
={r.()+r, ()1, @)+1, (-7)
tfre @+re Ofree @)+ ric el e () +2fre (e () + e}

+ar . (0]2 + 2(|S>{FESEr (0)+c.cl+ 2(|r>{I'ESEr (0)+cc} . (32)
Since the light sorce is an ideal incoherence lghitted,l",, (7) andlg, (7) are regard as
delta fuctions, in addition[g (7)=I[¢ (7). Furthermorel s (7) is regard as zero when
scattering intensity is sufficientry weak agairist teference light intensity. Adtksg, =0. So

EqQ. (32) is expressed as:
M () =2, (7)rg, (7) + c.c)+ Const

=2l ,Fo(r)Re[FES (r)]+ Const ) (33)
And also Eqg. (33) is expressed as, by using EQ: (27
R(a)=2l,py(a)ORep; ()] +Co(a) - (34)

By vibrating the reference mirror, the first termkq. (34) can be picked up form the power
spectrum. Then by invers Fourier transform the comep changes to time correlation
function gs (7) of light amplitude from the sample that origircgattom the Brownian
motions in sample suspension. All the procedurpanicle sizing of LC-DLS is shown in
Fig.8.
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Fig. 8 A Procedure of a particle size
measurement of LC-DLS

18



lll Development of UV- and visible-light
one-shot SD-OCT

and in-situ measurements of human skin

| have developed UV- and visible-light one-shotcd@@ domain (SD) optical coherence
tomography (OCT) that enablassitu imaging of human skin with an arbitrary wavelength
in the ultraviolet (UV)-visible-light region (37088 nm). | alleviated the computational
burden for each color OCT image by physically dispgy the irradiating light with a color
filter. The system consists of SD-OCT with multiogrical lenses; thus, mechanical
scanning of the mirror or stage is unnecessarybtaio an OCT image. Therefore, only a
few dozens of milliseconds are necessary to olsaigle-image data. | acquired OCT
images of one subject’s skim-vivo and of a skin excisioax-vivofor red (R, 650 £ 20 nm),
green (G, 550 £20 nm), blue (B, 450 £ 20 nm), daid (397 £5 nm) light. In the
visible-light spectrum, R light penetrated the s&imd was reflected at a lower depth than G
or B light. On the skin excision, | demonstratedttJV light reached the dermal layer. |
anticipated that basic knowledge about the spepn@berties of human skin in the depth
direction could be acquired with this system.

1. Method

1) System

The optical system for UV- and visible-light onessIsD-OCT is shown in Fig. 9. The light
source (an ultrabroadband supercontinuum laser)@d4anium) has a wavelength ranging
from 370 nm to 2400 nm, a pulse width of 6 ps, an@petition rate of 40 MHz. Light is
fixed at the central wavelength of any visible leaad with wavelength width by a color
filter. The source light beam is split into two bea—the sample light beam and reference
light beam—by a quartz substrates beam splittez. Sdmple light beam is linearly focused
on human skin by an achromatic cylindrical lens ILLWe use CL3 behind the quartz
substrate for the object lens in the y directiomoiman skin. | use a beam expander (BE) to
improve the resolution in the y direction by insieg the magnification ratio of the image.
Light propagates into the spectrometer throughnmaage lens (IL). The two-dimensional
signal in the y direction of human skin and thecépen are obtained by a spectroscope and
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two-dimensional CCD. We adopt SD-OCT in this syst&hme optical power of the detected
interference light is expressed as follows: [37,38]

(k) =1, (K)+ 21, ()1, ()Y a,cos(kz, ) + 1 (&) (35)

wherelgKk) andl,(k) are the wavenumber-dependent intensities of dingpte and reference
light beams, respectively, akds the wavenumber. The second term on the righttHsade
of Eq. (35) represents the interference betweersdngple and reference light bearog.is
the square root of the sample reflectivity at theptt z,. The information in the depth
direction of the sample is obtained by an inverserier transform of Eq. (35) as

FT00] [ =220 {5(o>+za§5(z—zn )+ Y a2o(z+2,)+0[1 /] 3]} (36)

where /(2) represents the envelope of the coherence funcfidheolight source. The first
term in the curly braces expresses the autocaoeldtinction of the reference light. The
second and third terms express the interferentteecdample light and reference light, which
gives us information related to the depth direciiothe sample. The fourth term expresses
the autocorrelation function noise. The system isting of SD-OCT with multicylindrical
lenses allows to obtain a single image by a on¢-4sieasurement whose time is only a few
dozens of milliseconds. Therefore, the SD-OCT systan obtain a tomogram of human
skin nondestructively and noninvasively.

Supercontinuum light source
(370-2400 nm)

color filter ==

spectrometer
+2D-CCD

Reference mirror

Fig. 9 UV- and visible-light one-shot SD-OCT system.
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2) System Performance

Fig. 10 shows the spectrum of light that was usedlfe OCT measurement of human skin
in this study. The wavelengths of the R, G, B, &hdlight are 650 £ 20 nm, 550 £ 20 nm,
450 + 20 nm, and 397 + 5 nm, respectively. Thetligtensity is approximately 1 mW/ém
for R, G, or B light and approximately8V/cn? for UV light. The depth resolution for OCT
is given by 2 x [In(2)ft x (1%/n4)) in theory, wherel is the central wavelengtm, is the
refractive index, and\/. is the spectrum width of the light source. The thegesolution
improves as is decreased ax/ is increased. The theoretical depth resolutioaiiwas 9.3
um, 6.7 um, 4.5um, and 14um in reference to R light, G light, B light, and Uight,
respectively. The transverse resolution was apprataly 6um, which was acquired from
an USAF 1951 resolution target.

2. Result
1) Validation
Fig. 11 shows the absolute-squared interferograimgitt, which were obtained by a fast
Fourier transform (FFT) of the spectra in Fig. TBe half bandwidth for peak in air was 7.7
pum in reference to R light, 5§8m in reference to G light, and 3.6n in reference to B light.
| accurately estimated the depth resolution folGRand B light almost as planned. As for
UV light, the half bandwidth for peak in Fig.11 w&s0 um, which was very narrow
compared to the theoretical depth resolution. Méalewthe bottom of the spectrum in Fig.
11 (d) was broad. This was thought to be due taéwation in the UV light spectrum in Fig.
10 (d) from ideal Gaussian distribution.

