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Abstract

Positronium is the bound state of electron and positron. In its ground state there are two differnt
states. Onme is spin singlet state, described as 1Sy-state, and the other is spin triplet state, described
as 35)-state. There exists spin-spin interaction between electron and positron. This makes an energy
splitting between the two states of positronium, which is called hyperfine structure. The theory of
quantum electrodynamics predicts the value of the hyperfine structure to be Av = 203.381 GHz. To
measure the hyperfine structure is a good experiment for a test of quantum electrodynamics.

Experimentally to determine the hyperfine structure, we need to put positronium in static magnetic
field and give oscillating magnetic field of microwave frequency over positronium. So we did some prelim-
inary measurement on positron and microwave engineering, which are mandatory for the measurement

of the hyperfine structure. And we obtained some results and techniques on them.
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Chapter 1
Introduction
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Chapter 2

Principle of Experiment

Positronium (FE-F & BEFOFAEIRGE) 137 D 2K 1T & Y IESREN K X< 2 FHICH T 6Nh 5, Ps
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2.1 Theory of Experiment

FEHOFL OBIHIE Appendix A T2 DT 2 CIEHHIClN 5720 2 T 5,

2.1.1 Spin Eigenstates
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2.1.2 Transition by Static Magnetic Field and Microwave
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FIGURE 2.1: The energy splitting by static magnetic field
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2.1.3 Resonance Line Shape
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FIGURE 2.2: The Resonance Line Shape
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2.2 Design of Experiment
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FIGURE 2.3: The schematic diagram of microwave system
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2.2.1 Magnetic Field
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2.2.2 Cavity and Microwave System
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2.2.3 ~v-Ray Coincidence Detection
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FIGURE 2.4: The schematic diagram of experimental apparatus

2.2.4 Problems
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Positron — from creation to annihilation —
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2~ Detection Using ADC System
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Output of Electromagnet
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Chapter 3
Passage of Positron through the Air
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FIGURE 3.1: Measurement of 2-gamma
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FIGURE 3.2: Measurement of 2-gamma



Chapter 4

2v Trigger of Positronium Decay

Hyperfine Structure OHEICH 72> T, JEBHENE OBREORRZ2ET 50 % RED 572912, 2y
Decay @ Event Rate 3¢ ORRETH 50 %M > TBLBENDH L, TDIZ IO T RN T2 5 723
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7z Event 721 2HY B ST T 6720y, F242 Background 2L TEAXONLDIILUTOMY TH S,

e Accidental Background (Room Background etc.)
e Ps 3y Decay
e 1275 keV ~-Ray from 22Na

Ps 7% Decay §ARHIE, Ps OMEITIZFL AL IEE>T S 2L TRWOT, 24 1 Back-to-Back IZ it
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FIGURE 4.1: Decay Scheme of 2?Na,
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FIGURE 4.2: PMT calibration.

TABLE 4.1: PMT calibration factor

PMT  Calibration Factor [keV/ch]

PMT 0 0.5988 £ 0.0093
PMT 1 0.4680 £ 0.0006
PMT 2 0.4724 £ 0.0058

4.1 PMT Calibration

913 ®IC Photomultiplier Tube (PMT) D% 7z, F7z PMT 1 PMT 0, 1, 2 @ 3 KT
Hb5., ThZhd PMT IZid 2 inch @ Nal Scintilator 23 6T 5,
PMT @ High Voltage l3LATF DY TH 5.

PMT 0; 1660 V
PMT 1; 1400 V
PMT 2; 1540V

Source & L T 7Cs, 9Co BL U 22Na & /=,

4.1.1 Caliblation

137Cs @ 662 keV. 9Co @ 1173 keV B LT 1333 keV. 22Na @ 511keV (Positron Electron Pair
Annihilation) B XU 1275 keV @ y-Ray Zffi> T PMT @ Calibration 21778 - 7=,

ZhZh @ ADC Spectrum @ Photoelectron Peak 12K G 95 & Z A% Gaussian T Fit L. ZDFH
fli& Pedestal 76 Caliblation L 7z, Z OfER Fic. 4.2, TABLE 4.1 137”7,

4.1.2 Resolution

Calibration 9 % & ¥12477 - 7z Gaussian Fitting D HZ AT, EZXVF —IIHT S PMT @
Resorution #3RKDBZ M TE S, 2N 5D Resolution R 1&. Pedestal 7*5 Peak £T® ADC Channel



TABLE 4.2: Resolution of PMT

Energy [keV] PMT 0 Res. [%)] PMT 1 Res. [%)] PMT 2 Res. [%)]
511 7.524 £0.118 8.724 £0.163 7.830 £ 0.188
662 6.214 +0.106 7.874+0.116 6.576 £+ 0.148
1173 5.298 £0.192 6.462 £ 0.900 5.530 + 0.440
1275 5.986 £ 0.154 6.150 £ 0.338 5.566 + 0.192
1333 4.646 £ 0.130 6.386 £0.410 6.062 £ 0.452
¥*x G. Gaussian DHWE 0 &L T
o
rR=Z
G

