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Source position 

[mm] 

Absorption

coefficient 

[cmP

–1
P]

Reduced

scattering

coefficient 

[cmP

–1
P]

(252.5, 20, 0) 0.004 8 Rectangular

parallelepiped

geometry 

(Present work) 

(252.5, 100, 0) 0.004 8 

Semi-infinite 

geometry [68–70]P
- 0.006–0.010 9–10 
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- 0.006–0.011 9–11 
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s

meas

s

meas

a

calc

a

meas

a NakNa
kNaf

2

2

2

2 )],([)],,([
),,(            (4-7) 

meas

a

meas

s

calc

a

calcs

s

4.4 660 nm

780 nm  (LP780P010, Thorlabs) 

2 2
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50 MHz 660 nm 780 nm

4.5  [82] 
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4.3 

1

2



 64

4.4

Amp: amplifier, LD: laser diode, LPF: low-pass filter, OSC: oscillator, 

PMT: photomultiplier tube, SW: switch 

4.5 
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4.4

4.4.1

PMMA

ZL (Nissan Chemical 

Industries)

1

70–100 nm  ZL

4.1 40%

4.1 

 1.294 

 pH 9.2 

 2.3 

 (SiO2)  40.4 % 

 (Na2O)  520 ppm 

4.4.2

4.6

100 mm

425 ml

4.7

25 mm 40

mm 1 mm 660 nm
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780 nm 660 nm 1.3 mW

780 nm 0.6 mW

50 MHz 660 nm 18 cm

780 nm 30 cm

4.6 

(a) 3  (b) 
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(a)                                      (b) 

4.7  (a) 

 (b) 

4.8 

(Olympus CAMEDIA E-10, F=2.4, Exposure time 2 sec, ISO-80) 
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4.9 

660 nm 

4.4.3

4.9

660 nm

0.008 cm–1 21 cm–1

780 nm 0.029 cm–1 8 cm–1

 0.001 cm–1,

1 cm–1

(4–4) (4–5)

660 nm

2100),( maN ss  [m–3]                      (4-8) 

8.042.0),(aN aa  [m–3]                    (4-9) 
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780 nm

800),( maN ss  [m–3]                     (4-10) 

9.27.2),(aN aa  [m–3]                   (4-11) 

a s

m )/( 21 nn

660 nm 456.11n 780 nm 453.11n  [83]

660 nm 333.12n

780 nm 330.12n  [84]

660 nm 0.0042 cm–1 [85] 780 nm 0.027 cm–1 [86]

(4–7)

4.2

4.2 

660 nm 780 nm

)

 660 nm 780 nm 

Particle size (nm) 113  3 

Number density (m–3) (2.3  0.3)×1020

Imaginary part of refractive index (9.9  2.0)×10–7 (8.1  3.0)×10–7

4.4.4

113 nm

 0.001 cm–1, 1 cm–1

3

nm 4.3

 [87] 
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 [88] 

(SALD-7100) 4000

113 nm 1 nm

375 nm 1.475 [89] 

 (Dielectrophoresis) [90] 

400

 134 nm 5 nm

BET 

(Brunauer–Emmett–Teller)  [91] 72 nm

100 nm

BET

BET

4.3. 

Diffuse photon density 

wave spectroscopy 

(Presented work) 

LLS and LD
Combination 

method*
BET

Particle size (nm) 113  3 113  1 134  5 72 

Measurement 

condition
Undiluted

Diluted

4000

Diluted

400
Dried

*Combination of diffusion, density and dielectrophoresis 

2010)3.03.2(  m–3

20

3
101.3

34 densitya

weight
N  [m-3]                (4-12) 
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2.2  103 kg/m3

321 kg/m3

113 nm

660 nm  (9.9  2.0)  10–7

780 nm  (8.1  3.0)  10–7 Philipp [92] 

148 nm 2.7  10–7

148 nm 2000 nm

119 nm

660 nm 2.17  10–8 780 nm 1.40  10–7

4.5

4.5.1

2

4.10

87.3% 3.9% 8.8%

2.4%

1 m
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4.10 

4.5.2

4.11  (Meiji Dairies) 

