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h1O \*He\

[RdERJIN 1 3Rr!P9k~KO">hhjwER}\INh&K"!Po,H

i(?yeJ.fr(l/HmK/9G}}9k3HKhCFQ,D=K7F$?#=N?

a"}}K]7F.f,\d1"1ps xYN~V,r=,BYG"C?#

\&fGO"-h*KYE3R!PK*1k~V,r=r~e5;k?aK"}}axr

,WH7J$!P6}rMF7"^?pC&frTC?#

}}7J/Fb!PoG!PG-kg-5N70Jkr@k,W,"k?a"0t+is

oK/$l<6<r~M7"=Nl<6<NQ=rQ,9k3HG"=,g-J70Jkr

@k3Hrn_?#

^NfrYE3R,La9k]N^NNElNIi.Km\7"}}axrPk3HJ/

1 3Rr,jG-J$+r&f7?#

1.1 ~^(NIi.

Wi:^frYE3R,La9lP"E’j_nQKhCF6E3RNa5NWi:^3

R,609k#607F$kWi:^fGO"t,*KF)NIi.,G-"=3GO~^

(,Q=7F$k#[2]

= 1.1: gJ*ANYER)Y

*A YER)Y [m−3]

Cu 1.69× 1029

Fe 1.70× 1029

Al 1.80× 1029

3N@8GO"ERWi:^rcKW;5lF$k#ERWi:^N60t ωp O

ωp = 25[eV] = 25
1.6× 10−19

1.05× 10−34
= 3.8× 1016[Hz] (1.1)

K_j5lF$k#ERWi:^NWi:^60tO"ER)Y ne rQ$F

ωp =

√

nee2

meε0
= 56.4

√
ne (1.2)

G=5lkNG"3NH-NER)YO

ne =

(

3.8 × 1016

54.6

)2

= 4.54× 1029[m−3] (1.3)

G"k#

gJ*ANER)Yr"= 1.1 K"2F*/#
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h2O [RN/8HCR39GN,j

2.1 vlWb!KhkYE3R8.

#sNB3G,j9kYE3RN/8O"FioCH&U’‘HCl<6<rQ$?vl

Wb!GT&3HK7?#vlO:=eGNb,RG"#sNB3GOb)=XNV/l

iCWWrHQ7?#

2.2 GNtW!Po CR-39[1]

YE3RO[*d5!,i9"Wi9AC/JINdoNfK62y@*JtWrnk#

3N-ArxQ7?N,GNtW!PoG"k#

3NfrYE3R,La9kH"=NLj;KhCF,R?,ZG5lk#ZG5lF,

RLNc<7F$kH3mO">Nljhjb=X*Kh-G"kNG"lL*K;}ru

1?t,O9~V?DH,RN.H6KhCFs|7F7^&#^?"3N,R?NZGt

,OsoKyk*JNGwX2y@GO+k3H,G-J$#=N?aK=XOUK;7F

tWrHg5;F;}rje5;k#3NnHr(CAs0HFS"3lKhCFHg5l

?jr(CATCHHFV#

2.2.1 Bj(Mk.<;:

YE3R,*AfrLa9kH-"*Ar=.7F$k6RHNj_nQKhjy9K(

Mk.<r:CF$/#*A,3RN(Mk.<rINxY%&+rK_=H@$"1Lw

%"?jN(Mk.<:/G=9#K_=−dE
dx O

−dE

dx
=

4πN0Zz2e4

mv2A

(

ln
2mv2

I(1− β2)
− β2

)

(2.1)

x *AN|_ [g/cm2] N0 "\,Imt

m YE3RNAL z YE3RNEYAt

A *ANALt Z *AN6RVf

v YE3RN.Y β v/c

e E$GLjt I ?Q$*s=]Fs7ck

G"k#

YE3ROy9K(Mk.<r:CF"GeK_^CF7^&#_^k^GKJ‘w%R

O"

R =

∫ E0

0

dE

−dE
dx

(2.2)

4



YE3R,:.5lkH-"=N(Mk.<O*AfNERJIK?(ilk,"=,g

-J(Mk.<ru1hC?ERO"5iK{!*J?~r/39#(δ 3R) hCF"*A

fXNYE3RNFAO"YE3R+HKhCFz-/35lk?~H"δ ~Khk{!*

J?~N>}rM(k,W,"k#

3lrM87?K_=O"Bj(Mk.<;: (RES) 1
H@$"

