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00*0 1000000000000.000000000000000,000000000000000
000000000000000000000. 00000000000000000000000 [1,41)
000000000000000000000,(1,00000000000000000000000000.
000000000000 8000000,

000000 [M@#))°0,0000000000000000000000, My*My,Ms*M, 000000
000000.0000 (44)00000 My*M,000000.

0000000000, 000000000000000000000000000D000000000
00000000000000000000. 00000000000000000,0000000000
00000000000000000000000*!,000000000000000000000000

*200poooooooono
*2l JppoOo000000000000000000000000000000.
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11,0 > |1, £1 >

08 DooOoOoOooooooo

goooooooooooooooboobogoo

goooboddodo, oo bbb bbb bbObbOoboooogag.

ocooooOoO0oO0oO0oU0oOoOoUoOooO0L0 -10000oQ0ooooooOO0o0oO00. JOoooopooooo
POO0O,0000 3y0OO0O0ODO |3yOOO. OD00,30000000000000000000O0
(37| P|Positronium) 000. 00 0000000000000 000D0O0O0O0O0O0OOOODOOOODOOO
0000000000. 000000 charge conjugation parity 1000000000000 O0O00O,000
JoooooooooooDOooooDOoDO0oDooDooDooooo. PO00OOOOOOOOOOOOOOO
0o0ooooooooooo.

Pal, P=dl (48)

Pbl P = —b! (49)

—b,s

00000 PO0O0OOOOODOODOODOUODOUDOUODO —DODODODODO. ODOOOQO DiracO
0000000000000 0D000000,000000 (AppendixO00O0O). OOO0OOODO charge
conjugation parity 00 0000000000 ODO0OOOOO,00000O0OCOOCOOO0DOO o-Ps,
p-PsO00D00000 (-1)+'000.0,S0000000000 L=0,000000000000000
0000000 —-1000. 000 (3| P|Positronium) = — (3y|Positronium) 000, 000000000
oo -10goboobobob.0oboboooooooobDUobOoboboobooboOobD 11obooboo.

oooooo 1,£1)000000,0000 My30000000,00011,00000000,0000
My,OODOOODODOODOOO0O0OOD. 0000000000000, My*My,M3*MyOOOOODDOOOOOOO
oopboO.0ooooooooooooo 120000000 o0oOOoOo0OoD.

ooboooooooobobobgooobooobobobooobooobobOobobL,0b0boob0obo
gogb.obodboooboobbooobbuoobboobboobooboboobbobDboobbOoD.

000 modulation depth hO OO sin2400000000000000 (1300000 (31)000O. O
000000000,0000000000500000000 sin28000000000).

gooboo,0bgbobobooon
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@
é

|1:0 > |1,£1 >
0 10

011 O00O0COOOO0OOO0O00O0

- H - H

N BDLES & ea

¢
Ca® 2

012 00000000 00O00000O000O000000O0

1. ]1,41)0 1,00 000000000000000000
2. 0000000000000000000000000000000000000
3. 0000000000000

ooooog.

14 0ODODO0OOOODOODOO

141 00000

coooboooooooobooobooobooooooboobOoobooboboboooboobOoboob0. booboog, o
gooooooooooooooOoO slowdownODODOOOOOOOOD,000000000000O0O
oo.

coboooooooooobooooodbooooooboo,oboooooooooooooooon. bo
ooooooo3ooooooon.

oooooooooooboooboooooboon.

1. Pick-of 00:000000000000O0,0000000000O00O0OUDOOO0OOOO,0000
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gboooooooobobooo.

2. Spinflip00:-Ps000000000O0O0O0O0O0O0O0O0O0OO0OOOO0OOO0O p-PsO0O0O, o-Ps
ooOoCo p-PsOODOD0ODODOOOOOCOOCOODODODODOO.

3. 00000000000, 000000D00U00D00OO0, 000000 0DO0U0DDDOODOOODO
goooooog.

ggooobooobbooobobooobboobbooobL,bbooobbooobbooobbooobbo
gog.

1.5 Appendix

151 DO0DO0OODOODOODOOO
mlagrangian 000000000000 OO0 FermionOOO, 000000000000 Lagrangian O
pgooooodooooo. Lo, bbbbbbbbbobobbbdddo, b uUu o g.

L =y(iv"8, —m)y (50)
»0000000000000000,4*0 Clifford00 {y*,4*} =2¢,, 0000000,00000 4
000000 4x400000. mOOOOOO.
00000000000 D000D00000000000000000,000000 chiral 0O

e G (51)

0oo0. 000 o*=(1,0),0*=(1,—-0)000,00 PauliD00 3000000000000000O.

00 Lagrangian 000000000000 DOOODOOOOOO (i’y”au—m)w:()lj[][l. 000 Dirac
gooooo. oboboooobobooboouobo. obobobobboboboboobbobOoDboon
go.

0000000000000000000000. 4000000000 p*000. 000 p°>0,p? =
m2000. u(p),v(p) 0000000000 u(p)exp(—ipr) 000000000000, v(p)exp(ipr) 0D
0000000000000, 00 u(p),v(p) DODD. DOO0ODO DiracO00DODOODOOODOOOOD
000000000 (Wp, —m)u(p) =0000. 0000000000 m(y*—1)u(p) =0000. chiral
gogooooobobooboboo (VO—I)DDDDD 2000000000000000w(p)DOODOO 200
0.00000000000000oooooooooooooo0ooooooooooooooog, Pauli
DDDDD*22DDDDDD,Cliffordl]l:ll]l:ll]l:ll]DDDDDDDDDDDD.v(p)l:ll]l:ll]l:ll]l:ll]l:ll]
goo,boobooooog.

0000 w*(p),v(p) (s=1,2) 000. 0000,000 chiral OO0 100000000

220000 Clifford 0000000000000, 000000000000 0000000,000000000000000
gooooooooooooooooooooooo0o0o. 0o, 0000000000000000O00O0O0O0O0O000000
jgoo0o00OoOoOoO0O0OoOO0 (booo0o0000000000000O00O0O00000D0O0ODDODODD). DoO0OoO.
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w*(p) (%g ) (52)

o= () (53)

ooo,é,n*0000 2000000000, *23

€ 0000 (Appendix 00 0000000)ET), () 0000, Lorentz0ODDOO0DO00000O
000 (6,¢) 000000000000000000000000000000000 (000000000
O00000000000000000000000). 000000000000000000000. 00
D000D000D0000000000og.