200 mm 6.8 l 4.12

40 mm 80 mm 1 mm

660 nm 780 nm 660 nm

3.8 mW 780 nm 1.2 mW

50 MHz 660 nm 9 cm

780 nm 18 cm
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4.11 

(a)3  (b)
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4.12 

4.5.3

4.13

40 mm 45 mm 1 mm

780 nm 680 nm

660 nm 780 nm

780 nm 780 nm
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4.13

660 nm 780 nm

4.14 660 nm 780 nm

(4–4) (4–5) 660 nm

780 nm

780 nm

780 nm 660 nm

680 nm Wabnitz  [93] 

780 nm 800 nm

Mitic [94] 

4.4 100%
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4.14

660 nm 780 nm 660 nm

4.4 100%

 Wavelength of light 

[nm] 

Absorption

coefficient [cm–1]

Reduced scattering 

coefficient [cm–1]

660 0.011 41 Diffuse photon density 

wave spectroscopy 

(Presented work) 
780 0.032 28 

680 0.0087 37.5 Other reseacher 

[93, 94] 800 0.024 25 

100%

100%

660 nm 0.011 cm–1 41 cm–1 780 nm

0.032 cm–1 28 cm–1 (4–4) (4–5)

4
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660 nm

1.142.0),( ccaca maN  [m–3]                   (4-13) 

4100),(),( ffsfccscs aNaN  [m–3]            (4-14) 

780 nm

2.37.2),( ccaca maN  [m–3]                    (4-15) 

2800),(),( ffsfccscs aNaN  [m–3]            (4-16) 

a s

1.57 [95] 1.4564 [96] 1.35 [97] 

600 nm 800 nm

660 nm 0.00418 cm–1

780 nm 0.00409 cm–1  [98]

4.5 660 nm

(5.8  0.4)  10–8 780 nm (6.0  0.4)  10–8

4.5 

( )

 Particle size 

[nm] 

Number density 

[m–3]

Fat globules 386  12 (6.6  0.2)×1017

Casein micelles 131  1 (2.1  0.1)×1019
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4.5.4

4.6

 [99–101]

400 nm 1017 m–3

130 nm 1019 m–3

 4.6 

 Particle size 

[nm] 

Number density 

[m–3]

Fat globules 400–600 (Ref.99) (0.5–2.0) ×1017 (Ref.100) 

Casein micelles 80–120 (Ref.101) (0.5–1.5) ×1019 (Ref.101) 

(Meiji Dairies) 

4.12

4.12

58% 42%

4.5
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4.12 



 80

4.6

2

2

1.

2.

3.
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5

5.1

 (pH) 

[20-25] -, -, -

130 nm

-
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5.1 

5.1 6

-

5.2

4.9
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5.2

5.2

5.3

2

6

6

1.6% 0.85%

 0.00003 cm–1  0.15 cm–1

 0.001 cm–1, 1 cm–1

5.2

5.4  (WB-100SA, AS-ONE) 

Horiba  (D-52T) 

(9677-10D) 

 (9677-10D) 

 (Meiji Dairies)  (Nippon Milk Community) 

25°C

(Fujicco)15 ml 100 ml

Lactococcus 

lactis subsp. ceremoris FC
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5.2 

40 mm (a) 3  (b)
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5.3 

(Olympus CAMEDIA E-10, F=2.4, Exposure time 2 sec, ISO-80) 

5.4 
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5.3

5.5

660 nm

200 250

200

Vasbinder [102] 

5.2

4.9

5.6

5

210 5.2 250 4.9

5.5 
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5.6 

5.7 (3–24), (3–39)

 [103] 

(4–4), (4–5) (4–7)

5.8

250

250

 [104,105]

-
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5.7 

5.8 
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5.4

5.9

5.10 5.11 660 nm 780nm

5.2

5.9
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5.10  ( 660 nm) 

5.11  ( 780 nm) 
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5.12

250

5.1

5.2 4.9 5.13

5.12 
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5.13



 93

5.5

2
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6

1.