−dE

dx REL
=

4πn0Zz2e4

mv2A

(

ln
2mv2ω0

I2(1− β2)
− β2

)

(2.3)

G=5lk#33G ω{0}O"*AKG-NjtG"CR39Nlg"200eV rQ$k#

2.2.2 CR-39 NrO

CR-39HOGNtW!PoNloG"8(Als&0j3<k&S9"jk&+<\M<

H&]j^< ( -C2H4-O-CO-O-C2H4-O-C2H4-O-CO-O-C2H4- )NDG"k#1978/"v~

c@Qls:H7FHolF$?, Cartwright i,$*sN!PK-zG"k3Hr/+

7?#’h~d[R"EYE3R"α ~"f-R~N!P,D=G"=_GOb(Mk.<

E3RNQ,dD-|M~bK?"^$/mU#k‘U#k?;QJIM9J,nGxQ5

lF$k#3N CR-39 NC’H7FO"PC/0isI,KaF/J/"(CAs0eN

)@-Kb%lF$k#^?"X ~d γ ~"ER~KP9k6YOc$#

(CAs0NOUO"^ 2.2.2 Nh&KtWKhC?t,r.Y VT G;)7"=3+i

tWNILr.Y VB G/)7F$/#^?"tWJ0N=Ltb.Y VB G/)7F$

/#3NH-N VT rHiC/(CAs0.Y"VB rPk/(CAs0.YHFS"lL

K VT > VB H$&X8r}CF$k#3NkL"_muN(CATCH,8.5lk#

3lr2y@GL?K#j">BrW,9k3HG"(Mk.<raak3H,G-k#

D

BaVBt

Vtt

(CAs0
!!0N=L

(CAs0
!!eN=L

>BD

a

b

c

d

e

[RNtW

CR]39N
!!=L

YE3RJ[RK

tW

!

"

^ 2.1: CR39 N(CAs0KhkTCH8.

1Restricted Energy Loss
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GNtW!PoNYE3RKP9ktW8.6Y S O"

S =
VT

VB

− 1 (2.4)

G=5lk#

3lO>\a^iJ$NG"(CAs00eN CR39 N|5N9 B H"2y@L?GW

,9kTCH>B D(= VBt) +i S raak#

4acdK*$F"

sin δ =
VBt

VT t
=

VB

VT

(2.5)

tan δ =
VB

√

V 2
T − V 2

B

(2.6)

4aeb K*$F"

tan δ =
D

2(VT t − VBt)
(2.7)

hCF

D =
2(VT − VB)VBt
√

V 2
T − V 2

B

(2.8)

= 2VBt

√

VT − VB

VT + VB

(2.9)

= 2B

√

VT − VB

VT + VB

(2.10)

3lhj"

S =
VT

VB

− 1 =
1 + (D/2B)2

1 − (D/2B)2
(2.11)

CR39 GN(Mk.<;:HTCH>BNX8O"}@K"U1il?X80,J$ [1]

?a"P3*K3RN(Mk.< E H"(C8TCH>B D O"J<NX8K"kbNH

9k#

E = ea(b−D) (2.12)

9GK(Mk.<No+CF$kERrCR39 K~M5;FTCHN>Br,j"=lr$

/D+N(Mk.<KD$FT$"0 2.12 GU#CF#s07F a,b rP3*Kaa?#
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h3O !P6}

hKRY?h&K"YE3R,Wi:^frLa9k]K"Wi:^r=.9k^NHNj

_nQG"~ONWi:^)Y,Ij*KQ=9k#=N?a"YE3RN~UGO"~^

(,o:+J,iQ=7F$k#

=3G"3NQ=rb/YNQ,9k3HG"}}axJ7KYE3RNtWrQ,7h

&Hn_?#

~^(NQ=O"=3rLkl<6<N^NfNw.YrQ=5;k?a"Q=7F$J

$t,rLj41?l<6<HNVKLj9dPwNQ=,88k#3N9r3DWG!P

9k+"PwNQ=rPwU#k?<rH_go;F!P9kH$&N,p\*J"$G"

G"k#

#sN&fNfG"4DN[Jk!P6}rMF7?#9YFK&L9k6}H7F"E

*JuVrLa7F-?l<6<H"3RNFA,ZsG$kUjrLa7F-?l<6<

HN9r_kH$&j!rHC?#

HQ7?l<6<O"H9 800nm PO 50mJ G"k#H9 800nm NwR 1 DN}D(

Mk.<O"

E =
ch

λ
=

6.6× 10−34 · 3.0 × 108

800× 10−9
= 2.5× 10−19[J] (3.1)