000 QEDDOOODOODOOOOOODOODO

}:u =7"pu+m0O (54)
Zv =Dy — (55)

000000.0000000000000000000000.
w0000 ¢ 000000

)= ; / (;l7i};3\/21Tp(us (p)ap,s exp(—ipx) + vs(p)b;&s exp(ipz)) (56)

000, ap,0000000000,%,,0000000000000000 Hamiltonian, 000, 00O
(U(1)charge) 000 0000000000000000000.
00000000000000000000000

P, s) = /2Epa}, , [0) (57)
gobooboobooon.
m Feynman propagator 0 00 propagator 0 Sp(p) 000 (DODO0O). OOO

Se(p) = = T 4 ) (59)
puYt —m—+ie  p? —m?+ie

ooo.
00000 Sp(z) 0000000

(i7" 8, — m)Se(z) = i6(x) (59)

goog.

*23 /e 0000000000000000.0000p°> |p|000 /p-o000000000 (p°+|p/>0)000000
yoooooo.

20



152 QED
0000000000000 QEDOoOOOOOOOOOO.
QEbO00o0OoO0000o0O00oOO0O00oO0O0. o00o0oOo00ooO0o0oooOO00oOoD,00000
00,40000000000000000 U(1)0D0000000. LagrangianO0O00O0ODOO0O0OO.

L =07 Dy = m) = 1F E, (60)

ooo D,=0,+1A,000,e00000000000000000000,A4,040000000,
r,=0,A, -0,A,00000000,¢000000000000000000000.mO00O0OO
000000. 00 Lagrangian 0 D, O covariant deribative D000 000,000 DiracO0O0O0O00O0O,
00 U(l)00000000000000000000000000000 (minimal coupling). 00000
gboboobooboooboob.

153 000000
0000000000000 00ooo000DooOO0. DOD0DODO0DoDoOoOO00 Ccooooooooooon
god

Cal, ,C =10l , (61)
Cb}, .C = al (62)

UPss

O00.000000000,e0 bO00000000OO0O0OOO, 0000000000 O0OOOOOOO
ooddo, 0000000 oooooboboooo. ooooooaa (52)D g (53)D nOO0000
O00000000oOoooO0. oo0o flipped spinor 0000000000000 OOO. OOO us(p)
0000000 (52)000, 6 0 6 = (E1),£4)

6= n2y) (63)
() = (‘eczisgmg) (64)

0O00.0000000000000000000000000 (4,¢)0000000000000000
00000o0oooooo.

vi(p) 0 00000 p* =¢75,6°=—i0?*000. 00000000 7°=(£1),—¢(1)000.

00000000000000000 DiracOO00D Cliford 000000000, 0000DODOOO
Dirac 000 (iy"0, —ey*A, —m)y =0000 (0000000000 e000. 000 e<0), 0
Clifford 0000000000 —(v*)?T 0 Cliford 000000. 000 PauliD0000000000O0O
00 cCcooooocyCt=-(y)Tooo. Cc'=Cco000000 Co000*. 0ooooon coo
0000000000000000000000. Dirac0000 COO0O0O0O (—i(v*)70,+e(v")T4, —
m)Cy¥ =0000,000000 complex conjugate 1000 (i(v*)19, +e(v*)T A, —m)(Cy)* =0000.
000A°000,9°(y")T =42 00000 (iv"0, +ey* A4, —m)y°(Cy)*=0000. 00000 Dirac

*24000000 PanliD0O0O000000000000000000000000000 ix0O0O0O0OO0OOO0O.
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000000000000000000000. ¢ »4°Cy)*00000000000000000000
DDD.ﬂmmdwmmmDDDDDDDDDDDDDDDDDDDcwczy%CW*:¢@%wﬁﬂTD
00000 w,v 000000 flipped spinor 000000000, (000000000000 COO0000
Hilbert 0000000000,00004x400000.)

CO0000D0 chiral 0000 C=»2000. 00000000 1°C*(y%)79" = —in?p’ 000. (CO
chiral 00 0000000000000, )000 Fouwler 01000000

u® = —iy*w " (65)
v* = —in?w T (66)

O00.00002000000000000 flipped spinor00000O0O.

154 000000
coooooooocoobooooOooOoOoOoOoObocOoO0obOOoO0OoboOoOoOoooOb0. obobOboOoOoOboOoooDo

PanysP = (67)

-Pp,s

P}, P = —b! (68)

i 2

ggooobooobboooobobooobboobbooobobooobboob,bbooobbooobbo
0000000000000 000000,0 [3)00000000. 000,Peskin00000O0DOOODO
ggbooboooboobbooboobobooob.boo,0boobo

Paf, ,P = 1,a! (69)

—P;s

b, P =mbl (70)

O0000. 000 |n. =|m =100000000. 000 POOOOOOODOOOOOOO. 00O
., 00000000000000000000000. LorentzOOOOOOOODOODOODOUA)DOOD.
000000000000000000000000000 LorentzOODOOOO0OO0O000000O0O
00000. 000 boost 00000 Lorentz 000 Apgest, 0000000 Lorentz 000 Agoation 0 O
0*%. 0000000000 POOO0O PU(Abeest) = U(Aboost )Py PU(Asotation) = U(Arotation) P 0
000000000*%, 0 (69),(70) O U(Aboost) 0 U(Arotation) 00000000000

U(A)Pal, ,PUAY) =n,U(A)a
U(A)Pbl, [PUATY) = U (AT, U(AY) (72)

_._
d
—~
=
—
—
—~
\]
—
N~—

000,00 Abeost 0000000000000

*2500 200000000 LorentzOODODOOOD.
*26 0pgQ0 boost 1DDDODOODDODOOODODOOOODONOODODDNOODOD, 000000000 OOODOOOODOO
00000000000000000000000.
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PU(Aboost_l)aL,SU(Aboost)P = naU(Aboost)aip’sU(Aboost_l) (73)
PU(Aboost71>bL7sU(Aboost)P = nbU(Aboost)bJr_p7sU(Aboost71) (74)

coooooooood

PaAboost_lpwsTP = naa'Aboost(_p)asT (75)
PbAboostilpasTP = nbbAboost(fp))ST (76)

0000 Apeest 'pO0000000000000000 Apeost(—p) 00 0000000000000OO0O
0oo*00oo*s.

0000000000000 000000000 boostJODOOOOODOOOOOOOOODO.