Fig. 12 shows an example measurement of a multilayéradIfh Fig. 12 (a), schematic
of the film measured is shown and the numbers atdithe boundaries of films. Fig. 12(b)
shows a tomographic image of a multilayered filmthwR light (698 + 32 nm). The
reflection of light from the surface, boundarieadaback side of the film are observed.
Assuming that the refractive index of the samplé.&§ the half bandwidth for the peak in
Fig. 12 (c) was estimated to be ~uh, which is approximately the same as the thealetic
resolution with R light (698 + 32 nm). The maximuneasurement depth was approximately
600um as in Fig. 12 (b). The measurement time was 19@maverage because the sample
did not move during the measurement.
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Fig. 10 Light spectra transmitted by a single-color sraittance filter: (a)
R, (b) G, (c) B, and (d) UV light. The sold linekow the experimental
transmission spectrums measured by V7200 UV-VIS-bRctrophotometer
(JASCO Co.). The dotted lines represent Gaussi@mgficurves.
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2) RGB tomography of live human skin

Fig. 13 shows a tomogram of live human skin (thekbaf the left arm, skin phototype IlI,
36 years old) for each RGB color. The measuremerd was 20 ms. For a comparison of
the tomograms of each color, the brightness of e¢antogram was divided by the peak
intensity of the spectrum of the laser source wabh color filter in Fig.14 for normalization.
The peak intensities depended on the overall sypmormance including the intensity of
the laser source, the transmittance of the calier fiand the sensitivities of the spectroscope
and detector. In Fig. 13, We can observe an irggguylin the skin surface and the stratum
corneum, the epidermis, and the upper layer ofltrenis [39]. The imaging depth of R light
was greater than 2Q@m in Fig. 13 (a). The signal from the dermis ish@gthan that from
the epidermis because of the large scatteringgbft by fibrous tissue such as collagen in the
dermis. The signal of the G light was observed igaaithin the depth of approximately 150
um from the surface of the skin in Fig. 13 (b). Hignal of the G light from the dermis was
smaller than the signal of the R light from thendsrbecause G light was absorbed by the
hemoglobin in the blood capillaries in the dernéidight was reflected mainly from a depth
of less than 10Qum in Fig. 13 (c). This is mainly because B lighalssorbed by the melanin
in the epidermis, which has a larger coefficienaborption in the wavelength region of B
light than G and R light. To our knowledge, these the first tomographic images of live
human skin with R, G, and B light. This makes isgible to discuss the differences in the
imaging depth of each color. | attributed the d#feces in the imaging depth to the
absorption by the pigment cells in human skin [4],4

(@)

Stratum Corneum

=
o
o

Epidermis

—
IS
=5

=

<

S
=%
)

[a)

N
o
o

\
200 400 600 800 0 200 400 600 800 0 200 400 600 800

Position (um) Position (um) Position (um)

Fig. 13 RGB spectroscopic tomography of live human ska): R light (650 + 20
nm), (b) G light (550 £20 nm), and (c) B light (%20 nm). The brightness
corresponds to a linear scale.
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Fig. 14  Spectra of the laser source with each cola@rfilthe intensity of each
position (y-direction) was averaged. The dasheglibrthe Gaussian curve.

R light deeply penetrated the skin and was refteétem various depths in the skin.
Therefore, in daily life, R light is considered tmake mottled points and wrinkles on the
surface of the skin less noticeable by the softdowy effect in the depth direction. On the
other hand, B light was reflected from the skimatre shallow depths. Therefore, B light is
considered to emphasize mottled points and wrinktethe surface of the skin.

3) Relation between reflection spectrum and light pppagation in skins

To investigate the relation between the appearamckthe light propagation in skins, |
compare two participants whose appearances atdlglijfferent (Fig. 15). Observation site
is at the back of the arm. Skin photo types aré bibt(Japanese). Each skin’s color in this
experiment are express as tha'b color space specified by the International Cominiss
on lllumination (CIE).L" represents the lightness which value are 0 fockbtnd 100 for
white, a indicates green for the negative values whereagenta for positive, and)’
indicates blue for the negative values whereasoyelor the positiveL'a b values are
calculated form the skin reflection spectrum meaduby UV-VIS-NIR spectrometer
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(V7200, JASCO). Each CIE'ab arelL'=65.2,a=9.5, b =20.2 for participant A (pA),
L"=60.6,a =11.7,b'=22.5 for perticipant B (pB) as in Fig. 15.

80 r
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60 r
90 1
40
30
20
10 T
0 . . .
400 500 600 700

wavelength [nm]

R [%]

Participant A

Participant B

Fig. 15 Reflection spectrums of two participants obselwndoiack
of the arm.

Fig. 16 shows the comparison of two human arm $é&mographic images by RGB
colors. Observation site is same as the spectronmekgg.10. Each images are taken one by
one by changing the CFs. As the wavelength becohwmtes from red to blue, the
observation depths become shorter for both pA aBd This is because green light is
absorbed by hemoglobin in dermis and green and lh¢ are absorbed by melanin in
epidermis. This indicates, if someone sees the lskihis or her eyes, although blue light is
thus to highlight the surface texture on the site, red light is blurring the focus in a depth
direction. The observation depths of green and fuu@A are deeper than that for pB. This
is correspond to the fact that of pA are greater than that of pB abdof pA are smaller
than that of pB, i.e. close to blue. Moreover tiés pendency that observation depths of B
and G are smaller than that of R is more promitiean that of pB. This indicates that pAs
skin is more redness () than that of pB. Those results shows that tha'slibservation
depths of each color are correspond to the colacesps the observation depth is decrease so
that the light incident to the skin is damping bgments and cells.
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Fig. 16  The living skin tomographic image diffarenceswb participants in RGB, whose
skin’s reflection spectrums are shown in Fig. 15.

4) Individual diffarences in tranpalency of epidermis

Fig. 17 shows skin tomographic images of R colowaf different persons. Both skin photo
types are both Ill. Generally, red light is mosingsparent of RGB colors as absorbance
spectrum of melanin and hemoglobin pigment in Regglan is small. In fig. 17, one is a 50s
men’s skin and the another is a 30s woman’s skiose&lobservation depth is especially long
relatively. In 50s men’s skin, the stratum corndager is observed clearly on the top of the
skin because the scattering intensity of top lagestrong although that of dermis layer is
weak relatively. Thereto in the 30s Woman'’s skitg scattering signal of stratum corneum
and epidermis layers are weak, but the signal sityeof dermis layer is strong relatively.
This experimental result shows that the transparefche stratum corneum and epidermis
layers affects the observation depth. If | peehtstn corneum for dermatology, the
observation depth might be much deeper than this eskperiment. This indicated that the
observation depth is determined by not only pignaaills but also scattering by cells and
disorder of the tissues.