HJkNG"1 Qk9"?j

50 × 10−3 ÷ 2.5 × 10−19 = 2.0× 1017 (3.2)

DNwR,^^lF$k#

3.1 PwQ=!PW

l"N3DWGO"LjN:lr3DWQ,7h&H7??aK"l<6<H9hjb=

,K:YNh$&a;Q,,QHJj"=_N;QGOsoK$qG"k3H,o+C?#

=3G"LjN:lK<&PwN:lKm\9k3HK7?#

YE3RNFAKhj"^NN6E(,}~KhCFQ=7?lg"l<6<NPwN~

-KhCF"l<6<,68k~^(,+oj"=NkLPwuV,Q=9k#qN*KO"

>~PwNl<6<rLa5;?lg"F.,NLj,o:+KQ=7"o:+J,iJ_

PwHJk#

=3G"/[r/7Q(">~PwK7?l<6<rLa5;"=NPwLNo:+JQ

=rQ,9k3HrM(F_?N,"PwQ=!PWG"k#

l<6<O"1D\NPwU#k?<rLae"YE3RNFAr&1"2D\NPwU#

k?<K~k#

2DNPwU#k?<O"=NPwLr_$K>r5;F[V7F"kNG"YE3RK

hkFAr4/u1J+C?lgKO"2 D\NPwU#k?<N5zK3lPkwO}@

eJ$O:G"k#

7



H3m,"YE3RNFAr&1F">~Pw,o:+KJ_PwKJlP"o:+J>

r.,, 2 D\NPwU#k?<rLa7F3lPF/k#3lr"Q,9k3HG"V\

*KYE3Rr!PG-k#

qN*KO"z 4}~KJ‘l<6<,"x 4+i y 4}~K
π
4 9$?>~Pwr7F$

kH9k#E*uVN*AN~^(r n"~Vr t"l<6<NQ60tr ω H9kH"E

lY/HkO

~E(z, t) = ~E0x cos

(

ωt − 2πnz

λ

)

+ ~E0y cos

(

ωt − 2πnz

λ

)

(3.3)

G=5lk#33G"y }~N~^(, n′
KQ=9lP"

~E(z, t) = ~E0x cos

(

ωt − 2πnz

λ

)

+ ~E0y cos

(

ωt − 2πn′z

λ

)

(3.4)

HJj"J_PwHJk#GiN>~PwH>r9k.,O"| ~E0x| = | ~E0y| = E0 H9kH"

Et = cos
π

4
| ~Ex| − sin

π

4
| ~Ey| (3.5)

=
1√
2
E0

(

~E0x cos

(

ωt − 2πnz

λ

)

− ~E0y cos

(

ωt − 2πn′z

λ

))

(3.6)

= −
√

2E0 sin
2ωt − (n + n′)2πz/λ

2
sin

(n′ − n)2πz/λ

2
(3.7)

= −
√

2E0 sin

(

2π
n′ − n

λ
z

)

sin

(

ωt − n + n′

2

2πz

λ

)

(3.8)

HJj"w% d Ko?CF"~^(, δn @1f,s@lg"GiNPwLKb>JPw

.,N6} Et O

−
√

2E0 sin

(

2π
δn

2λ
d

)

(3.9)

HJk#

3N.,O"2 D\NPwU#k?<rLa9k#

^ 3.3 O"2 DN0isl<6<Wj:‘NPw}~r>r5;F"=NVK)@JWi

9F#C/Dr^~7?H-N3lwNQ=G"k#

^ 3.5: 0isl<

6<Wj:‘

^?"PwN~-r>r5;? 2 DN}[*JPwU#k?<rL

a7?l<6<N/YO">rN:Y,-$Hg-/Jk#PwNQ

Y,>Q+i ∆θ :lF$kH"sin2 ∆θ NdgGw,3lF/k#

#s!P7?$wOgQyeG"k?a">r:Y+i/k3lw

OG-k@1.5/7J1lPJiJ$#=3G"S.H.O. N(Or

@F"0.7 CN:YGT/9kPwR[k@<r+/7?#

PwU#k?<KO"0isl<6<Wj:‘rHQ7?#0is

l<6<Wj:‘HO"2DN}rPro:+JVdr"1F\37

?k=G"PwU#k?<H7F//#LoNPwU#k?<hjb

b/YJl<6<KbQ("^?Pw-=bb$#C(F"}rP+

H, 14-k=G"kNG"YE3RrHi(k^NH7FbH(kNG"#sNB3KO

gQ-QG"k#
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^ 3.1: -ggXh<*AJX&fJS<‘*}X&f<K"k"FioCHU’‘HCQ