2.

3. cm 10 cm

3 5

3

4

2
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2

2

5

RNA

QOL 

(Quality of life)

F
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( )
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A.

(Radiance) ),ˆ,( tsL r

)(r )ˆ(s

W/(sr m2) ),ˆ,( tsL r

),ˆ,( tsdP r dA

d r ŝ sr = steradian

ddAtsLtsdP cos),ˆ,(),ˆ,( rr                   (A-1) 

A-1

(Photon distribution function) ),ˆ,( tsN r

ddrtsN 3),ˆ,(r 3dr d t

1/(sr m3) ),ˆ,( tsN r

chvtsNtsL ),ˆ,(),ˆ,( rr                     (A-2) 
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(Photon fluence) ),( tr

r

W/m2

Radiant Energy Fluence Rate

dtsNhvcdtsLt
44

),ˆ,(),ˆ,(),( rrr                (A-3)  

(Photon flux) tJ ,r

ŝ

r

W/m2

dstsLtJ
4

ˆ),ˆ,(),( rr                       (A-4) 

(Phase function of single scattering) )ˆ,ˆ( ssf

)ˆ,ˆ( ssf ŝ ŝ

ŝ ŝ cos

1)ˆ,ˆ(
4

dssf                         (A-5) 

)ˆ,ˆ()ˆ,ˆ( ssfssf                          (A-6) 
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(a) (b)

A-2
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B.  (Boltzmann transport equation) 

B-1.

VV

s

V

a

V V

s

V

dVtsqdVdtsNssfc

dVtsNcdVtsNcdVtsNscdV
t

tsN

),ˆ,(),ˆ,()ˆ,ˆ()(

),ˆ,()(),ˆ,()(),ˆ,(ˆ
),ˆ,(

4

rrr

rrrrr
r

  (B–1) 

(B–1) dV

dV
t

tsN

V

),ˆ,(r
                              (B–2) 

(B–1) 1

(B–3)

dVtsNscdSstscN
VS

),ˆ,(ˆˆ),ˆ,( rr                    (B–3)  

(B–1) 2 ŝ ŝ

s

dVtsNc
V

s ),ˆ,()( rr                           (B–4) 
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(B–1) 3 ŝ

a

dVtsNc
V

a ),ˆ,()( rr                           (B–5) 

(B–1) 4 ŝ

ŝ

dVdtsNssfc
V

s
ˆ),ˆ,()ˆ,ˆ()(

4

rr                    (B–6) 

(B–1) 5 ),ˆ,( tsq r

V

dVtsq ),ˆ,(r                              (B–7) 

VV

s

V

a

V V

s

V

dVtsqdVdtsNssfc

dVtsNcdVtsNcdVtsNscdV
t

tsN

),ˆ,(),ˆ,()ˆ,ˆ()(

),ˆ,()(),ˆ,()(),ˆ,(ˆ
),ˆ,(

4

rrr

rrrrr
r

 (B–8) 

),ˆ,()ˆ,ˆ(),ˆ,(),ˆ,(ˆ),ˆ,(
),ˆ,(1

tsQdssftsLtsLstsL
t

tsL

v
st rrrr

r
(B–9)

bat s a ncv /
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C. P1

PN Nl

)ˆ(),(),ˆ,( ,

0

, sYttsL ml

N

l

l

lm

ml rr                           (C–1) 

)ˆ(),(),ˆ,( ,

0

, sYtqtsS ml

N

l

l

lm

ml rr                           (C–2) 

)ˆ()ˆ()ˆ,ˆ(
4

12
)ˆ,ˆ( ,

0

,

0

sYsYgssPg
l

ssf ml

l

l

lm

mllll

l

             (C–3) 

)(,mlY 0l

1l

)(cos
)!(

)!(

4

12
)1(),()ˆ( ,,

m

l

imm

mlml Pe
ml

mll
YsY          (C–4) 

