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Abstract

Positromum, the boundstateof anelectronanda positon, is anideal systenfor a testof quantumelectrodynamics
becauseonly a leptonandits antipartice are present. The enegy separatiorin the groundstatebetween?S; state
and 1S, state,which is called Hyperfine Structue, Av, is the importantquantity which hasbeendeterminedfor
positonium previously. We did a redeterminatiorof Av in the experimentsimilar to earlier experiments. And we
obtaired theresultfor Av whichis Aveg = (2.0454 + 0.0063) x 102[GHzZ. This valueis in reasonablegreemat
with thetheoreticavalueof Avieor = 2.03427 x 10%[GHZ.
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Chapter 1

THEORY

1.1 Hyperfine Structure

positonium(A R Ps)id. electron(e™) & posibron(et) OFFIRETH 5., e~ & et DOMIZIZ spin-spn fHE

351 El

hwo ~ 8.4 x 1074 [eV]
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Fig. 1.1: Enegy Level Splitting

TERDFET 579012, PsOEEIREIT 3 EIFIRRE (39, ; ortho- Ps) & 1 EIFRRE (19, ; para- Ps) iz5{k L
TW3, TOIR)INF—#% HyperfineStructure(HFS) EFELR, TNEFNO TRV F—EHREE F1, By & T
5&. QED &9

Ey — Ey = hwy = 8.41306 x 10 [eV] (1.2)
Av = 90 03497 x 102 [GHZ 1.2)
2mh

LBt F7238,1 Sy O Psld, TN T AAERHER
A =T7.23x10%[sec '] , Ao =8.05x 10? [sec ] (1.3)

THIE L, SBRANK Y 35, X 3y 12, 1S 1 2y W EFNFNHET 5,

I T PsORICEHHSE R RIS 2N A - &L ED 2y DRBHOZ{L,» 5, WMZLTHFSOfEZER
DENERL S, T THEIT semi-classicalzifzd. D% 0. RiZb 2 BRGSO ETFHRNIRITERTE S
ERET 3,

F I AEIC D ERYEEROMEIZD W T, ParticleDataGroupDd D &AWV 5,

i = 6.582 118 89(26) x 1072* [MeV - g

eh
MB:2

= 5.788 381 749(43) x 10! [MeV - T 1] (1.4)
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1.2 Spin Eigenstates and DecayRates

Ps® spin[EAIREE | Sm) X, e, et D spin® z K5 S, ST DMEAEE TEL &, RD&XH 1T 5B,

|11y =] 11)
11-1) =1 11)
1
|10>=$(|n>+|m> (1.5)
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0
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1.3 Mixing Effect of Static Magnetic Field

BB O PsD R 23k $ % Hamiltonan & Hy &< &,

Ho = Hy — p- By (1.13)
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1.4 Effectsof Oscillating Magnetic Field
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ZQWA dt 5 { e 2t () + et ()2 + £ €T tem e 101 ()b (1) + c.)

EE
_ 2% > 2,—2v4t 2yt
o [ P TP + e TP (1.6
(1.65)ZRALT

- 279 / 2 —2v4t —2y_t
P = dtdlel“e 7+ +e T tp_
1+ |€|2 0 {| ‘ D+ p }

270 /OO e]? 1
- d% 4F7——} 1.67
TR Jy Wy TPa (1.67)

k25,
C.IREIHBZNFET D L&
BRGSO A, IREBEGNFET 5 & X1, AIET TR X512 (1.65)I2B1T % b, (t) A,

bo(t) = Pt

by(t) =cpe®+t 4 et

— 1 L * S4t o_t [YAN o4t 6_t
—5+757{\/§€U P11 (=€’ +e°7") + /py e (=o€t Fdye )} (1.68)
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LB, ThE (1.66)ICRAT S,

— 29 e 2 1
P Yo / dt [6727# le] {Z|E|202p11 |- S+t 4 65_15‘2
0

T+ [P oy — o]
+py ‘ o 5_€6+t + 5+€6,t|2} +p_€7277t:|
2% 1 le|*v? /oo —2y,t) 64t s_t)2
= dt Y+ +t _ o0—
PR —o P 4 Sy MO
2% 1 2/Oo —2v4t Syt 5_t)2 2% 1
dte ST+ o_e®tt —§ _ — 1.
+p+1+‘€|2|5+75,|2|€| 0 € | € +€ | +p 1+‘€|22ﬁ/7 ( 69)
Z T,
/OO dt672’y+t‘e5+t _ 65_t|2
0
_ /oo dt672~,+t{e(5++51)t +e(5_+5i)t _ e(5++5i)t _ 6(61+5_)t}
0
B 1 n 1 1 1
294 = (64 +0%) 294 — (0= +6%) 294 — (64 +0%) 24 — (07 +6-)
/ dte 27=t5_ >+t — 5,02
0
_ 5|2 15, |2 - 55 - 5467 L.70)
2y — (04 4+0%) 2y —(0-40%) 2y — (04 +0") 29— (61 +6) '
THHNS, PRERRDEHIIRS,
— 27 1 eltv? 1 1 1 1
P:plll /02 2|"U{ *+ *\ PR * }
+lelPlor =6-2 4 2y = (04 +6%) 294 —(6- +0%)  2v4 — (64 +0%) 294 — (05 +4-)
Lo, 20 1 |€‘2{ 0|2 |0+ B 030 B 0+ 0% }
PETFPT5 0P \ By — (0 +07) | 27- — (- +05) 29— — (35 +07)  2y_ — (5] +0-)
2"/0 1
- L 1.71
T e o (L.71)
1.6 The ResonantLine Shape
REBS DERIZE S 2y AR OZE(LE Pr EEL L Pr 3RO I ITREN B,
Pr = Pp, 20— Pp,—0o
e 270 [ |£|2v2{ 1 N 1 B 1 B 1 }
T [ePloy =0 P 4 W29 — (00 +67) " 29 — (6 +0%) 294 — (0 +0%) 294 — (0} +4.)
5_|? A 0% 4 0% oy —6_J2
+p+{ || —_ |0 __ + __ +* 7|+ |H
274 — (04 +03) 274 —(6—+6%) 274 — (64 +0%) 24 — (61 +6-) 274
(1.72)
TITET,
L L ! - =4 (1.73)

+ — i
274 — (04 +0%7) 294 —(6-+0%)  2vp — (64 +6%) 24 — (81 +4-)

DEWHZDVTERD, 6y = %{(—iw’ +9") £ i + 772 — [eP0?} ORREOHIZER L.

(—ie +4")? — g0 = —w* + 47 — |ev? — 2iw'y" = r2e?? (r >0) (1.74)
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B, BB,
r?cos20 = —w' + 477 — |e|20?
r?sin 20 = —2w'~" (1.75)
Thd, §5L6L &
0y = = { —ie ++") £ re?}
= 5{(7” +rcosf) —i( Frsind)} (1.76)
EEIFB, £oT

d+ +0L =2RedL =+ £ rcosb

1 . .
oy +62 =4"+ 5(7‘6“9 —re” %) =4 +irsinf 1.77)
THBDT, AT
1 1 1 1
A= + - — —
Y +71 —rcosf v+ +rcosd@  yp 4+ —irsingd 4y + 91+ irsing
2(7+ +m) _ 2(v+ +m)

C ()2 r2eos?0 (v +m)2 4 r2sin® 0

%ﬁo)fl&b’yz Y+ + 1 EBLLE

. 2y 1?2
4t —~2(r2 cos? 0 — r2sin? §) — 14 cos? sin?
. 2y 12
ot 42r2c0s 26 — 1 sin” 26
. 2y 12
7= P (w7 el P?) - WPy
2y r?

WA =) + PP ="+ JelPe?)

ZTTP 7= (1 +m)?— (s — )2 =477 THBEHRDS

2y 1?2
> (1.78)
W' dyem + P2 (dyem + [ePe?)
LB, RIZ.
oL om0 e, g qg)
274 — (64 +0%) 294 —(0-+06%) 2y — (64 +0%)  2v4 — (05 +0-) 274
IZDOWTER S,
1
64| = Z{(W" +rcos)? + (—w £rcosh)?}
1
= Z{(W”Z +u %) £ 2(y'r cos§ —w'rsind)}
1 . 1 )
816 = 5{(2@/ +9") +re Y- 5{(—2@/ +7") = e}
1
= Z{(W”Z +w? - r*) — 2i(w'rcos @ + " sin ) } (1.80)
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Zh&o,
0| 10412
274 — (04 +0%1) 294 — (6- +6%)
ol 6,2
v—rcosf v +rcosf
= %29{%(7”2 + " 1)y + (=12 cos 0 + w'r? sinf cos0)}
72 —r2cos
o S It
294 — (04 +0Z) 294 — (65 +6-)
b 5,07
v —idrsin@ =y +irsind
1 1
:m{ (v "t %)y + (W'r? cos O sin @ + +/'r? sin® ) } (1.81)
Y
Thd, i
6, — 0> = |re?)? =12 (1.82)

THLHDT, (L78)LEDET, AL BRI T3,

A 1
Ar=5-73 [{2(7/'2 + W 12y + (=" cos? 0 + w'r?sin O cos ) } (12 + r2sin?6)
yr
2
— { v 4w = 1)y + (Wr? cos Osin 0 + o//r% sin® 0)}(v* — r® cos® 9)] — ;
T+
A 1 1 2
= 5003 {( 3 — 22" 4 2(’}/'2 + W )yr? — 51"271"2 cos 20) + w'r* cos O sin 0} -~ 21;/+
A 1 1 1 1 272
=5 r2{7”2(’y -y + 5(7//2 +u %)y — Eﬂ/rz cos 20) + Ew’r2 sin 20 — E—Z }
A r? 2 1, 2 2 1 2 2 1
_ 2 |9n {,\// N/ Lo / P n2 2,2 L 20~ }
2 27 0 =) 50 = (e ) o+ g (20)
— {4y + P Ay + |€|2v2)}}
A P iz 2 2 2 2 2
=370, [w {274 (v =) =y} + e (ry = 7°) + dvemy® =y -4%"/1}
A 2
gy 2 (1.83)
INn&v, Priz.
pr— L 20, ! - {p11|€|2v 2yt +p+7"2|€\2v2-27w}
T+ [eP 2w dygm + P2 (dyem + [e20?) 274
|e]? 1 70 2
= : o lel*v “/{puw +p+-271}
L+ el w2 dyem + 72 (dygm +[el?v?) 204
| Mo |e[v? 271
TIAER o ET W L ) (184)
W +2(1 —I—MH) V+M1 Y+

LEIFB LN NS,
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MEDEEDELT, WIA-RDEREZHB/L THL,

15

1 2¢'ug B —
e==-{—-1—in++/(1+ir)?+22}, = JEEZ0 =T

T hwg wo
W =w—wy €1 = Ree

1
wi = 561%)0 g9 = —Ime

1
Y+ =7+ 562.%0.)0

Y =7 +m
_ 1 g up By
JI+EP? R

(1.85)

ST, EROEBR TR, REWGOERIMw 2N AR L LTES DX, HES B, 22LsE

LHMNEBRLDT, we

w=2m-1280 x 10° [rad- s7*]

WEEL. By 8B T &85, EBRTORBEIG DM B, ~ 4[Gauss% Pr iZRA L. p11=ps =

KFE LT, Hlh 215 (GaussyZ., ftilz Pr iZBl> T 7 72/ THhB &,

[alako)
UL Uz

(1.86)

bt

=~ =

13)D &S5,

o
o

[1EY
[O)]

o
©
|._\

o
©
o}
&

N

5700 5800 5900

Fig. 1.3: Resonancé&ine

Pr & BEZ21E LorentzianTIE72 W AN, w, IS DERS ORGSR EFEDN /NS Oz iz,

6000

LorentzianiZ L7z

22> TH Y, K (1.3) TO PeakDREHE, 1ZIFHBEHF w=w, LRBHETHB, DFV, M (13) LY, Ps
D 2y FEBBIIHIBARIZB T, 2% BEHEMNT S Z&Mbh 5, ERTIE, 29 OBRERERIEL., Zh& Pr
BB LT, HIBEOBBEOMED S, wo(=2rAv) 2R 5, HIBRE OFREIX. (1.85),(1.86)k