k9l<6<#|K"kow,"=Nj0N(-9Qs@<GH94HK~V9rU1FQ

k9rNP7?e"j0N"sWG}/5lk#=Ne"8K"k"sWG5iK}/5l

?Qk9O"(-9Qs@<NU‘nGFSLail"1 FioCH 50 U’‘HCNQk

9HJk#

9



^ 3.2: 2 DN0isl<6<Wj:‘NPw}~rr?TK7?~NQk9JtKH"=

N^^Wi9F#C/Dr~l?Qk9J+K#Wi9AC/DGw,[}&6p5l"/

Y,o:+KnAF$k#

^ 3.3: 2 DN0isl<6<Wj:‘NPw}~rr>TK7?~NQk9JtKH"=

N^^Wi9F#C/Dr~l?Qk9J+K#/Y+NOWi9F#C/DGN[}&6p

Gc3nAF$k,"PwuV,pl??aK"2D\NWj:‘rLa9k.,,g}K

}7F$k#
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^ 3.4: 2 DBV:)Wj:‘[k@<#j0+il<6<r~M5;k#lV|K"kN

O!PQN PMT
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h4O B3bF

4.1 0isl<6<Wj:‘N-=,j

TNN0isl<6<Wj:‘NCwfO"10−5
J<H5lF$k#3N?a"PwQ

=!PWO"^OD’s@<3DWK/iYF"=_N:YGOCwf,b/Jk#

CwfHO"2DN0isl<6<Wj:‘NPwLr?TK7?H-H">T5;?H

-HN"3lwNfG"k#

7+7"PwQY, θ :l?uVG_V7?"2 DNCwf5BgN0isl<6<Wj

:‘rLa7?lg"sin2 θ NdgG3lw,88k#=l, 10−5
KJkNO"θ = 5,x

YG"k#

=3G"0.7 CN:YG>T5;ilk"b:YN0isl<6<Wj:‘[k@<r+

/7?#(^ 3.4) =lrD+CF"0isl<6<Wj:‘NCwfr,j7?#

3NB3GO"l<6<O"532nm 10mJ Nl<6<rQ$?#800nmNU’‘HCl<

6<O/Y,gQ/$?aKhj7$,q7$?aG"k#

^ 4.1: 0isl<6<Wj:‘NCwfr,j7?B3E"#j0Nj+ijr~lF‘

n9k~K"D-w,fK~iJ$h&K"Ww[GnC?{rD1F"k#~Ml<6<

NLVdQYr4a7d9$h&K"&eNl<6<+iG?Qk9l<6<r"y4a_

i<GlY?M5;F$k#?sfK"kN,b:Y0isl<6<Wj:‘[k@<G"

8N{,wER}\I#

CwfN,jO"^ 4.1 Nh&KTC?#l<6<rQYy40QN_i<G?M5;?

e"1 D\N0isl<6<Wj:‘K~M5;F>~PwrD/C?e"2 D\N0is

l<6<Wj:‘KFS~M5;k#

12



2 D\NWj:‘r 1 D\H>r5;?H-"2 D\NWj:‘K~M9kwLH)a7

F$/wLNf,CwfG"k#

wOU)H^kAWi$d< (J< PMT) Guw9k#PMT O"uw7?wLKfc9

kEYrPO9kNG"=NHArG8?k*7m93<WGu1hj"Q,7FEYLr

,j7?#PMT O"soK6Y,h/"HFbE$wb-cCAG-k?L"@$J_C

/ls8,9$?a"ec$N~MwH)awr1~KO,jG-J$#7+7"PMT +

1kE5,b$[I"18wLNwKP7F?/NEYLrPO9k-A,"k?a"E5

ry9KnH7J,i"2 D\N0isl<6<Wj:‘rs>5;FwLry9Ke2F

$/}!G,j7?#

4.2 YE3R,j

PolarizerPolarizer PolarizerPolarizer
L
a

s
e

r

PMT

PP SS

Mirror

Mirror

Splitter

p\$e]

Film

^ 4.2: PwQ=?!PoN50^

GeK"?uFoKYE3R/8QNU#k‘

H"U)<+9QNls:"5iK"/87?3

Rr!P9k?aNPwQ=!PWr_V7"Y

E3RNFA,INxY+(k+rB37?#;C

H"CWO"^ 4.2K(7?h&KJCF$k#^

:"U’‘HCQk9l<6<rS<‘9WjC?