)(cosm

lP

)()1()( 22

lm

mm

m

l P
d

d
P                       (C–5) 

4

1
),(0,0Y                             (C–6)

cos
4

3
),(0,1Y                           (C–7)

ieY sin
8

3
),(1,1                          (C–8) 

ieY sin
8

3
),(1,1                          (C–9) 
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1P

1P

)ˆ(),()ˆ(),()ˆ(),()ˆ(),(

)ˆ(),(),ˆ,(

1,11,10,10,11,11,10,00,0

,

1

0

,

sYtLsYtLsYtLsYtL

sYtLtsL ml

l

l

lm

ml

rrrr

rr
   (C–10) 

(C–10)

(C–11) 0l

)ˆ(),(4),ˆ,(),( 0,00,0

4

sYtLdtsLt rrr                  (C–12) 

)ˆ(),(4)ˆ(),( 0,00,00,0

4

0,0 sYtLdsYtL rr                  (C–13) 

0sin
8

3
)ˆ(),( 2

0

1,1

2

0

1,1

4

1,1 dLdedsYtL i
r          (C–14) 

0sincos
4

3
2)ˆ(),(

0

0,10,1

4

0,1 dLdsYtL r            (C–15)

0sin
8

3
)ˆ(),( 2

0

1,1

2

0

1,1

4

1,1 dLdedsYtL i
r           (C–16) 

dstsLtJ ˆ),ˆ,(),(
4

rr                           (C–17) 

(C–17)
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1l

)ˆ(2)),ˆ()ˆ((),ˆ()ˆ(
3

2

cos,sinsin,cossinˆ

0,11,11,11,11,1 sYsYsYisYsY

s

           (C–18) 

1,11,10,10,11,11,10,00,00,11,11,11,11,1 2),(,
3

2
ˆ),ˆ,( YLYLYLYLYYYiYYstsL r

(C–19)

0,11,11,11,11,1

4

2),(,
3

2
ˆ),ˆ,(),( LLLiLLdstsLtJ rr     (C–20) 

1,11,1 YY

1l

)ˆ(),(
3

4

2),(,
3

2
2),(,

3

2
ˆ),(

,1,1

0,11,11,11,11,10,11,11,11,11,1

sYtL

YYYiYYLLLiLLstJ

mm r

r

(C–21)

(C–11) (C–21) 1P

stJttsL ˆ),(
4

3
),(

4

1
),ˆ,( rrr                    (C–22) 

stStStsS ˆ),(
4

3
),(

4

1
),ˆ,( 10 rrr                   (C–23) 

1P

cos3
4

1
3

4

1

)ˆ,ˆ(
4

12
)ˆ,ˆ(

101100

1

0

ggPgPg

ssPg
l

ssf ll

l              (C–24) 
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)cos3(
4

1

cos)sincos2(sin
2

3

4

1

)(

)ˆ()ˆ()ˆ,ˆ(

10

222

10

1,11,10,10,11,11,110,00,00

,

1

0

,

gg

gg

YYYYYYgYYg

sYsYgssf ml

l

l

lm

mll

            (C–25) 

)ˆ()ˆ( ,1,1 sYsY mm cosˆˆ ss

1)(0P )(1P                         (C–26) 

11sin)cos3(
2

1
)ˆ,ˆ( 0

0

10

4

gdggdssf          (C–27) 

4

1

0

10 sincos)cos3(
2

1
)ˆ,ˆ()ˆ,ˆ( gggdggdssfssf     (C–28) 

1P

)ˆ()ˆ()cos31(
4

1
)ˆ,ˆ( ,

1

0

, sYsYggssf ml

l

l

lm

mll           (C–29) 
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D.

k

D
j

D

v

D

jv
k aa 1

2

tan
exp1

12

1

22

aa v
j

DD

v

a

a

v

j

D

v
j 1

4

1

2

222

tan
2

exp

aa

a

v
j

vD

v
j 11

4

1

2

222

tan
2

1
sintan

2

1
cos

aa

a

v
j

vD

v 11
4

1

2

222

tan
2

1
costan

2

1
sin       (D–1) 

a

a

real
vD

v
kk 1

4

1

2

222

tan
2

1
sinRe               (D–2)

a

a

imaginary
vD

v
kk 1

4

1

2

222

tan
2

1
cosIm             (D–3) 
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E.

lSd
n

i

i /  )2( a                        (E–1) 

id l S a

lSd
n

i

i /  )2( a                       (E–2) 

id l
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F

F-1.