28



} Stratum
Corneum

Epidermis
Epidermis

Dermis
Dermis

0 100 200 300 400 0 100 200 300 400
Position (um) Position (1m)

} Stratum
Corneum

Depth (am)
S T 2
o o o

n
13y
o

Fig. 17 Difference in tomographic images between (a) 56a’snskin
and (b) 30s woman'’s skin in the back of the arm.

5) UV tomography of a skin excision

The entire protocol was approved by the institwdloeview board at the FUJIFILM Co. Fig.
18(a) shows a stained skin excision (female, Caaicasabdomen, 38 years old,
BIOPREDIC). The epidermal thickness was approxitgat®0 um. A tomogram of the skin
excision with UV light (397 £ 5 nm) is shown in Fig8(b). The locations of measurement in
Figs. 18(a) and (b) are different. The intensitytled UV light is much smaller than the
visible-light intensity, so | removed the beam exgber in Fig. 9 to increase the detected
intensity. The resolution in the y direction dec®s as the detected intensity increased. |
changed the grating of the spectrometer from 1200nL to 2400 L/mm to increase the
measurement depth by improving the wavelength uéisol. The intensity of the UV light is
much smaller than the intensity of sunlight.

In Fig. 18, scattered light from a depth of appnaxiely 200um from the surface of the
skin was observed. On one subject, | demonstréigdat light in the UV-A (320—-400 nm)
region reached the dermis with tomography. UV-Aligs said to reach the dermis and
causes aging such as the appearance of creased#2penetration depth was simulated
with various laser wavelengths and skin model tyj@g&s44]. In the simulation, for fair or
very fair skin, less than 15% of the UV-A light @@m) was simulated to penetrate a depth
of 200 um [44]. The OCT system could detect light that pexted a depth of 20Qm,
decayed to less than 15% in intensity, and scatteaek. When the epidermal thickness was
assumed to be 10@m, the relative intensity integrated over the entermis and the total
amount of backscattered light was calculated toapproximately 20%. The simulated
transmittance of the skin heavily depends on tle ke, so | need to measure the various
skin types in detail.
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Fig. 18 (a) Stained skin excision photographed with arasicope. (b) Tomogram of the
skin excision, which is the same as (a) with U\hti¢397 + 5 nm). Each Fig. (a) and (b) is
the same human abdomen skin but the locations asunement for (a) and (b) are different.
The brightness corresponds to a logarithmic scale.

3. Conclusion

| developed one-shot SD-OCT that allows for nondesive observation of a tomogram of
human skin for each wavelength region of the UVibleslight (370—800 nm) spectrum.

OCT images of human skin for R, G, B, and UV ligigre measured. In the visible-light

spectrum, R light penetrated the skin and wasateftefrom a lower depth than G or B light.
R light is considered to make mottled points anthkles on the surface of the skin less
noticeable. On the other hand, B light is considare emphasize the mottled points and
wrinkles on the surface of the skin. On one subj@etdemonstrated that UV light (397 £5
nm) reached the dermis of the skin with tomography.

The system consists of SD-OCT with multicylindritethses; it takes only a few dozens
of milliseconds to obtain a single image. Therefdhere is no need to maintain the same
measurement point in human skin physically durimg measurement. | anticipated that |
could evaluate the effect of the application ofreesics and pharmaceutical products to
human skin.
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IV Development of full-color OCT

and in situ measurements of human skin

To nondestructively measure and visualize coloowehe skin surface that is the root cause
of the skin's appearance troubles, | developedchlbr optical coherence tomography
(OCT). For color reproduction, | developed one-shpectral domain OCT by using a
trichromatic RGB multi band color filter and threspectral detectors. | visualized the
difference between color tomograms of the dermitwhan skin parts, back of arms and
cheeks, and measured the difference based on timeten coefficient of full-color OCT.
Both measurements showed that the inner cheekcskin of UV-exposed areas is yellower
and darker than back or arm skin.

1. Method

1) UV-Vis OS SD-OCT and Full-color OCT with trichromatic RGB band pass filter

Fig.19 shows the schematic diagram of UV-Vis OS GO¥ [45-47]. The supercontinuum
laser source (SC400, Fianium Ltd.) generates adbmal white light beam with a
wavelength range of 370—-2400 nm. The light beansgsashrough a CF, which is used to
shape the light spectrum in the proper manner.bBaen is dived into two beams by a quartz
plate. The reflected beam is a sample beam thetiated to the sample passing through
an achromatic cylindrical lens (CL1) so that thghtibeam is linearly focused on a sample,
i.e. skin surface. The transmitted beam is thereefse beam. The skin absorbs and scatters
the sample beam, then the scattered light passasgth the CL1 and the quartz plate and
interferes with reference beam reflected by theanirThe UV-Vis OS SD-OCT system is
designed in consideration of the symmetry of thecappaths. The scattered light from the
skin sample takes an image on a two-dimensionabeheoupled device (CCD) (255 x 1024
pixels, DU920-BR-DD, ANDOR Technology) by the ClLddaa CL3 that is perpendicular to
the curvature direction of lens CL1 which work dineative lens together and an image lens.
A beam expander sets after CL3 to expand an imagel6x magnification. The
two-dimensional signal in the y direction of thenskample and the spectrum provided by
the image spectrometer (600 lines/mm 500 nm blsi&2001) is obtained and sent to the
PC. In this report, | discuss the visible light ieg skin images in the UV region are
discussed in other reports [47]. The depth resmiythl, for OCT imaging in free space is
given by
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(37)
i

where 44 is the full width half maximum (FWHM) of the banalth of the light beam
spectrum after passing through a CF, alhds the center wavelength [22]. The center
wavelength and the FWHM for measurements are 430 &m for blue (B), 550 + 20 nm for
green (G), and 650 + 20 nm for red (R). The dep#iolutions given by Eq. (37) are 316

for R, 5.3um for G, and 7.7um for B. The beam spectrum was shaped by a tricatiom
RGB band pass filter composed of a multilayer diie film. The light intensity is 1
mW/cnt for R, G, B lights. The transverse resolution, atthivas acquired from an USAF
1951 resolution target, was approximatelyr.