G[R/8wH!:wK,1k#[R/8wO"L

ls:GJj"G@NLVK[R/8QNvlr

V/#!:wO"w.hjb@$VY$[R,0

isl<6<Wj:‘K~#9kNrTD?aK"

G#l$w)rL7F+i"?uFoN#+i~

j"2 DN0isl<6<Wj:‘rLa7F"F

o0NwER}\IXH~k#

^?"70Jkrhk?aNHj,<H9k?

aK"l<6<NP}KU)H@$*<Ir_V

7?#

G#l$N95O7,380mmG"vlH0isl<

6<Wj:‘^GNw%O 130mm G"C?NG"!PG-k[R (mp = 938[MeV]) dE

R (me = 511[keV]) O"

β =
130

7380
= 0.017 (4.1)

pp =
mpβ

√

1 − β2
= 16.3[MeV] (4.2)

pe =
meβ

√

1 − β2
= 8.9[keV] (4.3)

G"k#
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^ 4.3: PwQ=!PWNB3uV

^ 4.4: ?uFoNbt#e&+i[R/8w,"&&+i!:w,~M9k#
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^ 4.5: [R/8QNvl[k@<r"?uFoNe8KhjU1?H3m#
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h5O B3kL

5.1 CwfN!:

0isl<6<Wj:‘NjPQYHCwfN,jkL,"= 5.1 G"k#

= 5.1: 0isl<6<Wj:‘NCwf,jK*1k"0isl<6<Wj:‘N>r-"

PMT NE5HQk9NEYL

Vf QY E5 [V] EY [pC]

0 >Q 1247 364.34

1 1 1247 1227.69

2 1 1006 402.71

3 2 1006 1203.90

4 2 814 340.11

5 3 814 1315.87

6 3 545 118.78

7 4 545 3086.25

8 4 319 173.65

10 ?T 319 294.051

^NVf 7 HVf 8 O"0isl<6<Wj:‘NjPQY,y7$NG"wLb18G

"k,"PMT K+1?E5,[Jk#PMT O"E5,y71lPwLHEYLOfc9

kNG"Vf 8 H18E5G,j7??T~NEYO"E5, 545V N~KO

294.051× 3086.25

173.65
= 5226.15[pC] (5.1)

G"kO:G"k#

3lr+jV7F"?TGNEYr>rGNE5 1247VK9;9kH"6.2× 106pC HJ

k#?T~N)awO"~MwNs 80%G"kNG"CwfO

6.2 × 106

3.6 × 102
× 1

0.8
= 2.1 × 104 (5.2)

HJk#

5.2 [RN!P

^:"!:wH[R/8wr>}WG7F"N$:N,jrTC?#N$:N?Qrhk

H"^ 5.1 Nh&KQk9N/8K1|7?N$:,+il?#

16



!K"!:wN_r~M7?#3NH-"^ 5.2 CwfW,NlgH18h&K"3lw

,!P5l?#

5iK"3R/8wr~lF"[RrP7F_kH"^ 5.3 Nh&K"g-JQk9,Q

,G-?#

7+7"3R,Wj:‘K~M7FA’ls3Uwr/85;kJI7">\/w7F$

kD=-,"kNG"!:wrWG7"[R/8wN_r~M5;F"3RKhk>\*J

/wrQ,7?N,"^ 5.4 G"k#o:+K70Jk,GF$k,"[R!P~N70J

kKfYF@i+K.5$#

^?"[R/8QNvlrO:7F"!:wH[R/8wr~M7?~N70Jk,"^

5.5 G"k#

17



^ 5.1: 3R/8w&!:wHb~lJ+C?H-NN$:N?Q#79F^F#C/JN$

:,/87F$k#

^ 5.2: !:wN_GN70Jk#Cwf,Nw,3lF-F$k#

18



^ 5.3: !:w&[R/8wr~M7"[Rr/85;?H-N70Jk#3Qk9NHA,

EJCF7^C?,"GiN 1 Qk9N_7+[RO/87F$J$NG"e/NQk9O

5.5 H18HAG"k#

^ 5.4: !:wr7cCH7"[R/8wN_r~M7F[Rr/85;?H-N70Jk#

[R,Wj:‘GA’ls3UwJIr/85;F$k+I&+r+k?aKhC?,"5.5

H"^jQoiJ$#

19



^ 5.5: vlrO:7F"!:w&3R/8wr~M7?~N70Jk#5.2H 5.4rgo;

?70JkKJCF$kO:@,"18h&JHAG"k#

20



h6O M!