By = 5776.0 [Gaus$

Lis, 2

(1.87)

CREDHRIY TR S S SIGELERAVTHERZEDTWEN, DR VRHIBE LD THo72D T, BLAFFHETOILEAL

3, FHE R o CHIBREB ERD -, ZOELUZD WV TIE Appendx C 28
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Chapter 2

APPARATUS

2.1 Schemaof SetUp
(.1, BESE ZNICEITT RS TO PsD 2y FiBEHS 257D KEhRELY VT T

MagnetCaoil

Top View

Pb
Pb TesIaMetefPr(&? Shim - 22[\[;\ SourcePb

""" PMT ] Nal | R Gty
. ] .
Pb_lpo s Pb

:

coinddencepair:§1-2 : 34

' ~ SideView
Pb T Pb
. [PmT4]| Nai  [PB P8 Nai [PWTI]
[PMT2| Nal Nal [ PMT3]
| Pb | Pb | Pb | Pp |

Fig.2.1: Setup
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THhd, UTT. TNZTNOEEZIZDVWTHAT B,

2.2 Magnetic Field

2.2.1 Electromagnetand Shim

KBTI, RIS IIH 6000gausshETH 5, Lhd, TELRIFEUCHIBOBEAT CHIET S Ps&fid A
VDT, BT 5B TR BRE KD 515, HEHEHEORLEES, X (1.3) XV 25gaussiE T
HBIELEEZD L, B, PsORBHEEF T, 22 Ld +5 gaussBEDHH TINE > TOL 5 LENDH
5, TDlHF e, TTAHHTE SERAD IAIVEIZ Shim EIFIEN 2R 25D 5 720 Ok & 1 TS
D—bER S Z &z Uiz, HMIZIR> 7 ShimOAREIRE T B B1E, BEGMENTY 7 § Poissonz il W7z,
FERINTIE, —RBESEEE 57201213 ShimORED FETIEZRL, RILRANRVI LRGN o7, L

Shim

A
]

\

MagnetCoil
Fig. 2.2: SideView of MagnetSystem

MU, HEEODNRIKEIMIT 5 Z EITEMNINCEL ho i), BREIICTESLZITEL RS XS, ShimiZ
BREEMIFBZEIZUR, 12720, ZOREDFERE ShimIiZERXTAEL, BERZ/NSVDBDERS, (2.3)
3, ZORRICEEI L. EBRTHOV ShimORITHh 5, 727U, BEFERFAT H1LDICKELT 74N ASH
TW5, M(24)F. O ShimZEREAICEY 7 RETHEYRERZR L. H.OS5% 5790gaussiz Uiz
& Z D PoissonDfEFERTH 5, 2 DD coil DHF.LD, B &5 EEAFZRRICFAFEBEZID, 2 D0H 0
EELAHEE Bz, coil DEEFAE riicBil> TW5, rElic< A FABEOEEED D 5 DIZ. B A
EARE T R TROVEEIIHIET 5D THE, CnERD L, FEfHETE TR —RENERINATHS
ZENgNB, LML, FL6H5BERHNS & [BUICKGOENENT S, 0, BEMIZE A
RGO AMEER/MEDZE % 20gausFEE & REH > TWs, ZHid, BED +5gaussiZidEL THE 5T,
%D systematierror i3 fi# T DFEIZ H dominantiZ 7z - 7o Y, B@HRd O TEEh o7, A ZDORAMET
PsZ{ED., AiESE 35,

BRI, D MagnetiZ Bt & i 9 EIR (%7K PAD35-50L) i%, 35V -50A OH DT, BFREHRAKTH51.8
AR UT & &Iz, WH5iE 6512.65gaussii’s b, CHUIEBICHERBEIZT2ZEL TV 5,
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Fig. 2.3: Shim

5805
5800
5795
5790
5785

5780 XA AR i
N, s
5775 LI T

Fig. 2.4: Z andR dependencef MagnetField
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2.2.2 Measurementof Magnetic Field

(2.1) DRIz, BIEH I MagnetCoil DRFIZ Cavity BNA-TH Y, EHE PsOREBEROMSZHET S &
MTERVODT, Coil HoH LA SN ShimDKEIZ, TeslaMeter(GroupDTM-151) @ Probe% ik U {117,
INTHSZRET 5, 172U, Cavity Z ANLBENIZ, HOIES %2 NMR BOGHRIESR (=3 —FEF EFM-3000AX)

6000

5950 -

5900 -

5850 -

5800 -

NVR( Gauss)

5750 -

5700 -

5650 [~

5600 -

5550 u

-

T T T
Tesla Meter: NVR ———5-—

5450 5500

1 1 1 1 1 1 1
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Tesl a Meter (Gauss)

Fig. 2.5: Caribrationof MagneticField

TRIEIZHIE L. TeslaMeter THIE U 7-hi & caribrationd 3 Z & T, EREIZhh o TWBHLOMEZH 5
CENTES, MQE)ERLE. 200MWBOMFIE. ZIFFRIC inearTh s ENNN5, i, X (2.6)
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Fig. 2.6: Stabilty

ZEES % 5775GaussiCRE L e & D, WS OKHMEZELE >/ 77 Th s, 1HOEGESRECEL
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W, RRTLIRETHEA, ChzR5 e, BBOMEIE, HEPICSO THEZEEOHM TLETH
5B,

2.3 Micr owave System

Fald, ERIZVELIREES % Microwave 12 & - TH7z., X (2.7) 1 Microwave % Cavity (2 ANV THIFGS

DC FM RF
[ P
Oscilloscope In out ower
Meter
17dBm
Frequeng
Doubler Monitor Outpu
3dBm

Crystal Am

Detecto/ ~ —— BandPass P
Filter
] —4dBm 49.3dBm
Attenuato /
Directional
—20dB
Coupler
PhaseShifter
—10dB Double
Balanceal
Mixer
Pawer ‘
Meter
90 EE\
20dBm 3
- Cavity E—
Pick up Coupler 48dBm(63W)

Fig. 2.7: Microwave System

B, ZOREEE_R—TBODIATLTHS, ZETOD Microwave D Poverd ZZIiZEhN TS, DL
TT. TOXIZDWT Microwave H ) O FRNICIH-> T 5,

2.3.1 SSG FD, BPF

Microwave i3, %3 StandardSignalGenerato(SSG:AnritsuMG645B) & 0 k&5, RHERBEEIZ. 12
1T 1 KHz B TN B TH S, T TRIRTE 3 FEHIZHRA 1000MHz TH5 DT, SSGTHIKET %
Microwave ® JEH#IE 640MHz 12 L TH &, Frequeng Doubler(FD) TR % 2 %235, LAL, FDIZ.
25 DMz 3. 4BEHEEBE-TLEI L. ZhEEHT 2EAREHFET 5. BandPassFilter(BPF) &
INBEAY N ELHDMEHT S,
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SSGH 5 DM, FIFHRATHAL. ZhaAt 17dBm(S0mW) Th 5. Microwave 8 FD. BPF®Zh 5
EORLKFEMr —7 )NV EESZ LT, Poverld, RO XS5 ICHET 5.

F7- SSGIZIX, EFREED AJIIZ X % Frequenyg Modulaton(FM) #8EDdH 0. Cavity DIBEZE(LIZ X 53
IRE B DM Z{t% FeedBack U THIRT 57 OFA LD, ZHIZDWTRERIZHAT 5,

2.3.2 Amp, Power Meter, Dir ectional Coupler

BPM 7 5 ® 1280MHz @ Microwave % Amp(NECHPB-2403)iz A#L T3 %, Microwave @ Power 78K
EVHN, REBSGOMED KEL2D, HIED Peakb RAL T Z5DT, Amp DHIIERATHNWS, 2D
Amp (&, HEREIC L5 E/VVRAFERTHRA 500W O AV ATRETH % A, Tk 4 1d ContiruousWave TH Wz dD
T, mAHIIIX 49.3dBm(87TW) Th o7z, Fiz. TD Amp iZid OutputE =X —HOETHADOWVW TS, ZC
NS DOHIIE, EBEOHIID —40.7dB TH b, Z ZIZ Paver Meter(HP8900C) D72 W TH NI ZHIZE=X—L
7zo PSOD 3y 205 2y NDOEBHERIIIREIS D 2. D%V Microwave ® Pover iZHAFIT % 25, HIIDLEE
HELUTSNRBEDIYATLREEREL/E LTS, 2y D 2% OERIZHE TS 5% OEkiE. Fx
DRODDBEEL L TRIFEAEHER Y, TR R0, T2 —HHEZZOBKRTTHILETH -2,

Amp 75 OHAE, ZD% % Caity L ANB DTS, =MD FeedBacks A7 Az BB DT M2
Power % DirectionalCoupler T43F %, DerectionalCoupkr (&, X (2.7) ®&EHI/ M —20 dB T coupleL T
%, WAED S0 coupling i —43dB TH 5.,

%7z, Cavity TEF< Microwave WIS LR WEHE, REBRKHPELCLZBNDH 5., £ OREN R
E, AMp IZKEZ PoverBAB & Amp 2L TLEHBNAH 5D T, 9 —D DirectionalCouplerz F
T. Zh#% PaverMeter(HPE4418B)IZ D7 &, Cavity "5 DRHEE=_X — LTz, @HORVILRIRE T,
Cavity N\DAJ] 63W D& &, KEIZ5MWITIZHMIASNS, D, K& L TZ D PaverMeter\ i
% Pawverid, Amp 7% 5 DirectionalCoupkr Z# A HENZ@EEL TA>TL % Pover KD B/hs<K725%, £o T,
Cavity 7" 5 DK DIEREREIZ AN SR VN, HEIZTH/NS W EEHR LN SRBREITo /2,

2.3.3 Cavity

Microwave #HI§ S £ % Cavity 13, HEOFENFE P2 TEES N DT, THOIIRE S 1280MHz
ThUO, FLICHPLLEREOEE ISR E o7, Caity DMEIXTIVI T, 5um DAY FHNEINTH
%, HEHOEAZ 10mm T, NEOFEBITERD 142.8mm, BEIN42mm OABEETH 5,

Z [mm]

Fig. 2.8: GapbetweenShims

(2.8)D &9 iz, Cavity DEDHLERIZIE 22Na 0 Positra SourceZs, SIS AB LS iZ72> T3, T
Z M 5 T &E 7z Positron?’ Cavity FOSRA T RILF— &K, electron® CoulombA 7> ¥ ¥ )LIZDODE >



2.3. MICROWAVE SYSTEM 23

THAEREEMED PsHEREINS, DF V., PsIEFERICIZE AL boostL TVWRWVWD T, 2y FiED ~ &,
Cavity ®H.0 A 5 1Z1F back-to-backZ HH T 5 2 &i272 5,

2.3.4 Micr owavein Cavity
ElectromagneticField in Cavity

Cavity (21X Microwave #H(Z Af1% 72 D Couplng WMHIHE 122 LiAZ N TW 5, Couplng i [l D 5 H
N—T27>THY, Caity L#H couplingl T3, Cavity 1D Microwave i& TM1190 modez W%, FIfE
H Cavity DZEHOHLEFRRE LT (p, ¢, 2) OMFEEELZINS & 20 modeld. B5A » Ha (HES DA
M) IR U TEEDKS UAF T, BEORESIE 2 IEKF LRV, Zhid, B L TNICEITT 2IREIK
BV EBROEZEEEIZL TS, 20L& ED Caity NOERS I, FEEEIZES W TEHBEAEARE WS B
&M T Laplaceeq. Zf# 7 &L Z 125 5115 BesseBifi TRE N5, BERMIZIE. Microwave 12 & % B8 &/
Bixzhztn

E= EyJ1(711 p) cos ¢ coswitz

L B (T .
H= M—i{ﬁ# sin ¢ + ¢ry11J1 (711 p) cos qzﬁ} sin wt (2.1)
t%cjéa ::T Y115 T11 Ci\
_ Z11
m=
Ji(z11) =0 (2.2)

TERINGBETHS, £z RIFHBEROEETH5, !