Supercontinuum light source

(370-2400 nm) 1 {\B ﬂG f\R

@ Trichromatic multi-band CF
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Fig. 19 Schematic diagram of UV-Vis OS SD-OCT with
Trichromatic multiband CF. FSP: fused silica pl&é; Cylindrical
Lens, S: sample, M: mirror, OL: objective Lens, ilnage Lens,PC:
personal computer

Fig. 20 shows the schematic diagram of full-col@TO The source and illuminator of a
sample and the reference arm are same as that shokig. 19. The light beam passes
through the trichromatic RGB band pass filter fdrieh the wavelengths of R, G, and B are
610 £ 20 nm, 540 = 20 nm, and 450 + 20 nm, respelgti(Fig.21). The reason for adapting
these center wavelengths is to eliminate the efféciolor rendering. In general, there is a
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plurality of wavelength spectra which can be coaesids white, but it is known that these
three wavelengths always have a constant intematip [48]. In Fig.20, detections are
performed for each color using two dichroic mirrargl three spectrometers (2400 lines/mm
500 nm blaze MS2001 for R, 2400 lines/mm 400 nm 882or G, 1800 lines /mm 450 nm
SR500i for B) and CCDs (255%1024 pixels: DU-920-BR-for R, 127x1024: DU401-BV
for G, 2001600 DU970N-UVB for B, ANDOR Technologyhree spectral detectors were
synchronized. As a basic preliminary experimeng @CT measurement was performed
while moving the standard aluminum mirror in theptthedirection, thereby correcting the
depth dependence of the light intensity based erfdbal depth characteristics of the lens.
Interpolation for matching the RGB pixels was exedubecause each RGB image had a
different resolution. For the signal-to-noise imyement of each pixel, we averaged several
neighboring pixels. Then, we applied a weight toheeolor image using a color matching
function. Subsequently, each color was converté&tbtgradations and colorized.

The brodband white laser

W Trichromatic multi-band CF

Fig. 20 Schematic diagram of full-color OCT. CF: colordiit H.M.: half
mirror, C.L.: Cylindrical Lens, M: mirror, D.M.: dhroic mirror, S.M.:

Spectrometer, CCD: charge-coupled device
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Fig. 21  Afull color OCT incident light spectrum measurne\7200
Spectrophotometer (Jasco Co.).

2. Result

First, we examined a simultaneous measurement d R@ors by using a trichromatic
multi-band color filter (CF). The observation sigelocated at the back of the arm whose
skin photo types are both Il (Japanese). In FR). & the shape of outermost surface of
RGB is all same, | can confirm the measuremenbigecht the same time and same position
correctly. The observation depth of a multi-band @fasurement is shorter than a
single-color measuremebecause the resolution of the wavelength is deedets spread
the observed wavelength region from one color tedlprimary colors on the same CCD. A
multi-band CF is effective for simultaneous RGB etation, but the penetration depth is
not sufficient, especially for the color blue. Thuge confirmed that the color information
obtained from the dermis layer of arm skin wassufficient to be detected by this system.
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Fig. 22  Simultaneous tomographic images of human skiR@B colors by multi band
CF (@) R, (b) G, (c) B.

Fig. 23 shows the full-color measurement result$waf single-color standard samples. A
white standard sample was prepared by mixing gelatih Polystylen (PS) particles and
cooling gel, and a yellow standard sample was pegbhy mixing PS particles and yellow
pigment. As shown in Fig. 23 (a), white was repatiexactly as a whole. From Fig. 23 (b),
in the yellow model sample, the interior is yelldwt the surface is white. The reason why
the surface appears white in Fig. 23 (b) is thoughbe that the influence of diffusion
reflection by PS particles is larger than the ieflae of absorption on the surface. It was
confirmed that the color reproduction is perforneedrectly by this method.
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(b)

200 pam——mS e

Fig. 23  Color tomograms of single-color standard samfdggtop-view
picture of white gelatin by a digital camera, (Iigtpre of yellow gelatin,
(c) color tomogram of white gelatin, (d) color tognam of yellow gelatin.

Fig. 24 shows color tomograms of the same human &ki each part as obtained by
full-color OCT. The decay rate of the epidermis wdstermined from the average
tomographic profile of each wavelength (Fig. 24.(&he RGB values of each wavelength in
the dermis are recalculated by the attenuation amobtained from the decay rate. In this
analysis, it is assumed that skin is strong sdéagenedium that is not transparent. Fig. 24
(b) shows the back of the arm and Fig. 24 (c) shithescheek that is exposed to stronger
environmental stressed such as ultraviolet expoeelegively than the back of arm. The
cheek tomogram color in the dermis region was daake slightly more yellow than that in
the arm region. This was statistically shown byR&B extinction coefficients of the dermis
in Fig. 25. The z axis is normalized by the meavaRie of the backside of the arm. In Fig.
25, the RG values are the same, but B value isrdifit. This also demonstrates that cheek
skin exposed to UV-rays is yellower and darker thlan on the inner back arm according to
stronger scattering and absorption of blue lighti@mmis. Several skin changes in dermis
layer alterations, such as collagen degradation d@creased collagen synthesis, are
considered to occur in response to UV irradiati@n [
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Fig. 24  Color tomograms of a human skin sample. (a) d\herage tomographic
profile. (b) Back of arm. (c) Cheek.

3. Conclusion

| demonstrated simultaneous RGB color measuremeusing a trichromatic multi-band CF
and three detectors.developed a method to create a full-color tomogand applied our
method to a model using white/yellow samples. Farth developed a method to achieve
real-color compensation of the lower layer of hurskim, which is altered by the influence
of the upper layer, and applied our method to huskam | could visualize the color because
of differences in the internal parts of the humkin,sand | compared the difference with the
extinction coefficient of the dermis. Both measueats showed the same trend; that is, the
dermis in the cheek was yellower and darker tharskin on the inner back arm.
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Fig. 25 Difference between skin extinction coefficient inetdermis of inner forearms
and cheeks. Red, gleen and blue bars indicate egttls 610 + 20, 540+ 20, and 450+ 20
nm, respectively. P-value (<0.05) indicates a sigant difference of blue’s extionction
value in dermis between inner forearms and checks.
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V Development of high-sensitivity
low-coherence dynamic light scattering and
determinations of particle size distribution
and diffusion motion modes

applied to dense particle suspensions

Low-coherence dynamic light scattering systems werestigated to attain a highly
accurate measurement of particle size distributtbas contained particles of sizes ranging
from several micrometers to nanometers in diamatet,to understand the mode of motion
in a highly concentrated dispersed particle sotutib have developed a low coherence
dynamic light scattering system by combining a wscopic optical system for efficient
detection of scattered light into a Mach-Zehndderfierometer using single-mode (SM)
fibers. Hereby, the particle size distribution aflystyrene (PS) particles up to 10 nm in
diameter could be measured. By changing the miopsmptical system to the immersion
fiber probe, it was possible to measure particiesouseveral nm in 1QL of solution. By
developing an angle-resolved SM-fiber probe systeenclarified that the motion of a PS in

a dispersion system is translational motion.