0000oooooDoooooooooon, POD00O0OOODOODODOO inverse0O0OO0OO0OOOO, O
0000000000000 00000000000. inverse 000000000 0O0OOODODOOOOOO
gob. booodguobobbboooooboobobb b0 b, bbb boUoo
000000000000000,000 boostdO,000000000n,,0000000000000
ooboooooooon,000000000C0O0000.

gooooo, bbb ooooooboooog na7b4:1DDDDDD,
00000 Peskin 0000000, 00000 Grassmann even 0 Hermite*??0 0000000000,
Grassmann even 000000 Fermion 0000000000000 0OO0O0OOCOOOOOOOOOO
O, Hermite 000000 aef,bb! 0000000000000 000000000O0OODODOOOOO
0 (0000 @b000000,000,0000000000)000 ef,bbt00D00000000DO0
000000 |n,?=10000000000000000000000. 7,,00000 P2=100
(69),(70) 00000 7,,2=10000000000.00000000000 (56)00000

*27T boost 1000 x D00000000O000ONON0OO0ON0N 400000 LorentzOOOOODODOOOOODOODO.

E
*28 U(Aboost)apysTU(Aboostil) = \/@GAM’OQP,ST oo (D (57) ooo )

*29000000, Hermite 000, 00000, 000000000000000000. 00000000000 AT=A400
00000000000000000000000000000,000000000000000000000000000
0000000000000, 0000 Hermite 000000000000 00000000000000000000000
0000000000, (000000000 Hilbert 000 HOOODOODO (000000000000, 00000000
000000,000000000000000000000000000000000)A:H —» HOODOOOOODOODO
000 HOOOOOOOODOODOOO)O Hermite1OODOD0 HOODO (,)000, A00000 D(A)0D0D000,00
0, ¢ € D(A)DODO (1, Ap) = (Ay,¢) 000000000000, 000000 D(A)D HOODODOOO (Af(adjoint
operator of A)0000000000)AD Al 00000000000 0O0000,00000000 Af=A000000.
AD0D0D0OO0D0ODO0OO000D000000000000000 Hermite, 10,000000000000000. 0000
00000D00000000000, 000000000000, 0000000000000000000000000000
0ooooooooo. )
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Po@)P =3 [ e (08 (9 PapP exp(~ipz) + v*(p) PE) P explipa)

— ) (2m)* /2E,
- i/ (;l:();?’ \/QE(“S(Z’)%*%,S exp(—ip(t, —x)) + v* (p)mbL, P exp(ip(t, —x)))
= i / (;i]; \/JTﬁ(vous(ﬁ)na*aﬁ,s exp(—ip(t, —x)) — 7°v* (p)mbl P exp(ip(t, —x))) (77)
000 p= (@ -p)000
u®(p) = 7"u* () (78)
v(p) = =" () (79)

0000. 0000 (52),(53) 00000000, 00, 7, 0000 Peskin 0000 conplex conjugate O
0000000o00oo0.

O (770 %(t,—-x)00000000000000000,0000000000000+9,=10000
00000,n=-10000000000000. 000 Py(z)P=~%(t,—x)000,00 5., 000
00000000000000000000000000.

0000000004°0000000000000 Clifrd00000000000000O. 00000
000 4*0 Clifford 000000 y000000,4% —*0 Clifford 000000. 000 Pauli000
000000000000 PODOO PYP 1=~ PyPl=_~000. 0000000000000
DO0oo0oo P l=pPO0O0O0O0™0O00000000). 00 PO DiracO00 (iv*9, —m)y(z) =00
0000 (i) — iy'0; —m)Py(z) =00000000000 (iv°9 +iv'0; — m)Py(t, —x) = (iv9,, —
m)Py(t,—x) =0000. 000 Py(z)P=Py((t,—x)00000000000000000000,00
000000000000000000000,000 Py(z)P =Pyt -x) 00000 (0000000
00000000000 PO Hibert 0000000000000 PO 4x400000). POOOOO
P=20000000000000000.

155 O00000,0000
ocoboooboOoooboOo,0b000b0oo0obo0oo0b00. oobooooooOoooooobo0oooboOooooDo
000000, 000000000. D000000O00DO0OO00U0OLO0ODODOOLDOD,000 (DDOOD

*31 oooooogag
00D000") x o 2Be000e __ gogoooo.

minstated outstate OOO0ODOOOOOOOOOOOOOOOCOOODOOOODODOOODOOODOOOO
00000000000 00D. 00000000000 0000000000000D in state(fin)), OO
000000000000 0000000 out state(jout)) 00000, DO0O0D0OO00O Heisenberg 00O
ooooooog. *3

0 O0poDooo000D0o000D0000000000 ixOoOo.

“logoDo0o00200000000,0000000000000000000000000.

*2000000000000000000000000000000000,00000000 Fock space 0000 in state,out
state 0000000000000, 0000000000 O0OO0OOOO.
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m[000000 O0O0OO0OOO0ODOOO0ODDOOO,instated outstated 400000000O00COODO,O
0400000000000000000000.0000000OODMOOOOOOOO.

{out|in) = i(27)* (pous — Pin) M (80)
s 0000, 00000000000000 ODOOOOOOOODODODOOCOOOOODOODODOO

0.000000 [3)o00.
0000000 pa,ps 0000000000000 {p;}00000000000000

1 dpf 1 4
d 2 - 1
T my—— H S om; ) MPED S+ pe = Zpy) (81)

000.ws000000004000.
0000000000000 00000000000. 000T0004dr0000000000a0.
P=(M,0)000000000 {p;}000000000000000

3
ar = ijqz[ S s IMPCm) 5 (P — S (52)

ooo.

s 0000000000 (0OD00O00) OO0 QEDOOOOOOOODOOODODOODOOOOODOO
0. 000000000000DO000000O0D0 (DO00L0OUDO0DDO0ODOO0OOO)DODO0ODOOOOD
gobooboobo. boobooboooboobbooobooboobbooobo.