TRDz, ZTOFER%E TABLE421ICF 0 TEL,
Z OFERIE. ADC Spectrum IZ & - T Data % Cut T5DIZHNWS,

4.1.3 The End of The Calibration

ZNT PMT IZ2oW T OIERWRIFERIEE 5> 2D T, Ps 2y Trigger IZDOWTOEHITAS D & -
B H 1 B, 228 2y Trigger @ Photoelectron Peak 234 £ T &4 50 Channel BETH TS Z
CEFRALTz, FFEFTHHE Run I 21T Pedestal TN TNBZ eBHS7=DT, ZRB[FEN L -7z
23, Pedestal OF UTEWEY 10-20 Channel TH Y, b 1o LFHPATE R, £ T Log Note & RE
LTHBL, PMT ORMEFHNTHES 7 ADC Channel & 2y Trigger CTffi- 7z ADC Channel 23472 5
TWBZEMFHEL Tz, SETOMIMIKICHEL TL H —ERD2BL., L2L. 2y Trigger DERTIE
Caribration D72 ® Data ZHl> TWHRWNE ZAD Pedestal §6H -T2V Run 8H - T, b ko
- YL 7,

21T K. T D Section 4.1 AEREO WK DIE. O W I DT T,

4.1.4 Calibration Again

Ps Decay @ 2+ Trigger @ Data Taking Tld, H 5L HZ D Set TD Calibration D Data ZH5
DEZNT=DT, Z® Data HH T Calibration %95 Z £iCL 7z, Pedestal ZEl>T#%H % Run &% 5T
220> Run 3% - 72D T, RD & H1C Calibration $5Z &Il 7=,

e Pedestal ZHl->TH D Run IZ2WWTid. PMT 0 1% 1275 keV @ Photoelectron Peak T. PMT 1
& PMT2 & 511 keV @ Photoelectron Peak T. Z#Z i Calibration L 7z,

e Pedestal ZHl-> T2y Run IZ2WTlE. ZDORHIHICIT/ -7 Run @ Pedestal D% Z D
Pedestal L. PMT 0 1% 1275 keV @ Photoelectron Peak . PMT 1 ¥ PMT2 & 511 keV @
Photoelectron Peak T. Z#Z# Calibration L 7z,

ZORY FITOWTUEH F VRFUI Ly, LA L. Calibration Factor 134 Run & & TIEZhIZE &1L
R 572D T, BOnWZATHA S LD,
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4.2 Coincidence of PMT 1 and PMT 2; Run 1

4.2.1 Set up and Logic

PMT 1 & PMT 2 % 22Na Source Z1Z EA THPWNEDEICEE, Ps @ 2y Decay ZEMIL 7z, ZD
B Set-Up 1E Fic. 4.2.1 1SRLTH D, £72. ZD Logic 1 Fic. 4.4 15RL TH 5,

Source |& PMT 1 & PMT 2 OHFICENTH Y., MOk 51T PMT OHONEINSIZTHL TH S,
PMT 1 & PMT 2 %% Source 25 10 cm EfL THAHH. ZNiE 3y Decay AARZR WK H1T, 23D Count
Rate MBEGHK RS RN K DICT 5720 TH L., £7=. FEEED Hyperfine Structure OHETIE. K
9 Microwave DAY 2.45 GHz THY ., ZD & & Cavity DEET 15 ecm BETH S, L5 T,
PMT 1 & PMT 2 OfElICiZH 20 cm BEORHREZENRIILST, ZOZ L BZERITANT, Z0&D
7 Set-Up IZL 7z, D & 912, Source i PMT OH.OEINS THL TH B, Zh bEEOMNELERIC
ANTHERTH D,

Logic 133AMNTH Y, 722 HIZ PMT 1 & PMT 2 @ Coincidence T ADC Gate Z{EV. PMT 1 &
PMT 2 ® ADC Spectrum 2%, PMT 0 & ® Coincidence [ZBEDMED=DICH Y . S DEAHIE PMT
0 ® Coincidence 1% OFF ICL T %, Delay I& Raw Signal & Gate @ Timing 5 D7z AT
b5,

Photomultiplier Tube Photomultiplier Tube
 — |

\ *’Na Source

FIGURE 4.3: Set up for the coincidence of PMT 1 and PMT 2.

000

0 oo

70 mV 2.5 U sec

1000 nsec ADC 1.ch

15 mV

FIGURE 4.4: Logic circuit for 2+ trigger.
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F1GURE 4.5: ADC spectrums of PMT 1 and PMT 2 of Run 1. We aimed to take the data of 2y decay
events, however these spectrums have many events which energy is larger than 511 keV. This shows the
presence of ~-ray of 1275 keV in the spectrums.