1. Method
1) Principle of LC-DLS
The diffusion constard and diameted of the particles in the suspension can be expiesse

using the Stokes—Einstain relation [24]:

D =k,T /3rmd (38)
wherekg is the Boltzmann constari,is the absolute temperature, apis the viscosity. The
power spectrunf(a) of a single beam scattered by dispersed partjiéiss

__ D’
P(a)) - a)2 + (Dq)z (39)

whereD is the diffusion coefficient anglis the scattering vector.
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The power spectru, («) of the signal from the interference between #ference and
scattered beams is

: (40)
ds

2, +s-2,\
' c

wherewis the angular frequencly, andls are the intensities of the reference light and the

P(w)=2n(17 +21 1, + |§)5(cu)+(<|§(t)>t - I§)p,s(w)
+2IrTIsp(a),s)y

scattered light respectively, < represents an average over time, pgdandp are the
intensity of the scattered light and the power spec of the electric fieldl; |, ands are the
propagation distance of the reference beam, theagadion distance excluding the scattering
medium of the sample beam, and the propagatiomardist of beams scattered more than
once in the medium [50]. Also,
I, =1, +s, (41)

y: is the coherence function of the light source badomes 0 when the difference between
the left and right sides of Eq. (41) is longer ttiam coherence length of the light source.

The first term on the right side of Expression (#0)he value of the delta function that
appears at a frequency of 0. The second and thindstare proportional to the intensity of
the scattered light and the power spectrum of kbetrec field, respectively. Modulation f
by the heterodyne method allows us to obtain threpoment of the power spectrum of the
third term to be equal to the power spectifn) of singly scattered beams, by extracting
and settings in Equation (41) to within the distance over whiihgle scattering events
occur.

With the introduction of the distribution of diffis coefficients,f (D), in the
polydispersed state, Equation (39) becomes

jf(D)—dD. (42)

(«)* +(Da)*

The autocorrelation functiogy(7) is obtained by converting(c«) of Expression (8) from
the frequency domain to the time domain, as in Equg9).

g,(r) = [ f(D)expt-q’Dr)dD. (43)

The patrticle-size distributioffd) is then estimated fromp(7) using sampling, histograms,
and the CONTIN method. Histogram method minimizerey” with W as variable,

X(a)=9%(r)- ZWexp( rr), (44)
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where/ = g’D. The number oN in eq. (10) is a value determined by a measunehd
CONTIN method[51,52] that is also very commonlydjse constraint condition is added to
eq. (44),

$(0)=Y {07 (0)- [kl r)adr)arf+ ajLadr), (45)

i O
where L reperesents an operation of differentiatvane tow, and the operation is weighted
by a. The value ofr is determined by a measurer and the resulband the formula is close

to eq. (44) whemr=0.

2. Result

1) Examination of interference method and irradiaton method

A schematic diagram of a Michelson type LC-DLS dewased on SLD is shown in Fig. 26
(a). For the light source, a super luminescent @i(6lLD, S830-G-1-20 manufactured by
Superlum Co.) having a wavelength of 835.7 nm afdlavidth at a half maximum of 18
nm was used. Light from the light source was digditdg a photo coupler at a ratio of 50:50.
Half of the divided light was emitted from the fibend then irradiated as parallel light by
the collimating lens to the dispersion liquid arfte tother half was emitted from the
collimating lens to reflect the PZT driven mirraadk and forth in the direction of the optical
path. The latter half was used as a reference tggivhich phase modulation was added. The
backscattered light from the sample returns tofitber again and is guided to a detector
(NewFocus Model 2007) through a coupler. The sadtéight from the sample returns to
the fiber again through the collimating lens, andignal that interferes with the reference
light is detected.

The Mach-Zehnder type LC-DLS is shown in Fig. 26@»)d the light from the SLD is
divided by a photo coupler at a ratio of 99: 1; 9@#othe light was irradiated to the
measurement sample through a circulator, and 1%gbf was phase-modulated by an
electro-optic modulator (EO-PM-NR-C1 manufactureg Dhorlabs Co.) to obtain the
reference light. The backscattered light from thamgle returned to the fiber again and was
led to the detector via the circulator. The scattdight was combined to interfere with the
reference light by placing a photocoupler in froftthe detector. Scattered light was then
collected using a microscope objective lens withagnification of 10 in the Mach-Zehnder
type LC-DLS sample optical system (Fig.26(c)).

A turbid suspension of polystyrene (PS) standartighes with a particle diameter of 252
nm was measured using various methods, includingh&ison-, Mach-Zehnder-, and
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microscopic-type optical systems, and the fluctranf the scattering light was converted
into a power spectrum. The results from comparimg intensity are shown in Fig. 27.

Measurement sensitivity was improved by using a iMaehnder type interferometer. The

reason for the improvement is that the ratio ofititerference light to the non-interference
light can be increased by making the refarence ligiensity somewhat closer to the weak
scattered light inteisity. Since the incident irgiéy of the detector has an limit, there is a
limit to the method of increasing the incident lightensity. The measurement sensitivity
was further improved by making the irradiation systa microscopic optical system. It is

because scatterd light collection efficiency hasnbenproved by widening the aparture ratio.
Futhermore, in this system as Fig.26(c), by havimg fiber act as aparture, it can be
considered the system is confocal optical systeahlths small scattering volume observed
effectively. If a Mach-Zehnder type interferometercombined with a microscopic optical

system, such as the Michelson type, it is found tiii@ original signal intensity increases by
1000 times or more (Fig. 27).

The particle size distribution of standard parscleas measured with the Mach-Zehnder
type LC-DLS system using a microscopic objectivaasleas shown in Fig. 26(c).
Measurement of polystyrene aqueous dispersion avitblume concentration of 10% and a
particle size of 13 nm is shown in Fig. 28(a) abd The particle size distribution measured
by LC-DLS was statistically processed from photpésataken with a transmission electron
microscope (TEM) (Fig. 28(c)). The measurement ltefew a particle size of 99 nm is
shown in Fig. 28(d); LC-DLS and TEM agree with eather. There is no other report that
accurately describes the particle size distributibhO nm based on the LC-DLS method.