M =7 (p/)Tu’ (p) (83)

I'bdddyOOOOOOOOOOOOODODO 4x400D00D0.
oooooooooooboonoooboo

> IMP (84)

s,s’

oooboocooobooao.
gooooooo OO

};Mﬂz E: p)T'v" (p)5 ()T (p)

=:3EaceK7 pu+m)I (47D, — m)T] (85)

000 Iorooo~400000000000000

M = (p)I'v® () (86)

00D00D00. 0000000 [3jo00.
Trace D00 D0OD0 (54)00 (55) 0000,
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00000,00000000000000000~00000000000000000000. 000
0000 Trace(y#4Y) =4¢g" 00000. 000000 (0O 40000000000000)00000
oooo [B)ooo.

1.5.6 Feynman diagram

m Feynman diagram 000 (QEDOOO0OC0O) QEDOUOOODOODOODDOOOOOOOO Feynman
diagram 00000000000 O. 0O00D0OO00D0OO0ODOODOO0O. 00000000000 0O0OO
0O @3|000.000oooooo.

000000 (p)
000000 aE(p)
0000000 (p)
0000000 (p)
000000:e,(k
000000:€,*(k)
QED vertex: —iey*
00000 Fermion:Sr(p)
vertexUOODOOOOOO

© X NS o WD

m Feynmandiagram OO 00000 0000000 Feynmandiagram OO OOOOO0O0O0O0OO. 00O
pgoobddddddoooooooobobobobbobbbbobbboboouooag.

0000000, Feynman diagram O fully connected 00000000 (iM(2m)*8(pous — pin)) 0 0 O
ogd.

157 0O0OOO
000000,0000*0000000000000000.000000000000O0O00O000O000
0000000000000 00,000000000000000D (D0DD0O0OODOO0OOO)0O0OO0OO
ooo.ooooo,0b000o000o00ob0o0bobo0oboboooocobOOooOOooOoOobOoOoOoOoboOoooboon
goboooooooooooooboooooboooboboooobooooon.

*30000000000000000000000000,0000000000000000000000000000000.
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020 00000

cooooocoboooo,0o0obcobo,bob0oboo0boooo0oobooboooo0obobocOobOobOoOoOonn
(000000, 000000,00000000000000000O00D0O0O0OODOO0OO). ODOOD
0,00000000000000 TDC histogram 00, 0000000000000 OO0OOOOOOO
00oo0oooooooo.ooooooo,000000,00000 c-PsOOOOOOODOODOOODO.
0000000000oo0ggdePs000OOOOOOOOOOO.

00000000 0,000000000000000,00 o-PsO000O0O0O0O00DOOOOOOODOOO
gobo,b0bo00o0oboooooboooooooooobooooobooooooooboooooooon.

21 OO

o-Ps00000000DOCOOU0OODOCDOO 130,0000000000DODOUUOODOD 140000
ooo.

000 Nall-3000 P.S. 00, High Voltage Power Supply(C 000 )00000000000O00O0OO
gooooog,oooooooag.

00,00000000000000000000,0000000 Nall-30 20000 Nall-50000
00D000*0,0000000000000000 (00000 NalOODOOOODO,00000000
ooo).

*40QpooooDooo0, AMPO DISOODOO AMP1-5, DIS1-6000.
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| Nall | Nal2 | Nal3 | | PS8
| Amp 1 | Amp 2 | Amp 3 |
J
. DIS1 | DIS2 = DIS3 | . DIS4 |
i | I':.
| FAN IN/ FAN OUT |
GATE GENERATOR GATE GENERATOR CABLE
(NaD) (P.S) DELAY
GATE TRIGGER _ ‘
| COINCIDENCE | VETO
GATE
CABLE ‘ FIXED
DELAY DELAY
123 GATE START 208 4
ADC ‘ TDC
013 OO0o
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time

P.S.
N threshold
DIS4 DELAY
I : —
i \rlgger
Nall-3 s threshold | | |
bi51-3 — | iDELAY E
T ~—gate | | T
GATE — — | |
COIN _ — E
TDC - E {
— " TDCA
D.ECAY TDC1-3 ‘
TIME

014 000O00o0o

ooooooooo,boooooooooboooooon.

coo,000o000oooooooboooooooooboooooooooo0. oo, 00b00000o0n
00 11,20000000.

Nall-3 Nal Scintillation Detector(Bicron/Saint-Gobain, Model 2M2/2)
gboooooobooboboboboy0oboboooog.
Nal000D0OO0O0D00000 0000000000000 0000DOO00O, PMT(Photomultiplier
Tube, 00000O0)000000ODOOOODODODODOOOD,0D00000DO0ODOOOOOOO
gooboobooobbooboooboo,boboyoobbobboobobobboobooDD.
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Nal0OODOOOOOOODOOOODODODODOOO,ADC(OD)0D00000O0O0yODOODOOOO
ooooo.oooooooboooooooooog.
Nall-300,000000000000 902V, 906V,905vVv00000000000.

P.S. Plastic Scintillation Detector(0 000000, R1398 ASSY)
EZNaDODODDOOO pH(000)000D0D0O0.
Nal0ODOO0OD0O00,00000000000000000 430 PMTOOOOOOOOOOOO.
O00NalODOOD0O000O0,00000000000000000000000000, ADC
00000000000000000000. 00,Y000000000000000000000
000 (DISO0O,00+4000).
PS. 0000000000 -1804VOOO0DOO0DOOD0OO0O. 0000, -1900V000000000
000 [4].

AMP1-3 Octal PM Amplifier(0 00 ), 000000000000 10000000. NalODODODOODO
O00000,00000000000000000000 DISO thresholdOOOOOOOOOOOO
ooooog.
O00,AMP1-3000000000000000000D00000O, offset0 0000000000
0000000000, 0000000000000000 ground 000 adjust 00.

DIS1-4 Octal Discriminator(0 0 00 O), threshold 000 0000000000000 DOODOO (OO
O,NIM)000000000000O. DIS14000000000000000000000O0O0,
threshold 000000 NIMOODOOOOOODOODOOODOO.

Nal 00DODOOOOOO DIS1-30 threshold 0, 0000000000000 0OOO, 000000
0000000 1omVOOOOO®. o0 PS.00DIS400,0000"0000000000,
threshold OO0 100mV OO OOOOO.

0000000000000 NIMOOOOOO0000,00000000000000 160ns000
O000.000,000000000000000,0000000000000000 NIMOOO
000000000000,00000NIMOOOODODO0OO0OO0O0O00O0000000,0000 v0
000 AT0000000000000 NIMOOOOODODOO0O0OO0OO0D0000000000. 000
0O,Nal0D000,000000000000000000000D0000 (OD1ps)000,0000
O0000000,00 PS.00000,000000000015ns000,00000000000
0000 (00000, TDC histogram 00 O00000000).