Q value

Cavity N2 72 % - 72 microwave @ powver & W, FAREERE . BEIZ X > TIEES NS pover & P, 35
&, X LT, unloadedy,

wW

Qu = 7 (2.3)

EVWHEDNDH B, i, HERH S D couplingiZ & %4k power P, (2% L TlX couplng Q..

wW
Qe = 7. (2.4)
NHb, —H., WETESND QI
1 1 1
i_t1t.1 25
e o, a @5)
THEABNE Q Thb, —KIZQ EIFHIREFNOHKIFEOREEZRT,
unloaded), 1&. BEERIZI > TRDBZENTE, ZNRROATHEAGN D,
1 d
L= C 2.6
Q 1+ 45 (2.6)

ZZT 63 skindepthTH v, Z3ud microwave HEEIZ LA ZDESE KT, d ZABOE S TH 5, 1280MHz
IZHB 1 58D skindepthd &

§=1.847%x 10 %m (2.7)

THO, ThXD D Cavity D unloadedy), DEERH{EIX 1.9 x 10* &2 5,
ITM110 mode®, QE%#RDZARDEHZEDEEL VWHHIX [6] B8
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F 7. Q X Cavity iZ microvave # ANTZDRE D AKEEE2HEL TRz, Cavity DIIREHE % w
&3 % &, microvave O REIEE w 129 % IRIBRKEE » X

r:{(wwf_‘ii(ﬂ)}i (2.8)

Aw=w — wy (2.9

= . (2.10)

Thbd, INEV, Aw=0DEEDBIRHEE Ry T B &

2

1) (L

Ro = {M} 2.11)
(m) + (@)

L85, Q= Q. DD couplig ZEEFFES L LU, ANV ZDEERHNLRLRE, iz, 2§—0“ =5

BORH RIEIFZERH R=1% w=w OBOKH Ry LO¥5HD i L30T, SSCOFRIREEHEE)

MUT, REED pover At 1L (27225 L ED Aw ’Eﬁ’\ﬂﬂi@fﬁh‘*ﬁ:é HIE U T A5 Ca/|ty0) HARA
BE 1280MHz 123 L T, )i%#ﬁ\)d]@#ﬁ 752X, 0.3310MHz TH-o7, £-oTQ X

wo 1280
= = —— ~ 3867 2.12
@= 2Aw  0.3310 ( )

LB, FEOEA ] THESN: Q H 6000RE TH ol LEEALE, PR QNELBo>TNEIE
BH B,

Oscillating Magnetic Field

BESREE LTV 5 Cavity AVEHHRBEICET 2 &, BEC X 28% P, I3 A power £ U <720, ZDEBRIC
BOTEP. =P, =63W &725%, (2.3),(2.4),(2.5) LRFE L7z Q DIEN S, Cavity NIZ7z £ > T\ % microvave
D power & 1.24 x 107°W &£7%5%, ZhE 1) DEMGEILET L. PLTORBEGEOKRES B, &

Bi ~4x107*T (2.13)
LB, U, EBRORBESIIHETEZENTERVLDOT, 0 B &, @EHTIZE T freeparameer
ELTHE-TVSB,

Pick up

Cavity NiZiE Pickup &FEIXHL 5 Microwave DB ED LIEI 2D D/INSBR TV TFHAH 5, ZIh5DH
J1iE. RIZHEAT % FeedbackSystemiZ i 5 ftll, Cavity THIRBA RN TWE Z L 2R T 720, X (2.7)
DRIz CrystalDetector CiEHi (2 L T OscilloscopeTZ DEEZ RT3,
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2.3.5 FeedBack Systemusing DBM

DBM &, 2DODANDOBEMNTHEY 2 -V THY, ZhEHW T, BREZIZX S Caity DFLIRE
BOMWsZ{t%E Feedback U THEIBZHMERT5 2 AT LEE- T2,

(2.1) DERIZ, Cavity IZ AN BHETD Microwave 2 LEI> TE T, T &, pickup TU % -7z Microwave &
OFZES, ZD&E, PhaseShifter(GEREIZ I AIERFEE) 2 5 & TS 25 &, Caity (ZANSHETD Microwave
% coswt (IRMEIX1ET5) & LI LEIZ, Cavity D pickup 5D DBM ND AT & Asin(wt+¢) £TDHZEMN
T&E%, ZZT, AlZ Cavity HD Microwave @ power iIZHFIT 28 TH 5, Cavity ND power ik, Microwave

A A T
2
A; Aoo:
_
2 ________
(@) w (b)
A .
7smcp\
Ao
(c)
Fig.2.9:

OHBEFEFNSDTNE Aw & UTINEREENIZENS &, M (2.9) D (a) DFRIZ LorentzianiZ 725, 7z, ¢
HIGRED S DAMHDTNTH S, Caity & LCRIEMRFEBEEDFHTEAS L, Aw ZBEEITN->7 L ED ¢
i, X (2.9)0 (b) DIz B,

DBM iZ 2 DD ASIDEZENS DT, ZDOHIIZ

Asin(wt + ¢) coswt = g{sin@wt + ¢) +sin ¢} (2.14)

k2%, TMIH B sin(2wt +¢) LWV 2EDFEBER DK % filter LT3 &, gsingﬁ EVWHEROHIHNES

N5, TNE o WPhSVLEEITE, FIEFMEELICHBILI M5, COEREFE%EZ SSGIZATIL, ED
BIEICN U TR E K E <5402 modulation 3% & 512 3HIE, SSGOFIRT % HEE M 5 Cavity D
HIRFPERN T & iz, RIBEROAENIZEAERVESNICFTAREINS, biRHIZZDOEMEI Oscilloscope
TEZALTWVS, HLiZZnXS512L T, HBORKHIZBIT2EEER -7,
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2.4 22Na Positron Source

BNz A U7z HY, Psid Cavity OHDMZE Wz 22NaSource 5, X (2.10)D X H AL THTE
positran 7% electroniZ i % - THEM S5, positon & Cavity F D Ar T, 7T & DEET %)L F — 545KeV DI

22
Na T, = 2.603 yr

+
B (545 Kev)

Ty, =0.1ps

Y (1275 KeV)

Fig. 2.10: Decayof 22 Na

EAEERSTPsEESLDT, PsHHEBL TTE% 2y O enegy k. EFERENSZTNETNETOHEEREL
FU 511KeV 2725, COEE, M (2.10)icd 5 & 51, 1275KeV O v B HTL 545, ZHhid 511KeV @ 2y
coincidencez B> T 52 &%, v D enegy ZHETHZ L THVERIT S, D%V, detectond BIZ v M7
ZEMGDPNITRVDTIRRL, ZDenegy bRIETEZHENH B, ZHIIDVTREETHENS,

ZAgEH U7z 22NaSourceld, 93FEEIZBASNILZ B DT, ZDEEDHEN 30uCi THolz, 2NaDF
N 2.6038ETH B DT, HADNERZIT- -RHHIZIX

2001—1993

30 x 272003 ~ 3 Ci (2.15)

L%,

2.5 Gas-Handling System

FEald, EBRYYII Caity N2 B[O FICUTHIEEZIT> TV, BB ORI N> 27
., BEDEBRIZMO, Cavity 12 Ar DZARE ANTERETSHZ LIC L, Caity ADEIDEEL ArD L
EDT—RZADENIDVTIERETHNS,

(2.11)1%, Cavity ZEZZIZL T, FINAr 2 ANELEODYATLATH S, Ar FAOFIEZUTOEY,

valvea b

vacuum
pump X Y L]
—>< Cc

Ar gas
cylinder

gas inlet

Fig.2.11: GasSystem
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1L ET2TONVTERADIRETEER 7O v FE2ANS,
2.al cONIVTEIEIZET T4k E N Caity ZEZEIZT 5,

3.V 7 a,czHD. b,cBBTTAr 2 EATS, ZOEEArDHARVROFEAF1IGELVBEL L
THL,

4. HADTNDIEZ o7&, bZHAD THAR U RE2ETT,

5. 95K D& bZET. ArBFRNHEITOEEZE L., TADIEF B THEN 1K[ETHS ERR L, b,
czfD 35,

ZDHEE. AHOBREZXDREENDLYA>TWVS, COHEERNS S5 28R ho7DiE, SH
4 W pressurgauge AFTE T, Cavity NEIDIEHERESI 2D Z LM TERN SO THS, IHIZT
DHETIE, FIHOEPERBEOEENEDBEERINTVAEINaNERY, Z2Z T, 1HOERIZOE LOF
EZ 3[E{TH Z&IZLC, Ar OffiEE BTS2 &iz Uz, BlAR, LRETEEEELGN & BFEoTnice LT
(FARRIZZNZ EIEHVERNA), 3EPNIE 212725, LHL. Ar FDZEZOD effect 1V E DFRE R D

1000

OBV DT, EBROSHED improvement& U T, FHERENZRH S, LVWHIIELEFEETH S,

2.6 7 -Ray Detedors

2.6.1 Geometry
(2.12)i&. SEER LTz~ 45 2 % 72D DetectorCd 5. EBEE Nal 75 2 Bz Ez - m RETEBR %

=
_ V
O e
Z

Z Z
E, Z
.

= <—>V

35mm

Fig.2.12:PMT with Nal as~ Detector

TV, EFIIZH roombackground2 B R 7 O DDA BE VT H 5, AN S A7 0B DIE. 22NaSourcer
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5 M T& 7 positon 7%, Ar 1T electroniZ DM & > T E N7z PsD 2y FiETH 5, iz iz Xk 51Z, Ps
WIHAEET 5 & ZITIFE AL boostL TWARWD T, PsOFEBTTE S 2y 1k, 1ZIF back-to-backZ Cavity O H
DS TL %, THEFCHES AN, 2y event® signaturek 725 O T, DetectordftiElx, X (2.1) D &
942 Cavity OHIMZ U TRAIRIZIR > T, LA L, positran ¥ Cavity d Al T electron& XEI L TH T
&7z 2 1& backgroundZZ£ 3 DT, ZHUFTE BTV BRE 2V, 2D, K (2.1) DEkIZ. Detectori» 5
X, Sourced H BEDES ERMORIDNEZERABLVIIIZHEBENTVWS, LAL, 29123 d 5 efficieny
BRIV E Sz, EOZRBGENTHE T, ShOMBIXTESLTIALES, i) Psd 3y BN 5D
v TH trigger MM DR F LR TULEIN, RETHNS L5, 3y D efficieny D estimatdd &6 A & 1T
HDNTHL, BEEZRD,

2.6.2 Nal

detectoriZ Nal & PMT N —{KIZ78 o272 DEFHA L2 DIEN, ZNFNICDODWTHAT S, I E TN
TekRiz, SROEBRTIE 511KeV @ v D enegy Z IEREIZHI> TR 52 BENH S, Z D7z ® scintilator i, ~ 2
*f U T enepgy resoluton D B\ Nal crystalZ %, RETHN 3 W, HM&HI7E Setup TD enepgy resoluton (&
SHRETHB, Mz, NallZNHENED 5 DI 300ns & HLESHERHEI YDA 0 time resolution 13 R < 72 W A%,
4 D EER T D countrate TlX &AW,