The dispersion state of the sample obtained byngithe three kinds of polystyrene
latex suspensions, with average particle size8052, 99 nm and a volume concentration of
10%, is shown in Fig. 29. The obtained particle slistribution was in good agreement with
the results predicted from the transmission electmcrograph and the mixing ratio. From
the above, it was found that this method is eféectfor the quantification of the
polydispersed state in real systems.
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particles, obtained by (a) TEM and mixing ratio gbpby LC-DLS.

2) Immersion SM-fiber probe

In the analysis of medicines and proteins, bectussample is expensive and valuable, the
typical sample size is small. Therefore, we devetb@ fiber-type trace detection unit
(Fig.30). The output of the fiber trace unit is quared with the measurement results of the
Mach-Zehnder type microscopic optical system (FAg(c)); the total power spectrum
including the homodyne component is shown in Fig. The spectrum, around 0 Hz, on the
right side of equation (40) is the homodyne compora the first. The second terms of
equation (40), 20 kHz, is the heterodyne compomérthe scattered light; the harmonic
component is 40 kHz. In the fiber dipping type, tiwse in the high- frequency range was
suppressed. It is speculated that vibration noigeftected light was suppressed, compared
to the system in Fig.26(c) in which an interfaaialitiple reflection due to the sample cell
existed. It was found that the scattered light barsufficiently measured even with a small
amount of sample. In addition, it was confirmedttparticles with an average particle

diameter of 2.7 nm were measured [53].
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Fig. 31 Comparison of power spectrum of polystyrene
suspension (10 %, 100 nm), measured by the migpasco
optical system and the SM-fiber probe system.

3) Angle-resolved LC-DLS
It is known that diffusion motion in solution hagferent modes of motion of crosslinked
polymer chains such as rotational diffusion, cdugdibon, and polymer gel, besides
translational diffusion due to Brownian motion (F8). In order to understand the dispersion
state that is peculiar to high concentration, inecessary to discriminate between these
modes.
The attenuation constant of the time correlatiarcfion,g; (7), is expressed by the

equation (7) [54]:

r=q9°D. (46)
Here, /"indicates the exponent of exponential function kpiession (46). Wheq=0 (i.e.
scattering anglé=0 deg.), the incident direction of light and tleatsring direction are the
same, hence fluctuation cannot be detected be¢hed@ht pathlength is the same even if
particle positions are different anywhere. On theo hand, wheng=4/71 (i.e. the
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back-scattering direction?=180 deg.), the fluctuation can be detected becdigte
pathlength diffarences is twice of thier interpads distance.

In the case of rotational diffusion, when a compunaf V polarized light is detected
after incident H polarized light, a term dependamgg ©:) and the non-dependent terBy X
[54]is given as follows.

I =g°D, +6D, (47)

In eq. (47) non-dependent tery indicates the rotational diffusion term. Whgnr0, the
traveling direction of light and the scattring ditien are the same but the rotaion mode
remains then a diffusion speed of rotation modebmadetected by DLS.

When the dispersion system becomes a gel, therstatie components and dynamic
components frozen in space, and the attenuatiorstaoin varies randomly without
dependence on q due to concentration fluctuatignusng the partial heterodyne method
proposed by Shibayama, a true diffusion coefficismibtained [55].

Fig. 32(a) is a schematic diagram of an angle-vesbprobe system connected with the
LC-DLS Mach-Zehnder which is higly sensitive (Fi§)2 because the angle variable
measurement is necessary for attribution of difflasmode. We adopted a method to
immerse the fiber directly in the sample. The arajl¢he two opposite fibers was adjusted
with the XYZ translation and two axis gonio stageattfix these fibers. In order to avoid
collision, the result of measuring the dispersitamed by mixing suspensions of average
particle size 99 nm and 755 nm by angle variablell( is shown Fig. 32(b). This clarifies
that translational diffusion is measured becausenteasured two diffusion coefficients are
straight lines passing through the origin.
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3. Conclusion

| developed an LC-DLS system that combines a Maehrder type low-coherence

interferometer with a microscopic optical systend am liquid immersion probe. The

detection sensitivity of scattered light improve@0Q times or more compared to the
conventional method, and the measurable partidenéier increased. It was possible to
extend the range from several nm to sevaral which makes it possible to cover the
practical particle size range. The particle sizgtrihiution quantified by this method was

consistent with the TEM result, regardless of masyersity and polydispersity. In order to

discriminate the diffusion mode of the densely drspd particle system, we developed an
angle variable LC-DLS and showed that the diffustoefficient of a PS suspension is based
on translational diffusion.

It is difficult to ascertain to what extent the maicviscosity has fluctuated when the
macroscopic viscosity of the dispersion systemtélates in a concentrated system. It is
necessary to deepen the basic research of therslmpesystem to clarify the relationship
between particles motion and micro viscosity. la émalysis, a system that can be quantified
on the assumption that the viscosity is differestt éach particle type and particle size is
required. In addition, the expression (43) is chlleproblem. It is known that it is hard to
obtain a solution uniquely in the system shown i1g.Z6. A method for accurately
calculating the true particle size distributionniscessary, even in the polydisperse state of
the system. In order to improve the usefulnessedisurements, it is essential to increase the
amount of measurement information by such a metasdthe variable angle system
described in this paper.
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VI Particle distribution of
concentrated polydisperse suspension
through high sensitivity low-coherence

dynamic light scattering

In this study, | developed a low-coherence dynahgilet scattering system using a high
sensitivity Mach—Zehnder interferometer, which aamntify the distribution of a wide
range of particle sizes in dense polydisperse sisépes. The proposed system easily
guantified the dispersity of a standard mixturgafticles with diameters 23 and 120 nm. |
also used the proposed system to quantify chamgdsetdispersity of a nano-ink solution
due to dilution and precipitation over time. The®sults indicate that the dispersity
measurements of nanoparticle solutions should denpeed on undiluted and fresh samples
of the test solution.

1. Method

1) System

The experimental setup of the LC-DLS is based btaah—Zehnder interferometer (Fig. 33).
The light source is a super-luminescent diode (88320, Superlum Co.) with a central
wavelength and a spectral width of 833.6 and 1f2nespectively. The low-coherence light
is divided into two beams using an optical couplgth a coupling ratio of 1:99. The
reference beam passes through an electro-opticalulator (EOM, EO-PM-NR-C1,
Thorlabs Co.). The other beam irradiates the sasygpension and is guided by a circulator,
a collimator, and a lens. Then lights scatteredhgy particles is collected by an objective
lens and collimated into the output fiber. The taeams are mixed with a coupling ratio of
1.1, interfered with each other by the other coupled then measured by an auto-balanced
optical receiver (Model 2007, NewFocus Co.).