1 m a

1 TE z x y

xa ya

)exp( tiikzaE x                          (F–1) 

)exp( tiikzaH y                           (F–2) 

)(cos 2Se
kr

i
HE tiikr                    (F–3) 

)(sin 1Se
kr

i
HE tiikr                    (F–4) 

)(1S )(2S

1

1 )}(cos)(cos{
)1(

12
)(

n

nnnn ba
nn

n
S               (F–5) 

1

2 )}(cos)(cos{
)1(

12
)(

n

nnnn ab
nn

n
S               (F–6) 
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cos

)(cos
)(cos

sin

1
)(cos 1

d

dP
P n

nn                  (F–7) 

cos

)(cos
sin)(coscos)(cos)(cos 21

d

d
P

d

d n

nnn        (F–8) 

)()()()(

)()()()(

xymxy

xymxy
a

nnnn

nnnn

n                      (F–9) 

)()()()(

)()()()(

xyxym

xyxym
b

nnnn

nnnn

n                      (F–10) 

)()(
2

)()( 2/1

2/1

zSzJ
z

zzjz nnnn                 (F–11) 

)()(
2

)()( 2/1

2/1

zCzN
z

zznz nnnn                (F–12) 

)(
2

)()( )2(

2/1

2./1

)2( zH
z

zzhz nnn                   (F–13) 

)()()()2( ziNzJzH nnn                        (F–14) 

)()()( zizz nnn                         (F–15) 

m 1m 2m

21 / mmm                               (F–16) 

vac

ama
kax 222

                          (F–17) 

mkay                                 (F–18) 

(F–1) (F–2) ),(

),(
1

))(sin)((cos
1

))(sin)((cos
1

,

221

2

2

2

22

2

1

22

2

2

22

22

F
rk

ii
rk

SS
rk

EEI

        (F–19) 
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C

dF
k

aC ),(
1

Q
2

2                         (F–20) 

Q

2

1

2

2 sin)(cos)(),( iiF                     (F–21) 

(F–20) ddd sin

}){12(
2

sin)}()({
1

Q

2

1

2

2

0

2122

n

n

n ban
x

dii
xa

C

                   (F–22) 

Q

1
21

1

12

0

2122

)Re(
)1(

124
)Re(

1

)2(4

sincos)}()({
1

Qcos

n

nnnn

n

nn ba
nn

n

x
bbaa

n

nn

x

dii
xa

C

   (F–23)

l

n

Cnan
l

)cos1(

1

Q)cos1(

1
2

               (F–24) 

0cos l

Cnan
l

1

Q

1
2

                        (F–25) 

T
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Tllll

1111

21

                        (F–26) 

s l

l
s

1
                               (F–27) 
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G

G-1.

G-1

mW

 (TCLDM9, Thorlabs)  (LDC500, 

Thorlabs)  (TEC500, Thorlabs) 

T RF 1

RF G-2

10 MHz

G-3

(C110TM-B, Thorlabs) 62.5 m  (MB1L02, 

Thorlabs)

G-1.

Model Mitsubishi 

ML101J8

Thorlabs

LP780P010

Wavelength [nm] 660 780 

Optical power [mW] 40 10 

Threshold current [mA] 57 25 

Operating current [mA] 117 40 

G-2.

Model Agilent Technologies 

E4422B

Kenwood

SG-7130

Frequency range 250 kHz–4 GHz 100 kHz–1.3 GHz 

Output level -136 dBm–13 dBm -133dBm–13dBm 



 113

G-3.