2.6.3 Photo Multiplier Tube

Nal D5 PMT THIESN 5, ETHN7XHIZ, Nal & PMT B2 —HKIZE>T05HDT, 0D
PMT Z— Mz X <N 2inchdd DLV < R> T3, discriminator ® threshold?®—E7X D T,
PMT 25D gain& %5 A 51Dz, ZNEFND PMTIZA) % HighVoltage#FA% L, MEZVEETHIIE
enegy resolutiond R\ & T A IZEEEL TW0W5, &&MN7Z HV IZXDE Y, enegy calibration (2B L TIXRET
K%,

| PMT | HV [V] |
PMT1 1120
PMT2 1160
PMT3 1100
PMT4 1120

Table2.1: High Voltage

2.7 DAQ System
(2.13) x5 RN EEHED DAQ ¥ AT LD schemaCh b, LT T datadmnzHHET 5.

2.7.1 Trigger Logic

3. NaliZy DAY PMT R SEEMHTL %L, ZDEBIE 24T 5NS, (EBEIZIE 3 DIZHT
T, ZM9H B 2D % discriminatoriZ A7z D7ZA, X (2.13)DEIFEEEVIZRVE, 47 VIZKLKRHDTT
DRIZHE W) ZD S B—75%. NIM O discriminatoriz AN C, &wE/NVIVAICE#T S, Z D& X0 threshold
I3 15mV T, T 511KeV D v 12 & % comptonfi&EL D peakk  HELFEL TH 5., DF V., Photoelectric
peaklIA DB Db, BRFIDERMEEE L TIEES TWE DTN, ZHFLUH. 3y O databf#ricfEsH &0
SHEDH oD TH D, REMIZIINABEL =2 D count®AREFHL DT, TRILF—DEN y BA2T
Ef: L&D deadtime B3H 5%, B THIATHRRIZINS IREDZ L rate TH o7z, Fiz, 7NV RIREIE 50ns
T, T coincidencez B A DIZFIED R VWESIZREL Th 5,

ZONIVADS B, FHFRMED PMTFEEDH D% NIM O coincidence A#1 T AND Z#H{%., PMT i
AERHY, 2D0 pairdH B EHB 5T coincidenceMEXILLIE gateABA < £ 512, 2 DD coincidencel 5 DfF
% FANIN/FANOUT &9 NIM IZANT OR 25, ZOfEH%. FUL < NIM O gategeneratorZ A#1C,
ADC O gate& TDC O startfE5%1E5, Z O gateliiX 1.2us T, Nal DEENIFITH &5 EWEERESIT
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_divider __ FANIN/FANOUT ADC
| : : : 200ns : cho
1 : ‘ delay |
! D l } 1 ch1
PMT1 : : ‘dlsc. : | |
1 | ch2
: 3 veto o : ! !
! ! coin. 3 l ; ch3
| ! 3 3 ' gate
1 ! L 1 ate generator
| | | | e ‘ LAM
PMT2 | e q | : width: 1200ns |
3 i @ o 3 3 veto * :
| | coin. |~ 3 | 3
‘ gate generator
PMT3 ‘disc. — ! ( width: 800ns ' start | TDC
: 1 ] J ‘ |
e : 1 w0
| | | | ; chd
| | i i 200ns 3 ch5
1 LD ; ; delay J
PMT4 |- & —disc. ; ; : ché
R l»—bto [, ‘ 3
discriminator 1

15mV  50ns iCAMAC

Fig. 2.13:DAQ System

£oTW5%, EFED countrateld 20Hz(count/50ms) AT TdH V. gateldiz & % deadtime iZFEZVWEEAS
N5, iz, gatefE51X CAMAC O LAM E&EiZfEbh, BFHEGTveto 2N TWa, D7k, KiiJ TE
ENA-TETH, gateh’ i THT gatel@NAL B> TLEH T &iEFR0,

2.7.2 Analogto Digital Converter

TEDEBENS 20T oNbONIBH D 1DODAIE. 40m D [FEE 7 — 7))L T 200nsD delay & 713,
CAMAC ® ADC Iz A%, ADC Tid. gateMBIL TV BMIZ Ao TEEEDEMNRE F Y ZIVIZEHL,
TR TDZRINF—2H[ET S, SREFEHLZ ADCIZAAN 16chdH V., TDH 5 0chh b 3ch: TEH
9, %7 datald 12bit. BI5. 005 4095% THOETIE - TKL %,

2.7.3 Time to Digital Converter

discriminator® {5 (X, 200ns® delay %7} T, TDCiZb AL 5N T3, TDC L, startfEENKTH
EEF Y RIVIEENRDS E TORMET VX IELT % moduleTHh %, 2y D coincidencevent T, 5 5
% 511KeV O PhotoelectricPeak® enegy TH % H DEEATLZ K., S HIZRIUKLIIFKE 2y 2B A LT,
backgrounde i@ 59 Z LA TE 5, R, FEHREZH W22 & T, acddental’s eventid, fEHT TH72 0 cut
THILENTE,

TDC X 8chd 0. Och? 5 2ch A TNIZDT3ch» 5 6ch&fWiz, ADC LRERIZ. B> TL 5H
X075 4095T. BF v RIVIT stopDIEBE MR VWIHEIL 4095% 3187,
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F7z, K (2.13)iiZ, discriminateo DfF5H 5, E# FANIN/FANOUT IZAN TS B DBIENN TN %Y,
Z M HJ11d gategeneratonZ AfL 5, discriminatorn® veto iZffibN T35, Tl L > T, PMT 2 51T
TEENHTE L EIZ, i TDC I discriminatordfEEN A% D&V T, RHIEHRZ FHIZL TV 5,
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Chapter 3

EXPERIMENT

3.1 Counts Estimation

FKaNERTRIZVS DIF, BRESDOILIBRIZHIT 5 PsdD 2y RO TH 275, EEEOBRTIE.
(13D EXHRT T INEFEESNDE DT TIERL, countdHIiZiX, Psh 5 back-to-backZ i3 % 2y Dfthic
et MPSEFERETIC e EXERML T 2y KR B5E0. 3y ICHEBL TH. X (3.1) DEkIZ back-to-backz 2

Y
! @wvvvv
WV\/ /\/\/\/\/\/\/’
Y
Fig. 3.1: A Caseof 3y Decyy

il & 18 @ ~ »' DetectoriZ A>T countENT U X IH{EDNEEND, 7L, PsD 2, 3y FE O
BREFHIZOD W TIRERD SH > TV A A, HEBIZD W TR ZOHBKFEN X< bh> Tz, ZZ T,
UTOSEEEAS,

P% = Npg, + Nugp + Nogp
P! = Npgy + Nagp + Nogo (3.1)
P? = Nygp + Nagp + No(1 — Pr)go + NoPrgp

ZZT. Noy, Ny, N, 3FNEN, et-e MIEH, para- Ps,ortho- Ps, 08 TH 3. %7z g, , g, FZTNZTH

27,37 IZX9 % Detectord efficieney TH 5., 2% Y POid. N,, N,, N, 27T 2y O efficieney T Detector
A2 TLBEED countE 5%, BHOEBRTIEZD XD countidB 5N NA, AriZhED —BLER

(NO) # AN/ IBASATIE NOIZ X % ortho- Psh 5 para- PSAND AV U ZHREBREMPL D, £TD PshH 2y

TEET S [2], RABERIZHI-T, 1IONOEZAFLEN, TONO R, BETHELLTT AQHH

BB/IZADTBY, ZIHhSHDEDAZEVHL T Cavity IZANFRY ZHREL THL., L0 T LIFIEHICE

LWZ ETholkld, ThOFRAER &L, Z07kd PO IE, BHTizH T freeparaméer & L TH-> T

%, ¥z, PYlX. £ T positran WERAGIIIZ 2 1272072 & ED countTH 5 H &, BT 5721 constantT

HBEREL TS,

PLE SHEBE para- PsHY 24 12, ortho- P 37 272> TWA DT, THEHBNE-> TRV EEZD
countTh b, DV hix, Microwave T FTIZFHHIL 72 & Z D countiZZe %D TH 5 M, ERRITIE,
Microwave & 2 F 72 WIRBETIEX, DT TV HRELDIREDEWVIZ X % geometryDZ{L, BEHHEDEWVIC
&% PMT @ gain DZALAB NS mTREMA D 5 O T, EERIZHFIZ, Microwave 27 J 7 REETIT o7z, TT T,
W5 DI F DS D count DS EX, BEG OAERHEIZ I U T/NS R H#PF T linearliZZz>Tns, &0
IREERE, COEMRE PLLTE, COREEBNILEHBRVDIE, BIRO L5z, FEH L CidE
SRR count DI RIEE DN DN SR V2D TH B, ZDH. EBEOD datarz R TEAIX, ZoREEHL &
MENZERBRTRVWZ NP> THITETHS D,
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P2iX, Pr QEIET3IY DS 2y \DEBMNE > TVWEDT, ZHIFHENE-/TLED countTH B, &Ko
T, ZTOD P2 NERIZ Microwave Z N IR E#Z(LES B & E 2B SN 5 counté 785, b XD, AkKRD
720 Pr i3

p? - pt

EEITS, ME@B2)IE. PU, PLONTA—RIZEYSEEZRA L. Pr ® Peak& #REIES DEIZ FHER{EZE 4 T

N

5700 5750 5800 5850 5900

Fig. 3.2: ExpectedP?
REEDTTT7THD, Baldk, TDX 7% countDBEfLE FHL CTEBREITH 2,

3.2 Histogram

EEIZ, 5T L OWEE LERFEEIZTBRVETETITON, DZVUTFT NOSHOHIE Ldh
. ZNE 5 x2=1005DREEIToILEVIZETH B, X (3.3)IFZD 5 5HOYETHS /- ADC D

80

5/13 4:51
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60 |-
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Count
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o L
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Fig. 3.3: Histogram

spectrumd I TH %, 7272L TDC OKfITERE AW T, EBIZES MR, BB TDC H 40954406 D D
AER> TS, £oT. ZTDF 7 717 Pedestali A > Tz, EBRIZIE Pedestalk 100chMfitich 5.,
N&ER5% &, 511KeV O v O photelectricpeak N ENNWIZRATWSE Z NSN3, pairkicd PMT 5D
Pedestalb & 72 £ @ Histogram%, 2X;tTplot L7zd DA X (3.4) TH5H, T bdD plot T/z datad >

12z To“ch” IRIETHP L ADCNDAT O TIZZ L, ADC DETFIRINDEDZ & TH 5,
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Fig. 3.4: 2D Histogam

b, BERZBDIX. EB 5% 511KeV O photoelects peakiZ A2 TV A HMTEDH DT TH B, TD 2y
eventZHL Y 9 729 (2 softwarelZ fTH R 7-/EZE D logic ZAT D@V,

1. 0-300ch O T—& count® % \» channelz €L, ZZ % 0KeV & A7%T,

2. 300ch & V K& WHIE T, X (3.3) ® histogramzE{ Y L. Z O#if T—& countd® % > channelz#7,
3. Z® channeldifll T, count?® 5 1275 & 25 &L, £ OHEFT histogam IZ gaussiarfit 217 .