DIS1 300000000000000000 threshold D0O0O0 NIMOOOOOOODOOOO

*35DDDDDDDDDDDDDDDDDDDDDDDDD,DDDDDDDDDDDDDDDDDDDDD yOOOOoOOo, 00
0000000000000000o.

*®6Oopoooooooooooooooo. go,000000000000DO (DDEIEI,RPN—090)DD offset OO OOO
gooooo,00o0ob0obobooboboobooooo.

*37 00000000 DIS(Phillips Scientific, Octal Discriminator Model 705) O, threshold 00 0000000000000
e o

*#¥8Oopooooooo [4]DEIEII],P.S.DDDDDEIDDDDDDDDDD (5OQ)DDDD,DDDDDDDDDDDDDDDDD
0O0.00,000000000000000000000.
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10-15ns 000000. 000000 0000000000000 0D000000,0000000
0000000 +QO0O0 (44000)00000000
000,DIS400000000000000000000*,00000000000000000
OOooooOogog*o,

FAN IN/FAN OUT INPUTOOOOOODOOOODOONIMOOOOODOOOO,OUTPUTOOOOOOD
NIMOOOOOOOOOOOOOO,000000%r"000000. 0000, NalO DIS1-30
OO0 NIMOOOODOOOOOOOO,0000000 NalO~yOOOOOOO,OUTPUTOO
NIMOOOOOOOOooooooooo.

GATE GENERATOR(Nal) 0DOOUOONIMOUOOOO,00000000000O00O0OODOOO,O000
ONMOOOODODODOOOODOODOOOOO. 0000, FANIN/FANOUTOOOO NalO NIMO
00 COINCIDENCE O Gate 0000000000000, Delayd 50ns, Width0 380ns 0 0 0O O
0.

GATE GENERATOR(PS.) 0O0OO,DIS40000 P.S.0 NIMOO O COINCIDENCE O Trigger 0 0O
0000000000000, DelayD 400ns, WidthOD90ns D OO0 O .

COINCIDENCE Inmput 00000000 NIMODOOOOODOOOOONIMODOOOODOOOOOO
000,0000007%and”’000000. 0000, GATE GENERATOR(Nal) D00 Gate0O OO
GATE GENERATOR(P.S.) O NIMOODOOOOOOO Coincidence 00000000 ODOO, P.S.
00000 BT0,Nal000000~000000000000000O0 BY000000000D00
googd.

0000000 Coincidence Unit 0000, Output 0O O,

e LINOUT -Input000 NIMOOOOOOOO,O0O0O0DO CoincidenceDOODODODO, 000
ooooDooDooooo NIMOOoooooo.

e OUT -000 Coincidence 0 00O, Coincidence 000000000000, 0000 NIMOO
00000 (0oooooo).

000 20000000000*, LIN.OUTOO VETO GATED, OUT OO ADC O Gate, TDC

O Start 0,0000 NIMOOOOOOO. OOoOooOo OUTO NIMOO, ADC Gated NalOO OO

0ooooog, 800ns OO O *42,

ADC Analog-to-Digital Converter, Gate 00 000000000, 000000000O0ODODOODODOO
00000000000 o0o00. 0000,NalO0O0O0OyODOOOO0DODODOO 130000000

9000000000000 000000000000,00000000000. 00 NalDODOOO0OOO0O0O0O000000
00,000000000000.

*0gpooo0 PS.00DD +QOO00DN00. 0000000000000 0, ADCO00NNOODONONONOONONDNDOOO
0oooo0o0o00ooooo.

*1ogpo,0UTO0O000000O00O0, 000 OUTOOO0O0O00 WidthO TTLOOOOOOOODOOOOO.

*20000,0000000000000000000. 000000000000 GateOOOOOOODOOOO,0000000
00o0o000000oo0oon.
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cooo,0o000bo0oobo,0o0coooocooobooooooa.

TDC Time-to-Digital Converter, Start 0000 Goal U0 OO UOU0OO0OOUOUOOOOCOOOOO,O0OO
OlnsO00. O0O0OOOOODOOOOOOOO.

VETO GATE Coincidence 000000000000, Coincidence O Trigger 000000000000
00, GATE GENERATOR(P.S.) O veto0D O OO0 Gate 0O 0O0OO. Delayd 44ns, Width( 7ms
O000O0.000ooooooog,ThCStart 00000000 DOOOOOOO,TbCOUOOOOO
god, o0, oo ooo.

CABLEDELAY 0O00DO0D0O0OODOO0ODOO0OOOO, AMP1I-30 ADCODOODOOODO420ns, DIS4 O
FIXED DELAY 00O 0300ns 00 Cable 0000 Delay 0000003,

FIXED DELAY 0000000000O00000,DIS1-30 TDCODOODODOOOO420ns, DIS40 TDC
0000105ns*™400 NIMOOOOOOOO Delay00oooo.

obobo0ooooboooobobobooog.
oo,0000b0ooobobobobobon.

01 00O

Module Model

Quad High Voltage Power Supply(Nall,2) 0000, RPH-022
Quad High Voltage Power Supply(Nal3) 0000, RPH-012
Quad High Voltage Power Supply(P.S.) OooOo, RPH-030

Octal PM Amplifier Fuji Diamond International, TKY-0351
Octal Discriminator Phillips Scientific, Model 705

Fixed Delay KEK N0531-04

Dual Fan In/Fan Out KEK-NO9-24 7906

Dual Gate Generator(Nal, P.S.) ooooo, 290

Coincidence Unit LeCroy, Model 465

Dual Gate Generator(veto) ooooo, 290

*30pooooo NIMOOOOOO Delay 00 0DO0O0OO0O0O00O, CableOOUOO DelayOOOUOOO. 0000, 0000000
NIMOOOOO,000 CableDOOOOODODOO,00000000000000O000O0O0O0OO0O.
*44 Cable 0 Delay 0000000, DIS40 TDCOOODO 400ns 000 Delay 00 OD0O0D0.
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02 CAMAC

Module Model

Crate Controller 0O 0O0Od, CCP-F
16CH ADC oooo, C1113-027
16CH TDC oooO, RPC-180

0 16 Cable Delay

015 00

22 00O

cooobooooboooo,0boo00ooo0ooobo0oboooooooOoobooOooooOoOon.