Model Thorlabs 

M31L02

Type Graded index multimode 

NA 0.275 

Core diameter 62.5 m

Cladding diameter 125 m

G-3.

G-2.

G-4 3 (PD)

 ( 10s

cm–1)

(APD) 2.5  105

50 mm

400 MHz

( 50s  cm–1) G–4

 (R3896, Hamamatsu)  (C3830, 

Hamamatsu) 800 V 1000 V

 (C5594, Hamamatsu) 
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36 dB 50 kHz 1.5 GHz

5

400 m (BFH48-400, Thorlabs) 6

1 mm  (FT-1.0-EMT, Thorlabs)

500 MHz  (5460B, Agilent Technologies)

G-4.

Model Hamamatsu 

R3896

Hamamatsu 

C5658SPL 4675 

Thorlabs

DET210

Type Photomultiplier tube 

(PMT)

Avalanche photo diode 

(APD)

Photo diode 

(PD)

Spectral range [nm] 185–900 400–1000 200–1100 

Diameter f [mm] 28 0.5 1 

Gain 9.5  106 2.5  105 - 

Time response < 400 MHz 1 MHz–1 GHz < 1GHz 

G–4
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100 GHz

3 GHz

400 MHz

G-5.

Model Thorlabs 

BFH48-400

Type Step index multimode 

NA 0.48 

Core diameter 400 m

Cladding diameter 430 m

G-6

Model Thorlabs 

FT-1.0-EMT 

Type Step index multimode 

NA 0.39 

Core diameter 1000 m

Cladding diameter 1035 m

G-3.

   2  (5610B, NF Electric instruments) 

110 

dB )cos()( tAtV ii )cos()( tBtV rr

G-5 )(tVm

])cos[(])cos[(
2

)( tt
AB

tV ririm            (G–1) 
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])cos[(
2

)( t
AB

tV rim                     (G–2) 

( ri )

cos
2

AB
Vm                           (G–3) 

90 2

2B

2 G-6 2

trcos trsin

A

G-5.
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G-6. 2

G-4.

G-7 LabVIEW7.1 (National Instruments) 

RS232C PCI-4155 (Interface) 2

SHOT-602 (Sigma koki) SGSP26-200 (Sigma Koki)

200 mm z

GPIB

PCI-4302 (Interface) 
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G-7.

G-5.

G-7.

Model Mini Circuit 

ZSC-2-5

Frequency range 10 MHz–1500 MHz 

Isolation 30 dB 

G-8.

Model Mini Circuit 

ZP-5

Frequency range 20 MHz–1500 MHz 

Isolation 42 dB 
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G-9.

Model Mini Circuit 

BLP-1.9

Frequency range 0 MHz–1.9 MHz 

G-10. 

Model NF Electronic instruments 

4005

Frequency range 0 MHz–1 MHz 

Gain 10–100 

50

G-11. 

Model Tektronix 

011-0059-02 

Spec 20dB (10 ) 50 2W

OSC2 OSC1 OSC2
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F. 

[106–110]

F-1.

 [36,37]

)()( 0, rr aaa                           (F-1) 

0,a )(ra

(F–1) (2–14)

D

S

D
k ab

a )(
)(

)( 022 r
r

r
                     (F–2) 

),(),(),( 0 sabss rrrrrr                          (F–3) 
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F–4 195 mm  195 mm  60 mm 

F–4 x – z F–5

60 mm 5 mm

13 13

169 x 5 z

6 30 1 10 mm

20 ml 0.1 ml

F–6

F–5 1 10 mm

F–7 F–8
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F-6.

3 F–9

 A (-5, 0, 60)mm, B (0, 0, 60)mm, B (5, 0, 60)mm

F–9. x – z A, B, C 

 A (-5, 0, 60)mm

F–10 x 0 mm 10 mm

 B (0, 0, 60)mm

F–11

x 0 mm

 C (5, 0, 60)mm

F–12 F–10 x -10 mm 0 mm



 132
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(3–22)
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41 cm–1
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