4. FofEE%E, PMT ® pair D N ZHIZD W TIT I,

5. 2D ® gaussian) peakzfEET 5 &, X (3.4)DH T, 511KeV-511KeV DENEE 5,

6

. ZOBEDETES 20 OFF O countiz DWW T . TDC @ dataz A7z, IEL W23 event D H D
sum#zH 5%,

Fi&, REFHOWEZITH & Pedestald & AT 10chBEBI K CEANN->THY, WERMZE XY)o 72

Fig. 3.5: 2D Histogram(2)

DX DIDTH5, ZOEOEEE T, Pedestal 0KeV. peak#* 511KeV & LT, [ calibration&§ % Z
& . PedestaDZ B PMT O gain DELOFEEMA T3,
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(3.4) TR &, peaklltd comptonBlELED countb LW X H IR A5 AR VA, peakDFHIE
HIZH WD T, 1RXED histggram ZHNIEK (3.3) DEkIZ7 5, B7AIZ, 3RITLT eventZfEA LT3 &N
BED L2725,

3.3 The History of the Data

DIFTIiE, BoNi dataDZBEEZBVRHNS, ZNZNO datall D W THHAZITY., K (3.6)1IdhHb LD
2, 3/141Z, #W1®H TE & % o7 count& scanpoirt D datah’d 57z, 1.6HITHN/Z@EY, Falk, KB
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Fig. 3.6: DataWith No Peak

D PeakT® countDZEAL%E 2% BEEL BRED > TV DT, A< &% 1datapoirt 12D W TDHEEAZEE 0.5
W RBEICIHARTNE Peakid RARWIEA S, LEA TV, ZHE, 1 D0 pointiZD & 40000countsid 44
BHEWHTETHb, £oT, 1pointdhz Y D runtimeld, FIZAS 22NaV —RADHEETHRL LB TN
J D counth B 5N 5 X HIZREL 2, 3141220V T, runtime % 10 x 2 =20minutes 3/2313 10 x 6 =60
minutes 4/2313 120 x 1=120minuesiZ L TZ 1 Z 41 count® normalize®{T-> T\ %, countrate HRIE 5
DI, PMT & Cavity OFEEE $h AV v DR E D setup WED 12 TH 5, RIEZETHIAL 7z setup i, f#HT
WZHWERK data® o 72 EDHDTH B,
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ST, countd& U CIEFEDNZOVDH DD, 300D datald ENd Peakh R A T, H#IFE & 1Z. TeslaMeter
TEZESZHET 5D TIER <, MagnetiZii 3 EBREE=_X—L T, BROMEELHEGOED Caribraton Z 7T
2, EBOEBRTOHROMEEEREL T, LML, CORESKOLRAT Y AEBEL TEL5T. BIZHE
LELTASE, FUEBRMETORARKER/NETIX 30GaussEEDENH 72, 3/14 3/23D datald I d
RS EEEZHEL TORVEEDHDTH Y, BHREOHE TR UBSNER TE Tz &IiFEZ Iz Vv, 3/23
D datald L) P OEBNENVIZEN TV S D, LR OEHRATPeak g5 3N TLE - EEADNS,

4/23 @ datal¥, #I1H T TeslaMeter 2L THAEEDHDTH 5., ZDEIE Cavity ANELRDE £ T
HEEITV, ZOFER, <D bR N datallZZ>TLE 2 TW5, Ariz2oW0TiE, BEDEBRTHESNT
Wi s, LV HEBOATHERLLDOEN, BRDT—2E2R5R0, HERIOZELETHTEBbNns,
FIZDRNT2 XD, Ar FIZADED NOZRAELLLGATIE, PSiZ2T2y THET SN, 20X ICRERE
T, FNTNOHBIZOVTRADHEIPEN TV EDTERWHAERDNS, SRIEEZILEN DT
M, MRS CREE 2O &0 IOV T, studyBBETH 5,

(B.7)iF. #FIHTPeakPR A LEDONS dataTh b, 2 ZORE, ATBD & 52, Cavity ZEZIZL T

With Ar + accurate Field
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Fig. 3.7: The First PeakAppearance

WS Ar ZBAND EVWIEEE 3ERRVEL., BHED Ar 1 [JF TdataZz B> THhiz, FHLEHEMIZDO VTS5 A,
ZFOEAIZDOVT2HT D dataz B, FE 2E{To7H, 2B E D, FEHBER TIHIFITERICE->TH
v, FIEFEHTIX, FZH 5D enhancelR 6N %, 2[KT TENS LV dataBG ozl & T, ZOHSR
WWIEHEBAMESAH 2B DE L, T 524V datapoint TEEBT LI &IZLT,

ZO%, MHVREEITV, BEINICE SN datad’X (3.8) TH B, ZDREE, <[ U setup T 2 [l
I Tscanl., 2[A &b HEBIHEN W PeakP R A TWS, MEHHIIZIZD 5L count®E =iz otz KR
bHFEVRPOID T TEREITBYo7, CNSRFUHEOATdata®z B> THY, TDFEFE20%
MATzH DN, K (3.9 Ths, L, 0 datalz D\ THTEITS.

2ENBBoNEEDRBBBEFIIRALBZ0VDDONH B, COZEIZDVTEVBDELE, RETSAIVEAAORHNIDL
A= b, FTETHROIS IR TV DTRDHTHL,
S A HEQFEEREDOT, TTIC (BEED)513E0 S DRIMETREH 5,
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Fig. 3.8: LatestData
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ANALYSIS

4.1 Linear Fit

37

HIZED dataz 5 &, & U TIEHRIED peakBdH 5 L5 ICR A B M, MEHHIZZ NI signal ThH 5, &
BEADMBENDHD, 2ENERIZO>TVBEEVIREDREDHMTHY 55, LI LiTho>TIEIMD
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Fig.4.1: LinearFit
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5N, ZZTEY. datapoint2f&izxf U T linearfit 217 o7z, ZOEEN, @G 1D)DEHITHE, N
A =%, P17 offset T, P2HEHRDMEETH 5, V7 7DELEDR LN, 2 MEDFHERTH 5, reduced
2 = x?/(degreeof freedom)x % &, 2ENERIZE-> TV S, &) A[EEMEIX 80% TUMHERTE 2L,
CNTRRENRZIEEFTARVDT, thOFEEZEAS I LIIT B, BRAIC, FELIBFIFIIT U T linearfit
EIToIAERIE, FEEICRL (HEHICIEPPRTES)it ik o7z,

4.2 Signal Confidence

2RNERTH S L0 ABERERTE AN 270 T, #iz, HIRFIHOD datapoint 78, FEHIRFIKDE

96000 ¢ Z/ndf 1178 /4

94000 [ P1 0.4845E+05 + 1944,
C P2 7.284 & 0.33560

92000 . ¢
B iii L

90000

83000 L ! ‘ ! ‘ ! ‘ ! ‘ ! ‘ ! ‘ ! ‘ ! ‘ !

55560 5600 5650 5700 5750 5800 5850 5900 5950 6000

linear fit to off resonance points

- 2
- ¥/ndf 1178 ] 4
2000 P 0.6955E-01 + 122.9
- P2 —0.4912E-04+ 0.8010
1000 [ Hi
R i
S I RO IR IR I | |
—200 -150 -100 -50 O 50 100 150 200
the Enhancement of the Peak
1000
I o= 114
500 — . S %
0O } } % T T %
~500 |- f
I S SR | L | |
~200 —150 -100 -50 0 50 100 150 200

the Enhancement of the Peak(2)

Fig. 4.2: SignalConfidence

IX@B.1)® PO, P P2 ERFALZVRIZES.



4.2. SIGNAL CONFIDENCE 39

R PLOSHEFNCERIZFOVTLENE IR, LI ZEEHfN, M@.2)0—FLDOIF71F, K (4.1)
DFERUBDTHBN, ZDFVT7DPIOEAEERS &, +£1944 L7825 T3, FHIED enhancement’ 106
counttf M 2% T 2000fRETH B &&EZ 5L, N T enhancelBRmEWZEDBINTLE S, LML, EiX
NI OMIHEN KR E W22, EFEOHEE P2OBEESHOTLE> TS LT THS, £ T, datah
5P EELFIVT, SHICHBOFLERAICE > TETAL, TNHK G2 DEAFDT T 7 TH5,
IBFEI D count & LEH B THFAZEZRS LR, 0 o1& 1141278 o 7z, FLIRFEE O ¥ Tlx S00FRE
® enhanceh’® 5 DT, P1DFR#E +123 Z ANTH, K30 BENTH Y, signal DHERIZRSINIE L TR,






Chapter 5

RESULTS

5.1 Fitting ResonanceCurve

HIZEE TORMTHIED peak R AT LHEZE L.

HFSZRk® %, (3.2 XV, iz, EEOWETESNS countTH 2 P? I3
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r P 0.2046E+12 £ 0.4858E+09
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Fig. 5.1: Fitting 2 to DataPoins

P?=pr(P°—PYH + P!

41

ZDETIX., HERHSBE W - HEBHEE datalz fit LT

(5.1)
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e PL:HFS O

o P2:EMR P! OE

e P3:ER P! D offset

e P4: PO Off

o PSREIEDRE S By

D5DOEMY, ZD5RXILEMT x? BE/NE72 5 bestfit ##3, datapoint DL 13 TH B DT, d.of L8
Ligs, !
(5.1) 1%, error& L THEIMSRKE DDA E ANz datalz P2 & fit LIz D THD, ZDFERIE.

Avegp = (2.0456 4 0.0049(stat.)) x10%[GHZ] (5.2)
(Avtheq = 2.03427 x10%[GHZ))

Lot (VT 7 DEIFMAES TW5), 13 reasonabl@s{ETadh % A%, error A/NE WO THERED 51X 2.30
BN T3, 2EBRIZIZ systematids error MAS DT, B@HASDTHIESHIDLNSLK RS, ZHIZDODNT
B3R d %,
5.2 Pressue Dependencef PSHFS
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Fig.5.2: Pressur®ependencef HFSontheearlierpaper
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1 0Av
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= (—0.9340.18) x 10~ /(Torr of Ar) (5.3)

5.3 The Final Value
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Chapter 6

DISCUSSION

6.1 Causesof Difference

HFSOfEE LT, EFIZIZEFELVLHDOMELNLERB VA, 1.80 LI DIF/NERTNTIZRVLD T,
CORED N THERE L TH L,

F 21X Cavity D72 WIRFE THIES ORIE Z TV, Cavity DHUL A & BN 7z TeslaMeter D probe TE 511 5%
W% DfE & @ calibrationT. Cavity DL ERI 5. Cavity DMEIZ Al TAYFIE CuThHY, ThEHDE
BERIZEZBEIZEALEEDSRVA, Caity BREDEFELEZL DS XTI, SourceDED R VIEFeTHD, =
NBIIZE>THRNESEDSNEZNIEZDNESRN, THUEDNERT, MEHNEIZRTHWEHDX0/NEho
oo EVWSZEBTHEZIBNS,

F 1z, HEHHADIR Nz, Microwave D power 8—E T <, BN E W E ED count iz 7z D7 h o
o, 0S5 ZEBEBEAZONED, VI 7ERBRY., ZOFEIZL-oTIE, peakDMNBIZZNIZELIIFD &
BREZRW,

6.2 Improvementin the Future

peak MR A TH 5 BMFEREZH T X TOERFE2WET 2 RENEDN > 7D T, BIFICZH B & 572 5EH
DO TLEolk, COMTR, SRIDERZITIHEIC. WEARBREET THL,

e Source

F9, HEBEEZ LT 5012, £0% <D countZ 5 VI THRSKENDH 5, RIEHOJFIETIE, £
ILTH VAT LALKORENENHEIZL>TL 57D THb, TDbDFEEL T, Sourced #E %
EFE, VO DERBEHEBRBDTHS, SRIEFL Setup TH->Th, countratelZiF X ZRHENH
0. 10uCi < B TiES < FER L,

e PMT, CAMAC, Computer

B Z 1, EFEIZ SourcedE & VT T, 934EEICHEA L7 301 Ci @ Sourcek [F U D TEER L 2854,

4 D electronicsTld deadtime N L8> TL 4%, ZDFETH, [FIKOD logic # T.KT 5T & ThA

DIRIRT D EMTES, 7z, 5 datataking (Z{#H U 7z computerid 7 0 v 7 # 33MHz @ MS-DOS
macine T, 54 LHEW CPUZHAIX, ADCEEOUERMBIMS T LN TE S, countz T
AEE LT, PMT OFZEL LTS 5 pairzffs, LS ZEBEASBNSA, computerd ULEEF
MMEASDT, MEERACTHD, SHICFARX. VMEZFDOHEWHAKEZH VNI, ZhiXFEALRE
R HMETH 5,

e datapoint

OB T+ 27 count BB Sz BHEIE. o & %< O datapoint THIEEITINETH B, SRHDFE
BoUo7%R5L, 9L THIERBERD point D720 X H IR A%, T sidebandid, 2D &
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73 signal 2 A2 ERCTRIEHICEETH Y, 7L dataldbhid. SVEDIENFEADRTTH
%5, 512, BEME O dataT HFSOENHENIE. Y AT LDELDEDHEID N5,