221 00O

oo,0000000000 17,180000.

500 NalOOOOOOOOO,00000000000,00000000000 Nall-300000 3
goooog.

oooooooo,000 PS.O0O00OOO0OO0ODOODOOO,O0D000000O0DOOO0O00OOODOOO
(026)0000000. 000000000000 PS.OO0OOODOOOOOOO.

00000,0190000000,0000000. NaIOOO PS.OO00ODO,000000000000
gooo.
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TZ2AFYY
YyFL—F

PYAIIT—

~—

F2UIAR

018 0D (0DO)

017 00 (QO0)

gooooooooooo,0oo00boooo0oooo. oooobo, 000000000000 00000,000
ooobooOooooooOoOoOoooooOoOoO,bo000000b000000000.

3 /
\\. il
W /
W W
— \ 1

—

019 00 (0D0)
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222 00

cooboooobooooboooooooooOoocOoooo.

pTO000000 2Na0000.00000000000000000O0O0D0O00000OOOO00,00
0000, pickoff 00 (1.4.1000)000000000000. pickof 00D00DOD0O0ODO,00000
00000000 3000000000000 D000,00000 (0 23)0000,000000000D0
ooo.

cooooooooboooooooOooOooOo,00bbo0oboo0ocobooOooOoobooboOoooo.

00,000000000000,00000000 NdFeBOO (P50 x 5mm)0000. O 20,22000
gobodooboooobooooooocooooon.

000000 A0 PS.0000,0000000000000000000000,000000000
vyOO NalOOOOOO,0000000000000000000O0OCOOOO0O0,0000000000
goboooboo,bcooooooooooooog.

RZERYTIA
YRR — N1 77—

// R

TSAFvT
020 00 (00) UFL—H—

I
000000000000000000000000,00
oooo.
F2UIR

021 000 (00)
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022 00000

oooo,00,0000,0000000000000000O.

023 00000

00 (0D00O0O0O0O0)0000oooood (Du Pont, MYLAR
FILM304X200X0.125MM) D0 O00000O0.
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024 00 (OO0O)

gooooooobooooooooooo,boooooooobooo,
ooooooooboooooooooboooooooboooboboooooon.

RLERY I
T2AFvYT
YIUFL—F—
EEE—)
72V IR

025 000 (0)
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026 00000 (ULVAC DOP-40D)
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030 0O0000OoOoon
31 DO00O0OO0OD00OD0OO

0000000000000000 #®Na00O000000000000000,00000000000
000000000000000. 000,000000000000000000000000000,00
000000000000000000000000000000000000000000000000
oo.

0000,000000000000000000000. 000000000000000000O0O0
00,0000000000000000000000000000D0D0D00000000ODODOO0O00
0,0000000000000000000000000000000D00000000O0OOOOO000
ooOoooo*s,

000,0000000000000000000000000000000D0*S, 0000 CERNOO
00000000000000000000000000000000000000000 Geant4 [1] 00
oo.

32 00

321 DOODOOO
00 Geant4d 0000000000 00. 0000000000 DOODO0OOO 274000.
goooooooooooooooooooooooooooo 20000000000 Ooog.
oooooooooooooocoooooon.

00. 00 ®2Na00O0O0O0O0O0,0000000000000000000000000D00O0000OO0
oo ooooUOooOoooOoo* oo00o0000000000oo0oooooono.

00.®Na0000000000000000000000000000,000000000000000
200 yOOODOOOOD,DO00D000O0O0OOOODDOO.

322 00 1. 0000000000
l0ooooo,oo0000000000000COCO0OCOOOOOOOOOOO.
cobodooo,0obooooooooooboobboooooooooooooooooooooonn

ooboooooboocoobooooo.

*45 QQpoOo000000,0000000000000000000000D00O0, 000000000000.

*6 QDO O0000000000D0000000,0000000000000000000000000000, 000000
0000000000. 0000000000000000000000000000000000, 000000000000
00000000000 0000000000000000000000. 0O00,0000000000000000000O
ooooooooo.

*70poOo000000D0000DD0OoO0oDog.

*48 pgQ 40cm 00D0O0D0OO.

90000000, 000000000000000.
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027 D0DO0O0OO0O0O0OooDooD

323 002 000000000000000
2000000,00000000000000000000000000000000O0000O00
0000000, 00000000000000,0000000000000000000000,000

000000000000 000000000000D00000000.
2NaD 4t0000000000000000000ODODOO0O0000 2NeOOOO,00 Y0000

0000000000000000000000 546keVO0D0. 000000, 000000 400keV 00

0000000000000000000000000000.
00,00000000100000000000000000000000000.

324 00000O0O0O0O0O0OOOOOOOOOOO

gooobbooooobobooooobboooooboobbooobbboo. 0bb,bbbooobbboooo
gooooboooboooo. bobooboboo,boobobbobooboboboobobbD. oboo
gogoobooobooobooobooobooo.oobboobbooobooobooobooobo
gogo,booooooogooboobob.

00 000200000000005OmTOOOOO.

000000 22Na0000 AY0000000000000D000000OO. 00000000000
coooboooobooooobooooo,ooocoooboocoobooooboon.

gopbooob ooboobooboobobOobOobO,000b00oboOoboOobOO0ob0 200y0000DODOO
0. 000000000000000000000000000000D000000000*% 000

0000, 000000000000000000000000000 G4EmStandardPhysics 0000000000000000
gooooooooOooooooa.
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ooooooooooooooOoooooboOoOoooOobooOo,00 1,002000000000000
ooooboooooboboooooooooooobboooooooooooooboooooDooOon.

Geantd Geantd D000 O0OOO0OOOOOOOOOOO. OOO,00000000000000O0OO
oooobobooooboooooooooobooboooobbooooooon.

33 00

331 00 1. 0000000000
ocobooooboobooooOoobboOooooooDob 000000000 000DO0DO0OOOO0ODOODOO.

oooo30o000000.

03 bobo1o000

00000000 | 00000000000
0ooooo 10,000,000 10,000,000
gooooooao 28,958 30,543

0000000,00000000000000000O0000DO0O0DO 52%0000000000.
coboobooooo,booo0oo0ooooobobo0oooboooooooOooobooo.