The single-mode fiber probe system is shown in 8@g.The head of the probe is placed
directly in the container of a sample suspensidre §ontainer holds 10L of liquid. The
test beam passes through the optical fiber andiates particles in the sample directly. Then
light back-scattered from Brownian-moving particlesturns to the probe. Constant
temperature is maintained by the Peltier device.
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| set the modulation frequency of the EOM in coesadion of the bandwidth of the
scattered light. We also adjusted the path lenftth® reference beam to match the path
length of light beams scattered by particles inghgpension. The power spectrum and the
temporal autocorrelation function are calculatecBC.

The power spectrum of the detected signal had akpeaks, as shown in Fig 34. One
peak was located around O Hz. This frequency iatedl to both the homodyne and
heterodyne spectra of the scattered light and ha®fore influenced by multiple scattering
events. Other peaks, located around the modulétemuency (8 kHz in this case) or its
harmonics, contained only the heterodyne spectrufe heterodyne spectrum is composed
of the scattered light with path length almost @édqaahe path length of the reference light.
By measuring the heterodyne spectrum of scatteghd, with path length shorter than the
mean free path length, DLS measurements can estimaparticle-size distribution even for
very dense solutions.

Collimator

Balanced
Detector

Fig. 33 A schematic of the high sensitivity, low-cohareLS system.

2) TEM

So that | could compare the DLS measurements wghlts from a standard analysis method,
the shapes of the standard particles were obsdryettansmission electron microscope
(TEM JEOL JEM-1010). The particle-size distributias then calculated after binarization
using particle-size analysis software (Carl ZeiS1B0).

3) sample
The standard suspension of 10% mass concentrapigstyrene with diameters of 99, 59,
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23, and 12 nm were manufactured by Okenshoji Catmor (Japan). Several mixed
suspensions were also prepared. Temperature wasamaid at 25 °C during measurements
by a Peltier element attached to the sample stagjgnacontact with the measurement cell.

| also tested the proposed system with measurenwngs custom prepared model
nano-ink solution with 15 wt% yellow pigment usithgad-mill dispersion with several
additives and dispersing materials. To investigfa¢estability of this prepared dispersion, the
fresh product was measured and then it was lefb@nh temperature for 1 month and was
then collected and measured again. Dilution opmmatifor these measurements were
performed with pure water.

Power spectrum [a.u.]

0 5000 10000 15000 20000
Frequency [Hz]

Fig. 34 An example of power spectrum measured by the laghsitivity,

low-coherence DLS system.
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2. Result

These tests confirmed that the proposed system dmtarmine the particle-size
distribution via the power spectrum the signal frami0 wt% suspension of polystyrene
particles with diameters of 99 and 23 nm (Fig. 3%)e particle-size distributions determined
using the CONTIN function are consistent with tHeM results shown in Fig. 36

Fig. 37 shows an evaluation of the particle-sizgritiution for a suspension in which
10% volume concentration of polystyrene and lataigles with diameters 13 and 59 nm
were mixed one-by-one. The measured particle-g&teiltlition confirms that the two sizes
of particles are mixed, although slight deviatisnevident in the center particle-size. This

result is sufficiently accurate as compared with tleasurement result by the conventional
dispersity method

E
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Fig. 35 Heterodyne spectrum of the scattered light fromlQa vol.%

polystyrene suspension with an average particlesored by the developed
LC-DLS system.
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Measurementsf the actual pigment dispersi@ppear in Fig. 3&nc 39. In the actual
pigment dispersion, the pigment particles of adduhm aremonodisperse. The dispersity
also affected bgnvironmental factors such as pH and additivespaodesse such as aging
and temperature histarfPigment particles then often collect i aggregates, resulting in
polydisperse state. Fig. 38hows results for the partickze distribution othe nanopigment
inks. These plots indicatinixotropy and sedimentation in the nan& preparation. The
histogram method was used for part-size distributionanalysis. Fi. 38(a) shows the
resultsof measurements takimmediately aftethe particles were dispers Four peaks can
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be observed around particle diameters of 30, 100, &nd 5000 nm. The leftmost peak,

around 30 nm, corresponds to the pigment partmhesthe other peaks indicate aggregates
of these particles. Fig. 38(b) shows the particte-glistribution of the same sample after 1

month of storage at room temperature. The pealdd and 5000 nm disappear. Particles
smaller than 100 nm have aggregated into largeicfes and particles of 5000 nm have

precipitated out of the solution.

0.1

0 50 100
Particle size [nm]

Fig. 37 The particle-size distribution estimated for a
1:1 mixture of 10 vol.% polystyrene suspensionshwit
particles diameters of 13 and 59 nm. Distribut®adquired
by CONTIN.

Fig. 39 shows the change in the dispersity of tiggnpnt solution after dilution. The
particle-size distribution is evaluated by histagrenethod from time-correlation functions
obtained by the LC-DLS method. The particle-sizstribution of the ink diluted to the
weight concentrations of 0.15, 5, and 10 wt% areduhdiluted solution of the 15 wt% ink
are shown respectively. In the freshly prepared, itlle particle diameter is widely
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distributed from 50 to 10000 nm where precipitatomeurs, but as a result of dilution, large
particles decrease and dispersion decreases. 8iacagglutination size of the particles
decreases by the dilution operation, it was fourad the particles are softly flocculated due
to the weak interaction among the particles becafsthe short distance between the
particles in the concentrated dispersed particktesy. This indicates that the dispersity is
changed by dilution. In the conventional DLS pragedilution is necessary so that singly
scattered light can be detected, but our resutigvghat the dispersity is affected by even a
single dilution. Since the dispersity of nanopadescin solution is very unstable, this
suggests that careful particle-size measuremeatsearessary for plant process management
and basic research. Fig. 38 and 39 demonstraienff@tance of measuring the dispersity of
concentrated solutions.
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Fig.38 Change in the particle-size distributidnyellow ink over time. (a) fresh ink
and (b) the same ink one month later. The distidinus obtaind by a histogram method.