#sNB3GO"6}KpE$FX8N"kh&KraG-&k.fr!PG-?#7+

7"Yd~Vd!:wwYrQ(J,i"5iKmU</ICB3rT$".j-N"kk

Lr@k,W,"k#

PMT O"59yeJwr!P9k?aN!PoG"kNG"#sNh&K"fS*/$

w^Gr,j7h&H7?lgKO,5J$3H,o+C?#wL,//JCF/kH"+

Jjc$E5Gb|EHWolkQk9,+(Oa"wLKfc7?EYrPO7J+C

?##eO">~-,b/"!PG-kwYNOON-$U)H@$*<Id"2 !5G|

r#FG-kCCD rQ$FB37F$/=jG"k#

21



h7O U-

3N?SN@8GO"&f<r[(F?/N}9Ku1F$?@-^7?#CK>/JeK

o?CF"$G"r}C?j"B3N"IP$9r$?@$?\V,eh8rO8a"U’

‘HCaV0l<6<rHo;F/@5C?-ggXh<*AJX&fJLR*AJXl6

*ApCJXVBS<‘*}X&f<N.}|h8"BD’W5s"YsAc<S8M9i

\iHj<N>g(#h8KOgQ6U7F*j^9#

^?"OImsB3N’E,pD5s".6<@5sd"F#>R5srO8aH9k

S<‘*}X&f<N}9Kb*$CKJj^7?#
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h8O U? "$G"N_K*oC?=N>N

3DW?A

8.1 s^JR?3DW

s^JR?3DWO"~V9rU1?2DNQk9rYE3RN0;Kr95;"s^J

RKhj3D5;kbNG"k#2DNQk9O"5Nl<6<N1Qk9rO<U_i<

G2DK,%7"=l>lo:+K[Jkw)rLCFFS18w)Ka93HGnil

k#YE3R,Qk9Hr99kH"2DNQk9O=l>l[JkLVKYE3RNFA

ru1k?a"s^3DNkL,QokO:G"k#

?@7"[Jk~V&[JkljrLa7?l<6<,3D9k?a"3R,l<6<>

BNI3rLa7?N+o+iJ$#^?"3DOMN@@GO"S/Nf,soK-/Jk

?a"3ja<?<JIGE>N_rhCFQ,9k,Q,"k#^?"=B*Js^JR

N)Y@H"E>N@Yb=,KE/OJ/"YE3RNo:+JFArQ,9k3HOG

-J$H+~^l?#

8.2 ^$1k=sb<l<?3DW

s^JR?N?JrU^(F"3Dt,K^$1k=sb<l<3DWrQ$?N,"^

$1k=sb<l<?3DWG"k#s^JR?H18}!Gnil?2DNQk9r"Y

E3RNP)Hr95;?e"FS18}!G5Ka7"3D5;k#

2DNQk9O"[JkLVKYE3RNFAru1k?a"3DNkLLjN:l,

wLNQ=HJCF=lk#3N}!NGgNx@O"uV*K18LVrLCF-?l<

6<,3D9k?a"INljKYE3RNFAru1?+r2!5$a<8G@ilk3

HG"k#

7+7"3N^$1k=sb<l<?3DWKO"90K2DNg-Jg@,+D+C?#

1D\O"2sNP)9w)G"kwR,Hj&kw)O";;&;9&9;&99H$&

4 DG"j";9&9;O3D9k,"=N0eK2DN3D7J$YbJQk9,"kH

$&3HG"k#2D\O"3D9k;9&9;NQk9O"YE3RNFAr4/u1J

+C?H-KLj,18KJj"/a"CF7^&#3NkL"YE3RNO+JFAOw

LNy/:/H$&AG=lk?a"S/N f,soK-/JCF7^&#

1DaNdjO"P)9w)GQ$k4?M_i<K"0J;&H0J9&&eJ;&H

eJ9&&0J;&HeJ;&&0J9&HeJ9&G=l>l>r9k~-NPw_i<

rQ$k3HGrhG-k#;;&99O">r9k2DNPw_i<rLk?a"3Dw

N_,Dk#?@7"2D\NdjOrhv,+D+CF$J$#

24



h9O U? ^OD’s@<?3DWNtM

B3

PwQ=!PWrMF9kJ0K"̂ OD’s@<3DWN!P=OrtMW;G+QbC?#

9.1 !P6}

Spliter Mirror

1

2

3

4

JKbQ=,J$H-K"GAC7"&h&K3D5;

k3H,G-lP"S/N frg}K~1G-k#^$1k

=sb<l<?Ng@rd&3DW,"3N^OD’s?<

?3DWG"k#[3]