MagneticField

BRGSO REIZE L TESE 0 b O THEER WA, B0 RMRZD dominantTH 5FEEFE 2 5 &, Shim
OFRED I —ERFLEL T, —HM2E LS 0ENH S, 5612 PsOAEFEEZE#ICRED
0. ShimDFEHE & U TERYUADHTEIZD W THFANTHNIE, FEFEEP TOMEDFRE%E +1 Gauss<
BWNITEDIRELLAEVWETTH S,

o, MERELTHRBRNLD, WEFOHLES ZRALN LU THETENE, S5ITHEORVER
MTE 5,

Microwave

%[ Microwave @ power € =& § % 71F T, BFHREFRIIIT> TRV, power ZEMHEIZD VT
. IEREIZIES D> THRNODT, power D dataz B> T, BEREOFHIECHONIE, XV IE#RENIE
bns,

Cavity

F9. Cavity NEEOKJUERENFE, &5 DIEBHEKZD T, pressurggauger AWV T, K[UEZ IEHE
BETBZENBETHS, £z, 5D Cavity 1& gasD iz DAN 1 DU 7L, BRERMIZH - THER
DREEROVATLEELDIRELY, QD Cavity Z/E> TH LKA I LIZE>TEBT
W5D T, Cavity DHEFEIEEEZEADNETHSIH, L. NHOKJUELZERIZHETE, ZhE—EILR
DEIBRVATLNTENE, 2BYVMUEOKETHFSEHIE L, [UEIZ X 2 EHEERD 2V,

pO
L OREE W2 T Cavity Z21E5 L7025 &, gasinlet iZ130 2 D ERLEIZR B A, ZOBE. SRIJEET

Eihotz PP DEEEEL T gassystem&{ED 721, Ar HIZ 5% O NO Z#BELLGE. LoDk
KEPELVTHA O, BN it OBHEZRMS T EICERERE®RNDH S,

INSETERETLIORELVY, SBRIDEREITEIETE (P20) AlX. &5 Vo REMAERMR

LTR->THLYL, !

1SSGO¥EE N 7 #T, TeslaMeterh' 6 #7d 5 DT, LF < ®1iF worldrecordd 2 T3 7z 1 ?
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Appendix A

The Positronium Hyperfine Structure

Positronim [ZE T L IBFETOHRERETH Y, ZD55FVIE QED TSN b, ZDETIX QED % f#i-
T Positrmium @ hyperfinestructue 25183 %, —fRiz. FEREE 2T HPERICEORBMEEERL TH
5D TEERHTEELBTERY, 22T, FIHAMERZ LTS 2R TR §TIERER (BEHTIERWV) A
2. BetheSalpeteEquationZ&H L, Z D AR % Positromum (2 H U THMIMEEER o OREXRDA —
X —C hyperfinestructure® K X 5,

A.1 The BetheSalpeterEquation

LRLFR DB BIRUE 4 5 spinory(z) TREN S, ¢(x) I& FeynmanpropagatoSr (z2, x1) Z{F> TRD
XIItET 5,

Ulaz) = —i [ doe1)Sr (s, ) )i (o) (A1)
ZZT
. l j) +m ip(xe—x1
SF(‘TQle) :Z/ (;jrz))ALinm:q‘F ,L-gep( ) (AZ)

do 13 4 Xt DOFAEB O 3 X THERE TH Y, n, FERMIZEEZNT MLV TH 5,
ZORERTIZIE Gaussh EH

/d4I8.iMF“(I) = /da(x)Fu(m)n“(m) (A.3)

F(z") =iSp(z — o)y () (A.4)

2RATHIEL L,

I
o

<fai ~moYb(a) (A5)

.0
(Z”/u% —mg)Sp(z—a') = 6W(x—2a) (A.6)
m
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D2RAE[MS &
O ) = iSp(e— a)pab(e’) + Selr — o) pulimaib(z))
day, M0 T L e, VL
—_———
mo(x')
0
= (g + Sl — i)
= —6W(z -2 (A7)
o T

/sdff(x’)isF(x — (@ (@) = - / d*a' 6 (x — ') (a')
—y(x)

0(e) = =i [ dole!) Sl — o ha)ia)

PRz &0 (AL RAFES R,

RITKLT a ERET b D 2K0F R DEBIBIEL thap (21, 22) ZFE A B, spinorimFa DT T &
Yiabyuo (@1, 22) (0 =1---4) TH Y tqp (& 8BMIEDEEZEFED 16 557 spinorTH 5. (A1) EDEHIZ LD,

Vab (T3, 74) =/da(xl)da(m)sab(xs:m;371,xz)%(xl)%($2)¢ab($1,$2) (A.8)

& 2 KT IHEIBI O propagatoS® (v3, x4; 71, v2) EEET 5. S 1F 16 x 16 THI LR UMD KA EF> T
T, BazEHobizE L

V(ab)uo (T3, T4) :/dU(xl)dU(ffz)SfL‘Zbgr(xsa954;xlaxz)%uu’(ﬂfl)?ﬁw'(IQ)w(ab)yw(Ilal’2)

Thd, 2RTHHAEFEAZL TOLRVEE,
1/J2b(551,952) = 7/)a(xl)'¢)b(12) (A.9)

Sgb(;vg, x4;x1,x2) = iSE(xs, xl)iS%(z4, x3) (A.10)

THhb, Zh% FenmanDiagramTERT LK (A1) Th5., 2K TNERMEAER%Z L T\ 5 & Z D propagator

3 4 3 4
1 2 1 2
Fig. A.1: free

Sab IHHEER 288 & LTk &K (A.2) D & 9 72 FeynmanDiagramT& 1 5%,
HTELL
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Fig. A.2: Propagatowith interadions

Sab(.’rg, L4321, CEQ) = iS(Il;v([L'g, Il)’LS% (1‘4, CL‘Q)
+ /d4$(}5 /d41}6i5(};~($3, 1‘5)2ng (1’4, Iﬁ)

x [(—ieq)vyiDy (25, 26)(—ieq)V2]iS% (x5, 21)iS% (z6, 22)
+ ... (A.11)

T T Tk DR’ (x5, z6) 1& photond propagatorCd 0. ~4, 4% X NEN S, SE ICHh D BITHITH %,
InteractionKernel K ® (x5, z4; 71, 2) & VI BIEERD & 5 1EHK UHEEROEREOEEZ & TET,

3 4 3 4 3 4
5 6
= + K
7 8
1 2 1 2 1 2
Fig. A.3: Kernel

S (23, w4521, 20) = iS% (x5, 21)iS% (24, 22)
+ / d*rsd*redt ood*zgiSE (13, 25)iS% (14, 6)
x K (x5, 26; 7, 28)iS% (27, 21)iS% (x3, T2) (A.12)
K ZREBEMEZBER TH LN, BEFO—-RETLEE(ALL) XD
K (x5, w63 w7, 18) = (—iea)VaiDR (w5, w6)(—ies)7o0™ (25 — 27)6™ (26 — ws) (A.13)
Thb,

Z ZCH[KI72 interactionkernel # €& T %, 2 A0 fermionlines O & % #4] % &R T kernel ' 2 D O parts
IZadons L& KETHRTHEEVD, 2DIZ0F5NRBNWEEBNITHE L0,

DIF. BERI7s kernelOf1 & K &K T,

—f& D kernellZBEKI72 kernel DFE TR EZ DT, X (A.3) X (A.12) IZRD LS ZFIT 5,

Sab(xg, x4; 1, x2) = 1S% (23, xl)iS%(m, x2)
+ /d4$5d416d4$7d418isla:(233, 1‘5)’LS% (I4, Iﬁ)

X Rab(xg),.7:6;.7:7,.7:8)S“b(x7,.7:8;.7:1,.7:2) (A.14)
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3 4 3 4 3 4
7
o
K
= + 7 8
1 2 1 2 1 2

Fig. A.4: IrreducibleKernel

(A14) & (A1) ITRRAT % & 2K T BB AN E NS,

Yab (T3, Ta) =/dcr(xl)da(:vg)iS%(xg,xl)iS%(m,atg)?ﬁ(:vl)ﬁ(m)iﬁab(xl,xg)

—|—/dcr(:z:l)dcr(zg)/d4x5d4xﬁd4x7d4x8i5%(zg,x5)iS%(z4,x6)

x K (x5, 26; 17, 28)S™ (27, 285 w1, 22 )h (21 )h(22) Yap (21, T2) (A.15)
HHEMTOWHEEMTHE2E—THE dup(r3,74) LEE, BEHT AL ZH> T oBAEETLATFEEEH
ABL

Yap(r1, 22) = Qap(w1, T2) + /d413d4x4d415d4x6i5%($1,955)2'5%(%,966)
+ K (5, 26; 23, 04)Vab (€3, 74) (A.16)

Z 7 Bethe-SalpeteHF R Th 5.
bap (3 B BT OB BIES O THAFIRE D BB (A.16) DE—THER WK TH 5,

Bethe-SalpeteF R Ik 4 BIE TEL TN TE 5,

(2@1 - ma)S%(Q?l, I5) = (5(4)(331 — 115) (Al?)
(’L'$2 - mb)S%(mg, xg) = (5(4)(1‘2 — .176) (A18)

XV ALIZENDS (id1 — mg)(ids — my) EDT S &
(1d1 — mq) (id2 — mp) e (21, x2) = i/d4x3d4x4[_(“b(m1, T2y T3, L) Vap(T3,T4) (A.19)

DA - BN HERR D TE V2 Bethe-SalpeteHF IR TH 5.
RITEFRZE[ T D Bethe-Salpete HFIER Z2HF <. Yup(w1, 22), K% (21, 70; 73, 74) D FourierZ#i% znzh

1 .
Xab(pl,p2) = (27‘(‘)4 /d4{1;1d4;1;261(p1'r1+p2-xz)wab(ml’m2) (AZO)
_ 1 ) _
K®(p1.p2ips,pa) = 2n)° /d4111d4x2d41:3d4x4e7’(p1'I1+p2'“*”3'13*p4'””4)K“b(:l;l,:vg;xg,a:4) (A.22)

LEHT S, (A19) % FourierEHIL., AT [ dahd*a) 6@ (2 — 23)0W (2] — 24) BAND &
1 ,
(27)* /d4$1d4w2et(pm+pm)(ml = ma)(id2 — mp)Pap(z1, 72)
1
= fw / d4m1d412d4m3d4x4d4mgd4x25(4) (25 — :1:3)5(4) (xly — x4)

X ei(plxﬁpﬂz)f{ab(ml, X253, T4)Vab (T3, T4) (A.22)
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R EERIEST U AILD 6 BE p), p MO OFIZT 2 L

. 1 , : ;
(f£1m) = (2! /d4x1d4m2[(7w'91 — mg)(—id — mb)el(plxl'*'p”z)]wab(xl, x3)
1 .
= @) /d4x1d4x2 (by — ma)(by — mb)el(mm+p2m2)¢)ab($1, 22)
= (b1 — ma) (b2 — ™) Xab(P1, P2) (A.23)
N 1 1
(A1) = —(271_)4 L /d4m1d4x2d4m3d4m4d4mgd4x2/d4p’1d4p/2

- ’ - ! /7 . —
e'P1 (I3*m3)elpz(x4*m4)el(p1951+l’2x2)K‘lb(xl, To: T3, -T4)'¢Jab(x{3, -’1721)

1
— _(27r)8 /d4x1d4x2d4x3d4x4/d4p’1d4p/2

o (P171+p2zo—pi @3 —phTa) [‘(ab(

I1,I2;$3,I4)Xab(p/1ap/2)
=— / d*pd*py K (p1, pa; b, ph) Xab (D) Ph) (A.24)
£oT
(by — ma) by — 1) Xab(p1, p2) = */d4p/1d4pl2kab(plap2;p/1’pl2)Xab(pllap/2) (A.25)

N AEB) R 22 T O Bethe-Salpete HFFERX TH 5.
positraium OFEE me =mp THEDT2HRTFOEENEFL VW EZDABREENTEI I,