3. Conclusion

In this study, | showed that a high sensitivity loeherence DLS analysis system can
quantify the distribution of particle sizes rangiingm several hundred nanometers to tens of
nanometers in a high-concentration dispersion Bysfehe particle-size distribution of a
standard particle dispersion was compared with areagzents from TEM images and these
results were in agreement with each other. Measemésof a stock solution of yellow ink
clarified that the particle-size distribution ideafted by dilution and that the particle-size
distribution in high-concentration dispersions dawith time. This result confirms that a
nanoparticle dispersion system is affected by idilyt reinforcing the usefulness of my
proposed system.
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VIl Conclusion

One-shot ultraviolet-visible spectroscopy for apgtion in the research and development of
cosmetic products, such as skin, painted prodpeisted matter, thin-type displays, subjects
of medical diagnosis and cosmetics, paintings acduer, and other cultural properties, as
well as their reproduction using UV- and visiblght one-shot SD-OCT and full-color OCT,
was developedubsequently, | carried out a color diagnosis efgkin nondestructively and
clarified the internal structure of the multilayer®im and the propagation characteristics of
visible light. For the first time, tomographic images showingrayiolet rays (UV-A)
reaching the dermis and tomographic images of husian using the wavelengths of the
three primary colors—red, green and blue—of visilight were acquired. We also
developed a full-color OCT and applied our method tmodel using white/yellow samples.
Further, | developed a method to achieve real-calompensation of the lower layer of
human skin, which is altered by the influence efupper layer, and applied our method to
human skin. The dermis in the cheek was yellowdrdarker than the skin on the inner
back arm was shown.

In the suspensions of ink, nanocomposite matec@metics, liquid preparations, etc.,
measurement is performed without destroying thee sté the concentrated dispersion, so
that a highly sensitive, low coherence dynamictligbattering device and | developed a
dipping probe and a variable angle system usingfibel- probes.This makes it possible to
non-destructively quantify a wide range of dispdrstates, from a single nanometer to
micrometer sizeMoreover, by using nanoparticles, it is possildlearry out measurement
covering an industrially important particle sizenga. It became soln the state of actual
liquid, clarified structure of ink and diffusiongdg of particle were clarified.

In the future, by collectively using fundamentattrologies such as miniaturization,
high resolution, and improved color reproductiocuaeacy, | belive it will be an important
foundational technology for industry, medical caral culture. Characteristic understanding
of light propagation behavior in living bodies is@only an initial stage. Furthermore, by
combining Al, 3D vision, and other technologieswrapplications, services and inspection
methods can be developed. Hence, | expect furttogress in this field.
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Appendix

Source spectrums of Visible-OCT by using colorfit are shown in Fig.40 and their
corresponding FFT are shown in Fig.41.
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Fig.40  Source spectrums of Visible-OCT
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OCT tomograms of 1951 USAF resolution target bywgdred2 are shownin in Fig.42.
The comparison between Visible-OCT’s and Near-netlaSS-OCT’s tomogram is shown in
Fig.43.

Red2 (69832 nm)

Depth [um]

Position

Fig.42 OCT tomograms of 1951 USAF resolution

target
Visible-OCT
0 . : L1
1 6
50 FILM-A (75 pm)
3
100 g FILM-B (25 um)
E 150 FILM-C (75
5 , (75 pm)
= 200 FILM-D(25 pm)
Q 5
2 55 FILM-E (75 pm) \ 5 5
A i = B
300 A 4 AM
69832 nm (Red2) WO/ | S 9 VWYL PV
330 0 50 100 150 200 250 300 350
. Depth [um
Near-infrared-SS-OCT 1 pth [um
1 150 -

FILM-A (75 pm)

2 FILM-B (25 pm)
3 100

FILM-C (75 pum)
4
5 FILM-D (25 pm) 50 -

FILM-E (75 pm)
6

0 5I0 1(I)0 1;0 2(I)0 2;0 S(IJO 3;0
Depth [um]
Fig.43 Comparison of Visible-OCT and Near-infrared-S#¢$t source)

-OCT (a commercial product)

70



Acknowledgement

| am deeply grateful to Prof. Takuya Hirano who gave the opptunity for a lecture and my
doctoral thesis at Gakushuin University. It hasdmee a good time to summarize my work.
The non-destructive measurement is coincidence thighpast work for a Bose-Einstein
condensate during my university days.

I am also thankful to Prof. Ichiro Arakawa and Pidfasahito Watanabe for receiving
the sub—chief examiner of the paper. They have mgadaper and got lots of advice.

| would like to extend my thanks to Associate Pidtsuhiro Ishii of the Graduated
School of the Creation of the New Photonics Indestifor advice on the interference
measurements and LC-DLS. When | was searchinghiorégason why the quantification of
particle dispersion did not work correctly in R & Dl found his series of research papers
and got his consultation. It is fun to talk withdataught by him about light scattering
pehominons.

Mr. Yuuki Sato had been working on the developnoéniC-DLS together. Although he
was involved as the first job he just entered iRtdJIFILM company, interpretation of
polydisperse particles and technology developmérnt@DLS advanced with his efforts
and cooperation. Now he is devoted to inkjet ragedrthink he is the excellent and sincere
man.

Mr. Heijiro Hirayama has proceeded with the deveiept of the OCT together. Since
it was research on a new field such as cosmetittgyumh there were many tough times in
terms of its utilization and the date to due, werked together late and we were able to
overcome many difficulties. His dedicated effortsmaportant to the study.

| also received support from Ms. Keiko Mesaki, M&imi Kobayashi, Ms. Sayaka
Harada, Mr. Yoshiki Takazawa, Mr. Kazuaki Noto, Nidegumi Seki (Kasezawa) for takin
care of my daily request for analysis from many atgpents despite having many
impossible difficulties.

| also acknowledge the advice and encouragenteltso Ikuko Ohgaru, Dr. Shigeki
Kageyama, and Mr. Masahiro Eto of Pharmaceutichleialthcare Research Laboratories. |
got advice and support to tell me the needs negegea cosmetic development along
various products and to connect between technadmglyproduct development. The idea of
OCTs developed was noticed and nurtured in suduatisn.

71



Dr. Yosuke Miyashita, Mr. Junichi Mori, Dr. Naokiaystashi and Mr. Takafumi Noguchi
of Analytical Technology Center of FUJIFILM, as elit superiors of me and as seniors to
my work, | received many supports for how to pracegth my work. They supported me in
various ways.

Finally | thank my familiy, Ayako, Masataka, Tak&aKenichiro, Yukiko, Tunemitsu,
and Syoko. It took time to finish this paper. Intpaular, my wife made time for me, it was a
difficult period of child rearing for my 2 and 3 aeold sons. My parents-in-law Tsunemitsu
and Syoko also took care of the children durings tiime. My father and mother
recommended me to obtain my doctorate. | am veateful to you.

72