^:"GiNO<U_i<GQk9r2DK,%9k#P

}r4?M_i<G>QK^jV7"FYO<U_i<N

18ljG3D9kh&K9k#3NH-"l<6<NHj

&kw)O"?M?M (1)&?M)a (2)&)a?M (3)&)

a)a (4)N4o‘G"j"GeNO<U_i<+iGF-

?H-"(1)(2) H (3)(4) O=l>l18w)Kaj"3D

7"&#wO"?M9k]K"Lj, π/2 :lk?a"=

l=lLj, 3π/2,2π/2,2π/2,1π/2 @1:lk#=NkL"

SfG,t7? 2 DNw)9,4/y7$lg"(1) H (4) O_$KULjHJj"GAC

7"&O:G"k#

3lrxQ7?N,"^OD’s@<?3DWG"k#

Lo"^OD’s@<3DWH$(P"3DOMNQ=rQ,9k#7+7"=lGOs

^wR?3DWH1MK"S/N f,-/Jj"#sNh&Jo:+JQ=OQ,G-J$

NG"2 DNw)Nw%r5NKgo;"G-k@1w,3lF3J$h&K9k,W,"

j"=Nm9O"l<6<NH9KfYF=,.5/J1lPJiJ$#

Lo"4 gN_i<rt= nm N)YG_V9kNO5}JNG"G-k@1:YrT2

k}!H7F"lN?N^OD’s@<3DWj:‘rMF7?#

3lO"{8N-e<SC/S<‘9WjC?N 2 +jrZG7F&a7"4?M_i<

HJkh&K3<F#s07Fnilk#

9.2 B3bF

lN?^OD’s@<?3DWj:‘O"4gN_i<HO<U_i<r[V7FT&3

Dhjb#+Kb$:YGw)9rgo;k3H,G-k,"=lGbB&O"k#

bCHb3DkLKFA9kHWolk:YO#L:YH?Tm9G"k#

L:YO"&aLNzLN}G"k#_i<LN:Y,-$H"l<6<Nv?kljK

hCF_i<^GNw%,Qok3HKJj"w)9KFA9k#^?"F_i<O}[*
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KO04K?TGJ1lPJiJ$,"B]KO?TYKbm9,"k#TNJN+?m0

KhkH"&aLNL:Y, 632.8/20 = 31.6nm ?Tm9, 3 ,JbH5lF$k#

w)9,/7Gbc(P"3Dw,04K&AC7goJ$?a"S/Nf,=l@1-/

Jk#=3G"L:Yd?TY,3DkLKINxYFA9kN+r4Yk?aK"W;!

eGO<B3rTC?#

9.2.1 8*aHj

^:"2 gN_i<H 2 gNO<U_i<r^ 9.2 Nh&K[V9k#\hO"^ 9.1 N

h&J 3!5Nk=JN@,"#sNO<B3GOJ1N?aK"^Nb5}~KOf,_

,J$H7"yK?TJ 2 !5uVGTC?#

4gN_i<&O<U_i<O"=l>l}[*J?T+i ∆θm1, ∆θm2, ∆θh1, ∆θh2 :l

F*j"^?"FLO ∆fm, ∆fh r>M}H9k,&9,[GLz7F$k#

#s[j7?lN?Wj:‘GO"O<U_i<O 1 gG"5iK_i<NLVbPNJ

NG"L:YO 2 g"k_i<HO<U_i<=l>lG18K7?#

9.2.2 l<6<N==

l<6<NQk9O"s 100fs G"H9O 800nm JNG"1 Qk9O

n =
100 × 10−15[s] · 3.0× 108[m/s]

800× 10−9[m]
= 37.5 (9.1)

H9,N957+J$NG"H9KP7FQk9N95O=,K9/OJ$#7+7"7

_el<7gsGO~Ml<6<O5BK9$H7F"k#

04K?TG-,j,J/"5BK9$Hr~M5;k#GiNO<U_i<G"?Mw

H6pwK,%7"=N>}NT}rW;7?#

P) 2 HP) 3 OQ,7J$NG"W;OP) 1 HP) 4 N_TC?#

9.2.3 3DW;"k4j:‘

#tNHN3DrI&W;9kN+,"3NO<B3GlV:s@@G"k#

G**KNQ7?"k4j:‘O"G*JN CCD Kv?kljG"},H9 (=800nm)