1
P=pi+p2 ; p= §(p1 — p2) (A.26)
1 1
& n=zP+p p2=5P-p (A.27)

LEEHRE P EMEHRp 2ERL. FEREEEHMA S, EHEARFICXD
K (py,pa;pl,ph) = 60 (P — PK**(p,p'; P) (A.28)
(A.27), (A.28) % (A.25) ITfRAT % &

(%Pa+ﬁW—m>(%Pb—¢W—m)xm(,P>
:*/d4p/d4P/ a(pll’pé)

oy, P)
=— / d*p' K (p,p'; P)xas(p', P) (A.29)

K®(p,p'; P (P — P')xas(p', P')

HDDEFHEN K ThdELE
Xab(p, P) = 0D (P - K)

P=p+k
ERALT
(%K“+ﬁ—nﬁ(%K@—#—WQXM@%:—/@%KM@m+kﬂoxm@+m (A.30)

OB ABERIT K ofMEGEREAEMEE2FE S, FEMIIEAEREZM T LI12X > T 2 D0 fermion D HFEIR
RED enegy spectrun??’ske 515, (EERIZIE Ko I3EBEL DO THBIZRL LI TERY, )
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A.2 The Bethe-Salpete Equation for Positronium

BT CIE—RD 2 KT ORBREZ > TV H, T2 THT a % electron #iF b % positron& L T, #i
T & KA O RMEIRETH % positonium (2D 1T D Bethe-Salpetei FER (A.30) & H T 5,
electronl K7 &R 3 BIBIEIE (A1) TH V. FRIC positron 1 K7 % K IEBIBEEU

Dy(a) = i / do(2 iy (2 Yh(z")Sb (z, ') (A31)
THs, WML AR, 2HTOHAERE L TOALE X, 2HTROBHERE

Vo (€1, 22) = Ypu(@1)0 (22) (A.32)

THY., TITpldelectrondEEBEHD AL ) —)VIHEFTH V. o i3 positronDHEFTH 5. (A31) XK VHA
ER%Z L TW5 2k TR OEBBEEE

Vuo (T3, 24) :/dU(Il)dU(M)Suow(ﬂ?saM;Ila952)7/Lw'(171)7/brr'(372)1/)u'r'(ﬂ71a1‘2) (A.33)

Thbd, P kemnelK ZHVT Sy ZAL) D XD IZEERL, B—HORBNATHLZ LDSZL
KEUERIZZS, ) (A33) IR AT % & positonium (Z$51F % Bethe-SalpeteifERX A E 5115,

Yuo (21, 22) =bus (21, 2) + /d4$3d4$4d41¢5d4$6

X 1Spuu (X1, 25)1SFoo (Te, T2) Ky orvr (T5, Te; T3, Ta) Yy (X3, Ta) (A.34)

COHABEAZEHEFEHICB T H2RNCESRA, BOEFECAANEREZEE D & (A18) BRFFSAHIILE &I
EE). &&NEXNEEN5,

(50-m) (5P-b+m) xuw@.P)= [ Koot PrcltP) (A39)

Hop oo

A.3 The Bethe-Salpete Equation In LowestOrder

Kernel K (2R D FeynmandiagramsDFI Tdh 57z, 3 (A.35) IHE I L IFTERY, ZZTK
DEBHORIERXDIEE TEA THEREMEL,
K OBREXRDEIZRD 2D TH 5,
Feynmanrule £ 9,

M o) v o
, , X1 X2
X1 X2
X1 X2 X1 X2
v 1 v T

Fig. A.5: Interactionin thelowestorder
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=, 1 N / ’ / 7
K} g7 (P1, 923 17, 1)) =@ / d*ardieadt o dalhe! Prov P T LT P TY) ()2

X (VyiDrap (w1, 22) 1060 (21 — 7)8W (w2 — %)

- ’YgaiDFOéﬁ (‘rla xll)ﬁ/fl,(s(él) (1'1 — 1‘2)(5(4) (J;ll — xé))
1 . , ,
:—(27r)8 / d4x1d4x2ez[(prp1)m1+(pz —py)a2] (72-6)27;':”7501'1)1?% (21, 22)
1

()

/ Qg AP P)m =P (200 A8 iDp o (e, 2

: \2
—e .
:5(4) (P - Pl) ( ) A/EUA/EGZDFOM (p B p/)

(2m)*

s \2
—1e .
80P P S 28, iDeas (1) (A.36)

Z ZCHIETRIER P p IZEOEIE, HNEETH S,

P=pi+p2 ; P’ =p +ph

p= %(}h S MR R VS (A.37)
EHRRTFEEREL TAIG)EEZHMADL L

—ie? ie?

Rgayr(pap/; P) = Wﬂ/ﬁu’YEaDFaﬁ (p - p/) + —VVﬁaﬁ/EyDFaﬁ (P) (A38)

e
27 (2w

H(A.38) K (A35) IZRA L. p=p+k HLOEEEZ K & T 5% LEEOREKXE TO positraium O
Bethe-SalpeteHF iR W {51 5,

1 1
(3xep-m) (5K-pm) oty

—ie?
- (2;)4733750 / d*k(DFag (k) — Drap(K))xur(p+ k) (A.39)

A.4 The Nonretarded Limit

A (A.39) D kernelld  7ZEFRICEFTRET 2ICEEMTH S, £ T propagatoDr” (k) DHREIEKFIE %
H\HT S5, T4bb
D%”(ko,k) — D;V(O,k) (A.40)

&35, ZHIFMHAEMERD retardation® R T 5 Z &b iz b,
Z @ nonretardedimit TH(A.39) Zf#<. WiIZ 1inE #DF 5L BIFITHE 272 L D124, BENEN
electron® FEBIBAEL .. positon DEENBIEL o, (DB 1T TH B, )

2
Fxas(p) (A.41)

> a 1 a a 1 v v
() = A (5%}(“ + " m) o (—vﬁK —Pp” - m> Xab (D)

HLDRTEAD L
K = (2m — Eg,0) = (E,0)
THBDT, a=v7. =7 2> TLEXEZFEEET L,

1 1
F(p) = (§Eaa-pﬁam+p0> <§E+ab'pﬁbmp0>

@E () + p0> (%E AR po) (A42)
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T T Hy(p), Hy(p) EZFNZ N electron& positrond free ? Dirac Hamiltonan T 3.

[:Ia(p) = aa'p+ﬂam
Hy(p) = —oup-p+fym

KIZ(A39) DEBEEZD, (A40) DIEMEES & [dkDY (0,k)xa(p + k) DIRBIE DTS & Jeic EIT
THILENTES, AUOEREHES ZFEITL

ban(p / dpoXab(po, P (A.43)

&, EHE p OIS OAKDEEBE 6(p) LEFRT DL, (A3 FIEBDOKE L TRD LD IZET 5,

. 2 3
Folann) = 5o [ Gy b (D 0.0 = DE(K,0)6u(p -+ k)
= I'(p) (A.44)

Eilld po MO EEITL. BRES p DAIZEBEIZLED, 207D, EREE. AR O KB
A\ projectionoperatorz A N D & 9 IZEAT 5,

Ag@»___i)_?gfil n=ab (A.45)

bl = 4+/m2 4+ p2 Th b, H2(p) =w?(p) £V A7 BT OWE T
(An)2=A7 , ATA" =0 , A" +A" =17 (A.46)
()AL (p) = AL(p) H]'P) = +(p) AL (p) (A47)

Zn2RX&v, R(A44) OFETIZ AL (p)AY(+ DIHEEDERABBODOENTH LWV, ) 2EASE% &

ARl — AL (35 Hulo) + 0 ) AL @E - Ap) po) xalo)
= <%E¢w@%+m>< E¥xw(p ) P)Xab(P)
= (3EFew+m) (35700 )xﬂ (n.48)
X o T(A44) iE
(387 t) +0) (557 0) ~m) xa2l0) = R PIAL )P (n.49)

L7825, dap(p) EELFARKIZ, xav(p) & po WA U E ¢ (p) LEEHT S, (A49) XD

1s(p) = / dpox-+ (1)
/d 1 o 1
PTETwlp) +p IEFw(®) - po

ZZTEDLDIT pole® X iF 2N IEREESDDRHETH 5, KRR ZLRD 29 IZ Feynmanpropagatod
B SITHIOFETt & t+ic. pEp—icLTHLTpole® XIT5EVIFEREMEERL TWD &K
2. w(p) — w(p) —ic LIRBIEZADEBAEIZTS U THEAST 2 L0 I BERAEKELZRT.,

Al (p)

H-<

>
o
S
!
)

1 1
$++(p) (/ pO%E:Fw(p)_;_poj:ie %E:Fw(P)—poiZf) £4(p)
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ZZT

THd, BREHL2ME> TR EETT R L

b+v(p) = *%Ci(p)rwr(?)
21
¢——(p) = E+20(p) (p)

FHERIT
(E —2w(p))p++(p) + (£ +2w(p))p——(p) = —27mi(l'y 1 (p) — I'-—(p))
L725, (A46). (AAT)EfES &

2w +2whp__ = (—wf\if\z_ - f\iwf&ﬁ_ +wA%AY 4+ AWwAY)e
= (A2AY + AAY)(—H, — Hy)o

(1—A%AY — A%AY)(—H, — H,)¢

(—Hq — Hy)o

59

(A.50a)

(A.50D)
(A.50C)

(A.51)

EoTAp) = Ari(p)— A _(p) LEL L. (A5L) OFHBIE —2miA(p)[(p) I272 0. nonretardedimit T

Bethe-SalpeteHF R W H 51 5,
(E — Ha(p) — Hy(p))d(p) = —2miA(p)L(p)

1BBOREROEHE TOLELTIE [(p) Z(A44) TEHRS NI DEED,

(A.52)

CZZTAp) =1 ELTAT VT —BEERTELLRET S, T5LA52)ICA44)ERAL. &1

¢(p) % Fourier Z£#a U TEMEZEH D BB o (r) ICEEHR D L

[ e P (B~ fu(p) ~ 2 0(p)

d°p _ip. d3k o a v v
S / ¢ P / A bt (D (0, k) — D (K, 0))é(p + k)

(27)

(8= H.69) = (9)o(r) = (= [ G 5e® Tt (DR 0.8) = DE(K,0)) 60

= (Ui(r)+ Uz(r))o(r)

(A.53)

L5, CORBMEEROENET LS vV Ur(r) + Us(r) TH 5 Dirac SBREF L TH B, Ui(r) i&

Coubmb#HEAEM. Us(r) & Virtualannihiation iZ X 2R 7> > v )L Th 5,

DUF Cld FeynmangaugeT Uy (r) Z51E T 5, Us(r) IZEMER D TRZIHER DA 2EF <. Feynmangauge

Tl&
i 1 (kikI
Dyp(k) = 2 <W—5¢j>
1 (kK 5
(N A
k2 \ [k[2 "
1
DOOk _ -
F( ) +|k|2

Dg(k) = Dg(k) = 0

(A.54a)

(A.54b)

(A.54c)
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RO TAS3) ITRATS &

Bk e[ 1 (ao-kay -k 1
_ 2 iRT - —a ™™=O ™ 3 -
Uilr) = —e /(2@36 Lw( e “b>+k|2}

3 ik-r
A EEITTB L, /"'k3 €|k|2 :ﬁ;@ Uy (r) OEIAE BT X < A5 Coubmb K72 ¥ v )b
E52%. BHOBME Y, (%2) - |k|4 LA RS &
Bk gy 0o koy -k Bk gor (K
[ kT S = v [ gt (0 )
_ i dgk zk-’l" 1
= =5V [ G @ Tk
1 1
= 5(41 Vr)(b T)E
11 (a-r)(b-7)
. (a~b ) (A.55)
Yo THIHRT > 2%l U (r) &
21 (g -7)(ctp-7) ag-ap 1
iir) = ﬂz—r(%'ab 2 ) ; *ﬂ
B e2 1 1 (ag -7)(ap-7)
S {;_5(aa.ab+—r2 )} (A56)

Thb, Zhid BreitinteractionE FEIEN TV 5,

A.5 Nonrelativistic Reductionof the Two-Body Equation Applied to Positro-
nium

RIEICH L7z AR 7> > % )LIH % > T Dirac 5F230(A.53) Zfi# T hyperfinestructurez & L & 5.