332 0022 000000000000000
goooooooooo 10,000,000000000C0O0OOODOOODODODO.ODOOD 40000000,

04 002000
0oOoooo 10,000,000
ptoooo 9,029,305
0000000000000 | 970,695

000,0000000000000000000000000000000O0000000O0 8t000
09,029,305 0000000.
00000000000000000000000000000000 28000
00000000000000000000,000000000(000000000000).
000,00000000000000000000000000000000000000 2900 300
oo.
0000000000000000000000000000000,0000000000000000
00000000000000.0000000000000000000 3100 32000.
000000000000000000000000000000000000000000000000
0000000000000000. 0000000000000000000000000000000
000000000000000000000.
0000,0000000000000000000000000000000000000000.
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TIAFYY
YYFL—F—

BSTm

028 O0O0OOOOOOOOOOOOOOOOOOOO

SYHIRYE— JURNRDT—

TIAFVY
YYFL—F—

TIAFVY
YyFL—g—

wsAMH weAT
029 00000O0O0ODOO0O 400keVOODOD 030 0000000000 400keVOOOOO
P AR
o | NQ SUNRDT— | f\{t SURRDT—
TIRFVY TIRFYY

YyFL—F— YyFL—§—

SHEAE SHEFTH

031 0000000000 400keVOODOOOO 032 0000000000 400keVOODOODOO
oooooo oooooo

34 OO

oo01l,00 20000000000000000C0000O0OO0O00O00. OOO0O0OOOOOOOOOOO
ooboooooooooOooooboOoooooooooon.
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O 1o
0

040 00000000
41 ODO0OOOOODOO

4.1.1 ADC Calibration
ADCOU0UO0OO0OUCOU0UO0O0OUODUUOOUOOUOOUOO, NalOOOOODOODOOO ADC

Calibration 0000. 2Na0000000000O0000 511keV, 1275keV 0000000000000
O Calibration 00O 0O0. NalOOOOOOOOOOOyOOOODOOOO

EnergylkeV] = ap x ADCcount + a; (87)
O00000000 pedestal 0 2000000 3000 ag,a; OOODD0OO0O0O0OOOOOOOOO.

O 5 ADC Calibration

ADC channel ag aq
1 0.505 | -31.2
2 0.641 | -21.6
3 0.714 | -33.7

4.1.2 TDC Calibration
Clock Generator 1000000 TDCOOOOOO, 00000 Gate Generator 0 100-200ns 00 OO

000 ThCOOOODOOOoOOOooooO, TDCO Calibration0O00O0. 0 41.20000000000.

0 6 TDC Calibration

delay [ns] | chl | ch2 | ch3 | ch4

100 634 | 637 | 643 | T14
120 765 | 770 | 783 | 850
140 890 | 898 | 918 | 986

160 1022 | 1031 | 1058 | 1122
180 1153 | 1166 | 1200 | 1262
200 1286 | 1301 | 1343 | 1405

ADC Calibration 000 OO0,
delay[ns] = by x TDCcount + by (88)

0000000000000 0000000. 00000000 b,0000 41.2000.
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0 7 TDC Calibration 0O O

TDC channel bo by
1 0.153841.84x1073 | 2.647+1.80
2 0.15104+1.80x1073 | 3.94741.79
3 0.14334+1.71x1073 | 8.101+1.74
4 0.1452+1.73x1073 | -3.394+1.88

42 ADCODDO

000000000000 3yOOOOOOOOOOOODOOD 511keVOOOOO. OO0 20000
000000000000 51lkeVOOD. 3yOOODODODODODOODOOO, ADCOOODODOODOODODO
511keVOOODODDOODOO0OOOOOOODDOOOOOOODOOODODD. 0000000 pedestal 0O OODO
oooooooo.

0330,ADCchl 000000000O0. OOOO0ODDODO 511keV(0O 11000000)000000O0
00000000,9000000000000000000. (pedestal 0 2000000000000000D0O
ooooooooog.)

X

-

(=]
£}

200

180
160
140
120
100

b o ®
o e o

o III‘\Illll\‘Illlll\llllll\\lllll\\lllll

4]
(=]

| L L L L ‘ 1 L L L | L L L L | 1 L 1 L L |
500 1000 1500 2000 2500 3000
adc_nail

033 ADCOOOOOO

43 TDCOOO

2y000000 200000034 0000000000000. 003y00000000 30000
0000000000. 000000000000000300 NalOO0O00000000000000
0,200 NalOODOOOOOOOOOOOOOO,0000000000000 3y00O0O0OO0OOOOODO
ooooooo.

O00000,2000030000 NalODODOOOODOOOOUOOOOOUOOO0OOOO TDCeut0Ooo.
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TIRAFvY
YYFL—%

Nall

Nal3

034 2y00 035 3y0O0O

03,3700000 2000000000000 3000000000000000OO0O0O TDCOOO
gooooO0o. oooOO0O00oO0O0O0OooOooOoOoODOOO0OO0,2ch0000000O0O0OOODODODOOOOO
0o0ooo0o0ooo0oO0o0O0o0. 00,3ch000000O0O0ODOODOOOOODOODO.

500 1200

400 1000

800
300

600

200
400

?

100 200

Lol [T v e Lo e Lo by Lo Lo L Ly
200 400 600 800 1000 1200 1400 1600 1800 200 400 600 800 1000 1200 1400 1600 1800

036 2ch0000O 037 3chO000DO

O0000oo0ooooooooo ThCewtOOOO,ADCceut000O0O0O0OOODO.

44 QOO

0000000000 0000,000 NalOOODOOOO. D000 TDCOOOOOOOOODODO.
oo0,NalO0O0O0OO0O0DODO,000000000000000O000O0OO0O0ODOO.ODOO00DODOO
threshold 000,000 ADCO TDCUOOODOOUOOODODOUOOODODOOOOD. 000000000000
goooooooo,boo0ooboocooo0ooobo,000b0b0c0ob0oo00ob0. oobocOo,0bboc0o0o000oon
oopoooooo, TbhCOooooooU0ooOoooooo0oooOOoU0oO. DobooooooooooDoOO
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0000000 +QO00D000.000 TDCODO ADCOOOO0O0O0DODDOOO000 ™Y,

TDCO = 0

= 7ADC 0T . + as. (89)

0000000000000, 0000000000000 0O0DOO0O00O (O 38). ODOUDOO Nal

Energy
A
AT T Time
O / ]
V_0
Vv

038 000000

0000000000000. AT0000 threshold 000000,70000000000000,000
Vo O Discriminator O threshold, V 000 000000000. 0000000000000000O000
oooO0o0oooooooo.