N bin rQU7F"18 bin K~C?H,3D7g&H$&"k4j:‘G"k#

9.2.4 ,&9,[pt

~Ml<6<N,[rF=9k?aK",&9,[r(9ptrQ$?#

,&9,[NptO"2DNUiCHJ,[r}DptrQ$FnC?#2DNptr r1, r2

H7"FptNQhr 0 ≤ rn < R H9kH",&9,[pt rg O"

rg =

√

−2 ln

(

1 − r1

R

)

cos 2π
r2

R
(9.2)

H7?#
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3NptN 107
DNR9H0i‘,^ 9.3 Nh&KJk#RMS=1.0 HJk,&9,[r

7F$k#

3NptO"l<6<NS<‘/Y,[@1GJ/"&aLNzLNPiD-KbQ$?#

9.2.5 ^OD’s@<?3DWNO<B3

3N7_el<?<rHCF"QYdL:YrQ(J,i"GF/k3DwN/Yr+Q

bC?#

~Ml<6<O"RMS=1mm N,&9,[r7?l<6<G"^ 9.4 Nh&J,[HJ

k#3DrW;9k?aNbin4HKWmCH7F"kNG"^N#4OH91L (=800nm)

G"k#

9.3 B3kL

^:"O<U_i<H_i<NL:Y,y7$H7F"$/D+NL:YGNwLrfS

7F_?#

^ 9.5O"_i<NL:YHO<U_i<NL:YrIAib λ/8 NH-N"?TYO5

BK$$H7FW;7?3DwH~Mw"5iK"L:YO=N^^G"?TYr 3,K7

F_?N,^ 9.5 G"k#3NW;GO"iJNO<U_i<r 3,s>5;"=N[+N

_i<&O<U_i<rU~-K 3,s>5;?#=l>lN_i<,04K?TGOJ$

H-"CCD NljKhCF"2 DNP)KO[Jkw)9,D-"kLH7F"3DJ,

88k#

wN/YO"6}N 2 hKJkNG"^N04?T~NCwfO"

(

5.20194× 102

6.39329× 103

)2

= 0.0812 = 6.5× 10−3 (9.3)

G"C?#

9.3.1 ?TY

?TY,04?T+i:lF/kH"3DJ,88k#?TY,-/JlPJk[IY+

$J,G-"04?TN~KO"l<6<GL4NGbCHbCwf,h/Jk#

3DJNbCHb/YN/$t,GO"~M/YKa/Jj"4/H(J$#7+7"3

DJNbCHb/YNe$t,GO"04?TNlgKa$H3m^G3lw,:/9k#

>CF"3DJN/YNe$t,N_rQ$lP"b$Cwfr@ilk#7+7"B]K

Q,9kH"3DJN@k$t,Nu$JIKhk6pwNFAN},//Jk?a"?T

Yb=B*J:YGOH(J$#

9.3.2 L:Y

L:Y,-/JkH"v3Cwf,ok/Jk#L:Y λ/20 GO"6.5× 10−3
G"C?#

33GO"?TY,5BKh$H7F"L:YHCwfNP~r+QbC?#^ 9.6 O"

L:YHCwfNd\G"k#
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9.4 M!

3NB3GO"=B*J:YGO|T7F$kCwf,",iJ+C?#f{NO<U_

i<N:Yre2lP"Cwf,b/JCF/k,"0&N_i<Lhjbb&NO<U_

i<LN:YN},"2K/$?a"3N}!G:Yre2kNO$qG"m&#

^?"lN?NWj:‘K7F7^&H"&aeO$C5$y40,G-J$Nbg-J

djG"k#
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^ 9.1: ^OD’s@<3DWN0.=[^

^ 9.2: ^OD’s@<3DWO<B3Wm0i‘N$YsHG#9Wl$
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^ 9.3: ,&9,[r9kptNR9H0i‘
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^ 9.4: ~Ml<6<N/Y,[
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^ 9.5: _i<L:Y λ/20 O<U_i<L:Y λ/20 GN"~MwH04?TNH-N3D

w"ZS?TY 3 ,NH-N3Dw
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^ 9.6: L:YHCwf##4,L:YGD4,CwfG"k#L:Y dHO#L:Y, λ/d

G"k3Hr=9#
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