EH 1RT 4 5 Dirac /R IXIEM S FR AR T 2 0 Pauli R I272 5, Pauli FERIZ X Foldy
Wouthysentechniquez (> TIRES €% Z LA TE 5, T DJEIF Hamiltonian? 5 odd operator® % ff <
unitary 2 Up 2EFS 8553 Th 5. T 2T oddoperator® iZ Dirac spinor®d 2 D ® 2 {4 spinor D
SNEFEONIT S operatorTH 0, a®yRETHSB, FHITH L evenoperato€ & 2 53 spinoriZ i L TH A
75 operatortdH 0. B 172 ETH 5, Hamiltonian’ evenoperatord & TENN TS & 2 DD 2 A4 spinor
i& Hamiltonianiz & > T& & 572\ D T Dirac AR Z N ZHIMAIT7Z2 2 54y Pauli FERIZ72 5,

% & d Hamiltonian®?

H=Bm~+E+0O (A.57)
DETEIN TS & E, Foldy & WouthuyseniZ & % & unitary Z#13 % &
H = (}ElHUF
— Bm+E+ ﬁoui[[oa o- B ov . (A.58)
8m?2 8m?3

L85,

CNERUAED 2RMBEICBEA S, 1657 OB O AEA(A.53) Z et milIMmiR 2 & v, Skt
D AR OFERICTEESE 5, B0 & FRICEBIBKOR T O & 4 5 spinort @ i & U
% operator® oddoperator& iE# L. oddoperatorz & < unitary Z#1 U, ZEFSE 5,
—f& Iz 2 KEE O Hamiltonan XX D & 5 1I2EF 5,

12 = BYmy 4+ BPmy 4+ (EE) + (EO) + (OE) + (0O) (A.59)
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ZZTAW, 8P 1F 16 x 16 {TFI T, KD X I IEREN S,
Y = po1 (A.60)
4D = 198 (A.61)
Chrapliy {2 & % &, unitary Z#1(Z X - T Hamiltonianid AT D £ H 1272 %,
fllz = ﬁﬁ1H12012

s g(2) 5(1) 4 g(2)

= BWmy + P my + (E€) + 2—ml(05)2 + %(50)2 ~ 5=(08) W(eof
+ 8% 1(08), (£8)] ., (08)]_ + 8% ((€0), (£8)] ., (£0)]_
(1) 3(2) (1) (2)
+ s [(0€),(00)]+, (E0)], + Fo+h (00)? + ... (A.62)

4(m1 —+ 7TL2)

Hyo (2 16 A WEBIERIERA T2, BRTFORAIDAD 4DD ARABBRRCHETHENTES,
Pl ED 7% Positromum (Z#EHA 3 5., (A.53) 1231 T Breitinteractionl/; DA EFZ X 5 &

4m1m2

O = o pt g0y,
HO = _a® . pi 5@,
% 0 (A53) % explicit IZE < LUT D&%,

H(r)

(1) . ~(2) (1). (2.
_ {a(l) e a® pt 5Dy 4§y + elrﬁ L 2a - (« 7“2):204 7‘)}}@(7‘)

= Eo(r) (A.63)
Positraium OFE, my = ma = m,e; = —ez = ¢ Tdh %, HamiltonanH D operatorz even & oddiZ531F % &

62

E0) = —aP.p
08 = +aW.p
2 (@D .r)(a® -7)
_ ~— la®.q®
(00) = +3, {a a 2 }

Thb, TNIVRA62)ICHTL BFEEHET S L
(0€)? = (£0)? = p? (A.64)
(O = (£0)* =p* (A.65)
{{(08), (E6)]-.(08)]_ +[[(£0), (£€)]-. (EO)] _} =¢? [(a(” +a?). (r% X p) + 4% (r) (A.66)

2

(©8). €01 O8N, =22 | 7 (%) p— (@) -+ 0®) (5 x )|

a(l) . a(2) 3 a(l) -r a(2) -r S
—_ 62 |: Tg _ ( T)5( ) _ ?53(T):| (A67)
B 3et

007 = [3 90 q@ 4 (@ 1)(@® -r)}

(A.68)

| 2r2 72
INBDEZA62) IZRAL, 1,3 -1 &F3 & 2545 Paulispinor AERRANE 5N 5,

H1P2ami 12(r) = Era(r) (A.69)
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T
g = g Hy - Hy + Hy o+ H (A.70)
THhD
2 2
HO — _€_+I)_
T m
H, = L
1 — 4m3p
e? [p? r e
H = g B (5 op) ] e
32 /7 1 )
o= g (Fxp)@-a®)

H, = (U(l) 0-)63(7,)

5 —

2 [oW. 0@ 30W.r)(o?® r) 8w
r3 rd 3

dm
ETF. BET D Virtual Annihilation Term U, (r) 2 AN TEIE T % & Pauli AR OGIBICEBEIE Hs DM 0,

yye;

H =
57T om?

(3+ o). 0(2))53(7,)

Th 5,
Hi(i=1...5) HyD"5DIZRNF—FEBEDOTHAE 2RTEBHEHTH Y, p-PsizHBI 5T AEs X
AEs = (Hi+Hy;+Hs+ Hs+ Hs)s

4 4
) I A71
ma” +040 ma” 4+ 0 ( )

0-PsiZHBIT 29N AET &
AEr = (Hy+Hy+ Hs+ Hy+ Hs)r
- _6i4ma4 +0+0+ %ma4 + ima4 (A.72)
XoTINXY p-Ps& 0-PsOZRIILF—FEHHEDZE, hyperfinestructureAW 7% O(a*) TR S,
AW = AEr— AEs
= Lot (g) (AT3)

L%,
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Appendix B

The SelectionRulesfor Positronium

spin3 @ fermion D5 ¢ (z) % gauges A, (z) & LorentzBEDRBIZ /2> T 5 LR, FEEFERZEH#T
& % Parity Z#1 P, Chageconjugaion C'. Timereversda T ODRETHH 5, % L T QED d Lagrangian P,
C. TZNZFNOEBIIH L TAZETHS, $4abE P, C. T OEEHEEFREFESH, CORERH»SEEE
FIRRADENIND, TOETIE C RIFED HAREBRO triplet-positonium A 3y IZHHEE L. singlet-msitronum
W2y ICHEET S & W) BHRAIZED 5,

B.1 ChargeConjugation Operator : C'

ChageconjugationC X XD & S IEHS NS, ¢

CA(z)Ct = —A@x) , Cl@)ch = —1() (B.1)
Cip(x)CT = ne(x)
= neme(2) (B.2)

Z T 1. \& constanphasdactor T, || =1 T 5. £ (B.1)(B.2) % Fourier Bfi ¥ % &, v, A O Fourierf
43y Cd % fermion, photon® creation,annihilatin operatora; bl ol o CORBENRDBN D,

,87 7 p,8) TP,s
1 L -
Cp(z)CT =" ﬁ(O%SCTuﬁ,sem"“ +CbL Cluy e ) (B.3)
D,S
(x) = nyi(@)

1 f . .

_ E _ * —ip-T o * 1pr

B \/ﬁ[aﬁ75ﬂf2uﬁ7se + bp“sfyzvﬁyse ]
Dss

T Suv ¥k

EERELTVEDT
1 - -
¥e() = 3 5 brsupse™ + aj vpse ™) (B.4)
(B.3) & (B.4) 2R B &

Lcorvention 1% T.D.Lee"Particle PhysicsandIntrodiction to Field Theory” IZ{€ 5 7z, QED O — Y#; A, (z) & Coulombgaug % & ¥,
A(z) LTV 3B,
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CazC' = nebps (B.5a)

Cbl .CT = neal, (B.5b)
(B.5b) ® hermitianconjugate® & % &

Cal, CT = bl (B.5c)

§ 7545 Chageconjugatbn operatorC 34 F % i T 12 Z#a§ % operatorCH 5. A b @2 Fourier BBI$
% & photon® creationoperatora|, | & C BN KD 5N 5.

Cal ,Cf = —al, (B.6)
B.2 The Selecton Rules
(B.6) X V.
Cajal--af|0) = (-1)"alal---all0) (B.7)

&2 T nfld photon?'» 2 RED C EHER (-1)" TH 5.
2541 ; REED positonium @ C BEHTEER (—1)LT5 ThHhE Z L2 ATFTR%ED, 2L, IRED positonium
BRD & IZET 5,

ERTRE /deLM DX (0201 Carm )k, B 0,10) (B.8)

moza

T 2T Chrm(p) 1& Clebsch-Gordo (%% (L, M|m ) \ZEBB O BRI ITKFT 5B T DTH,
Xm (02, 00) FAEVBET, 0., 0l IZFNZH electron,posibn DAL D 2z A TH B, ym(o.,0l) lEFm=1
(triplet) D & & 2 KL TIZD W THFR, m = 0 (singlet) D & & 2R 712D W T2 DT

Xm(02,0%) = (=1)% X (07, 02) (B.9)
EQ/
Yeur(—p) = (nn — 1)*Year(p) (B.10)
Cal, b 5, 10) = Cal, cClcb;  CT0)
= b;az L |0)
= _pg b; ,.10) (B.11)

& o TIRRE |29, ) 12 C 2EA S T(B.9)YB.10)(B.11)&f#H &

CIHL) = 2 [ EpV i o) Cn(pICal, b g, ]0)

maza

- - /d3pYLM( 52,0 Catm(p)a 5,0, 0)

m,oz, O'

= Z /dSPYLM P)xm (0%, Uz)CMm(p)a;,az biﬁya; 10)
m,oz, O'

= /d3 YLAI )( 1)S+1Xm(o-z" U;)Cﬂfm(p)ag"a-z biﬁva’; | 0>
m,oz, O'

= (=DM (B.12)
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PAEZ XY 2941 JREED positronum @ C BB ERK (—1)L+° THh 5,
X o Ttriplet3S; JRE&IZ C = 1. singlet! Sy REIZ C =+1 THBDT, CRENLZNTN 3y, 27 IZHEE
TBEVHIBERANELNS,
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Appendix C

An Approximation

BEDORT[1] T, (1.85)H 5. éac:gmgwg, EQN% LEBILTVS, 2hRED
K 2
T+~ Yo
2
A/NQA/l_‘_ﬂwo

4
1 awy B
Uwi%ﬁ (C.1)
V1+Z 0
2
de—£w0
4
ER5DT, Prix
K/iL'2
Py = "‘/0(2"/1 + Two) Xy (C.2)
- _ a .
(w— Fwo)? + (271 + "Fwo)?(1 + X)
2
L ER R (o)
dyim 1+’j1—24~/1(71+'ﬂ1i2w0) By
2
e]? 27 T 2n
Y = (pr1 4+ Ppy) ~ +
T P P Y T \ P e P
51T,
z? dus\* B3 _ (dus\" 1 ho\?
W o = w — Zo _ (485} — wow — B2 C.3
w4d0w<h>m(h>w0(g%3>wow 0 (©3)
THHNH
Ao\? K>
() <t (245 )
Pr= 2 (C.4)
( n )2 B2 +( h )4 2(2 +m2 >2(1+X)
wWow — —_— W, 7 — W,
dus) 0 gus) O\ T T
L85,
FLHBH L
B4

XY

P =
T BB+ + X)
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h ka2
B = g’MB \/Wwo 4 Y0 (2*\/1 —+ Tu)()) (CS)
By = V/wow
0 7 s 0

2
F — /h \/WO (2,\/1 + ﬂw())
9B 4
L2, ZORBOHAHN, G EMEENZE - /2 LorentzianiZ R AT VA, Z OREDOILBRES X, (CH5) LD

By, = Wow

0
= 5757.9 [Gaus$ (C.6)

THY., (L8NENKRVESIMEIZZ>TULE D, BEDERN, DD S E S > T HyperfineStructure
ERDIMISEMTH B,