0ooO0,000000,

AT :T=V,:V,
Vo
= AT = T

00000000000000000000000000. 000000000 ADCOODO0O0D0000D0
0. 00000000000 ADCOO00000D000. 00,ATOTDCOO00O00O0O000. OO
0000 (90)0o00Doo,

Vo
AT =2
v
= by x (TDCO) 4 by = Vo
! O_Clx(ADCD)—FCO

ag

(ADC O ) +CL1

= (TDCDO) = +ay

000,0 (89)0D00.

0000 TDCO ADCOO0O0D0O0 39000. 00000000000000000 tde000000
00000.0000000000000000000000000000. 00,0000 TDCO ADCO
0000D040000. TDCOODDO0O0D000000000000000000000.

*»1+.QO0000000000000000000000000, ap/(x—a1)?2+a20,a0/(x—a1)® +ae300,000000
ooooooo.
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Nal CH1 tdc vs adc

Nal CH1 tdc vs adc

Siooo
o
=
=
200
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400

200
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039 0000 TDCvsADCOOODO

45 0O0O0O0ODO

Hooo
o
2

800

600
400
200

0

-200

T
300

100 200

900
adc [ch]

040 OO

{05 T T 0 L W 0 T W W W il A
400 500 600 700 800 900
adc [ch]

00 TDCvsADCOOOO

041,042, 0 43000000 NalOOOODOOOOODOOOOO,00000 ADCOOO,t+QO0O0O
0000000 (91)000000000000000*2. 0000000 8000.

f(z) = ape™" 4 ay

Nal CH1 Decay curve h
[Entries 1189443
= M 2915
2937

a1
RMS

MWMAPWWW

L I | |
80

90
time [ns]

041 ¢ChlOO0OOUOOOOOOO

Nal CH3 Decay curve

i

(91)

h
Entries 1153551

Mean 1673
RMS

34.79

(I A IO

f

il
140
time [ns]

I
80 100 120

042 Ch2000000000OO0O

08 ODOOOOOOOooO

Nal CH4 Decay curve

h
Entries 1246853
M 24.85

ear i
RMS 57.52

q
!

250 300
time [ns]

043 Ch300O0O0OO0OOOOO

Ch ag ay [ns] a2
Chl  1.46940 x 103 4 8.54361 x 101  1.21963 x 10" +4.98304 x 10~1  3.07690 x 102 4 4.12247 x 10°
Ch2 3.53096 x 103 4 9.62532 x 10"  1.14885 x 10! £ 1.61593 x 10~  3.25857 x 102 & 1.24731 x 10°
Ch3  1.88214 x 102 +£5.97678 x 10°  1.11985 x 10 £2.41116 x 10"  2.28355 x 102 4 1.38481 x 10!

0000000000000 0,00000 142ns000. ChlO Ch20 NalOODODOOOOOOODOO
O000000oU0ooooooOo. o0,Chd30 NalOODODDODOOOODOOOOOOOOOOO, Chl, Ch2

oooooooboooooono.

*52 0420 Ch20 Nal 000000000000, 000000000000007CH3 0000000.0000000000
ONalO5000000000000.043000000007CH4” 0000000000 0O0ODO
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Obs0 OO0
5.1 pick-off 0O OOOO

0000 Ch30 NalOODOOOOODOOODODOOOO, pickof 0000000000 OOOODODOOO.
pick-off 00, 0000000000000 O0DOOOO0OOOOO,0000000O0DOO0OO0O0ODOOOOODO
142ns 00000 29y 0000000000, pickoff 000000 2y 0000000, 51lkeVOOODOO
bbbt cwtobbobocoboooobOOoOO0bOO. bOobOobOooOoobOooOobooboooobooboOoDbOon
ooooo0ooOo0. 0oo,2y0000000 Compton 00000000, 0000000000000
0000.00000,511keVO0D0O0OOOO0O0O0O0OO0O0O0 cut000, pick-of00D0000O0ODO.

52 00000

00,00000000000000000000000000,000000000000000.
000000 Q = JApps((1+2?)Y2-1)000. D00 Ages 000000000000 O0DO,
Apps = 0.84meV 000, 00 o0, 0 =242 =0275H 000,
0000000000,000000000030180,00000000000000,0000000
0000000000.0000,P10000000OO00OO00O000000 1omT 000000003, O
00000000 26pus000. 00000000 300ns000000000000,0000000000
000000000000000,00000000000.000000000000000.

53 DOO0ODOOOOOO

0000000000000000000000. 00 ADC, TDCO,00,%2Na0000000000
000D000o0oO0oooooOooooo. od, ADC, TDC, Coincidence Unit 000000, OO, offset O
gooooooooboooobooooboobo. ObooooobooooooooooooooboOooboOoDbbo. bobooo
goboooooooobooooboboooooooo. ooooooooooooooooooooooog,
0o0oooooooo. oooooo pPiOOOOO,0000000O0O0DOCOOO0,000000O0O0O0O0A0
gooo.

*»3000000000000000000000000000,00000000000000000000000000C0O00.
ooooo,00000000000000000.

48



gd

000O0000000,000000000,000000000004 60000, TADDOOOO,
000000,0000000000000000000. 0000000000000000000000
O0,offset 0000000000000 DO0DO0DOO0OOOODNOOD,000000000000
0000000000, 000000000000000. P100,000000000000000000
oo.

*»4QQpooo0o0O00oooonon

*5500000000000000000000000,000000000000000000000000. 000000000
0000000 (economical) 0000000, 0000000000000 OOOOD, 00000000000 O00O0OO
0000000000000O0000. 00000000000000000000000, 0000000000000000
ooooooooooog.

*6 00O00000000000,00000000000000,000000000000.00000000000000000
000000000, 00000000000,0000000000000——0000000000000000O0OO0, O
00000000,0000000,00000000000000000000,0000000,0000000000,00
00,00,000000000000000000000,00000000000000000000O0C0O0O0000000
000,000000000000000000000000,0,0000.10000000000000000000000
0,0000000000000000,000000000000000000.00,000000000000000000
00000000 Histogram 0 0000000000000 0000000000O000O,000000000000000
000O0o0O0O00O000Ooo0o0.
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