4.2.2 Data and Ananlysis

Z® Set T Data ZH -7z (Z @ Data Taking % Run 1 £FESZ 2129 %), Trigger Rate & 33.5140.23
Hz THolz, 22 THHNZ PMT 1 & PMT 2 @ ADC Spectrum 1 Fi16. 4.5 IS0 72, (a) 1 PMT
1. (b) i PMT 2 ® Spectrum TH 5.,

Z® Spectrum % {5 & 511 keV £V b Energy ®KEVY Event 2385 Z &A34302 %, 1200-1300 keV
DL ZAHIT Peak MWHBZ A6, BHSMT 1275 keV @ v-Ray b R T35,

% ZC FE#iC PMT 1 @ Energy %. #ffic PMT 2 @ Energy ZH( Y. Scatter Plot L TH/=, %
N Fig. 4.6 TH 5,

T
Run017; PMT1: PMT2
1400 |-

1200
1000
800

600 -

Energy of PMT 2 (keV)

400

200

. .
0 500 1000 1500 2000
Energy of PMT 1 (keV)

FIGURE 4.6: Scatter plot of PMT 1 and PMT 2.
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TABLE 4.3: Event rate of Run 1 with Cut. N Cut means Narrow Cut, and W means Wide Cut.

Cut  Event/Trigger Count Rate [Hz]

No Cut 1 33.51
N Cut 0.0799 2.68
W Cut 0.5409 18.13

Spectrum over 511 keV

511 keV 2#x % & 97 Event IZ2WTEX %, Fic. 4.6 ® Scatter Plot 25, PMT 1, PMT 2 @
WD 511 keV 2#A 5 & 572 Event IXIF LA LR, LS T, THIEHFFHFD PMT A 1275 keV
DyE,BIFFDPMT A Ps ® Decay # RTN52EZEND, 1275 keV @ v bRV K I
Geometry 2Z X 50, ¥£721% 1275 keV % Cut T2 HE2EZ 2T ERS R0,

Data Cut

511 keV LA LD v Z BT % Event 138 62T 2y Decay Event TIE7Z2WD T, Zd Event % Cut L
7zl D Count Rate ZFAN5 Z &ITL /=,

Narrow Cut
PMT 1 BLU PMT 2 3¢ 1T Photoelectron Peak @ Event 727 2H 0 9, ZhidzkbiEEIC
511 keV @ v ZERY HiE % Cut TH S, BV HL 72 Region lFLATFO@EY TH 5,

PMT  Low Limit - High Limit (keV)
PMT 1 463 — 582
PMT 2 470 — 572

I ZENZND PMT D Resolution ¥ &12. EIE 99 % @ Event 25 7z8IZ 511 keV 2*6
EfNT 30, TFllE Compton Edge 2*6 B% 5[\ T % Event 2EL 5D %7 { T720IT 511 keV
S TN 30 Tl 20 2Hl- 7=,

Trigger IZXf9 % Z D Event D&, BXLU Count Rate 1& TABLE 4.3 ICE 2 ® 7z,
Wide Cut
PMT 1 3L PMT 2 A%& HIT Photoelectron Peak AT @ Energy @ Event #H Y H 9, Z D08

A121E 3y Decay @ Event HiEU 6248, PMT 1 & PMT 2 @ Coincidence M- T\ 5728, %
NEHEVZL RV EZEA6N S, Y HL 72 Region IZLATOMEY TH 5,

PMT  High Limit (keV)
PMT 1 582
PMT 2 572

ZHid 511 keV 225 i 30 - TH 5.
Trigger 129 % Z D Event OE|A, BLU Count Rate 1& TABLE 4.3 ICE & ® 7z,
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4.3 1275 keV Cut Geometry; Run 2

22.
Na Source

/=

Pb
N

== Photomultiplier 1 Photomultiplier 2

0

0 Jordynwojoy

-

FIGURE 4.7: Set up for 1275 keV ~ trigger.

4.3.1 Set up

RIZ PMT 1, 2 2> 61EHEEE 22Na Source 23 ARV K 91T Geomotry & FIc. 4.7 Dk Il 7z, 22T
Y PMT 1 & PMT 2 @ Coincidence M5, Fic. 4.7 IZl& PMT 0 BMEPN TS, ZolETIEIHh
bRy, £72. Z D Data Taking 1> 72 Logic ® Fic. 4.4 LFILC THS, PMT 0 @ Coincidence

% OFF ICL TH 5,

4.3.2 Data and Analysis
INTHESNZ PMT 1 BLO PMT 2 @ ADC Spectrum 1 Fic. 4.8 IZ;RL 72z, ShERb &, Fic.
4.5 ITHART 511 keV LAED Event 23072 725 Tvd, L 72> T, HHFET 1275 keV @ v % Cut

TEC5,
Z OWED Trigger Rate 1% 8.534+0.059 Hz TH 7z, Z D Data OfFATIE Section 4.2 & RTINS 7=,

Narrow Cut
Photoelectron Peak ff1® Event 72 #HY L 7z, %D Region ldLATF DY TH 5,
PMT Low Limit — High Limit (keV)
PMT 1 467 — 576
PMT 2 472 — 568

Z @ Region ZZEAZHHY Section 4.2 L[AKKTH 5.
Trigger X9 % Z @ Event OF|{&, BLT Count Rate & TABLE 4.4 ICE &0z,

Wide Cut
Photoelectron Peak AT @ Energy fHIk® Event 721 ZH Y L 72, Z® Region [FLATD@EY T

H5bH, £z Trigger I T 52D Event DE|E. BLU Count Rate & TABLE 4.4 ICE L Oz,

PMT  High Limit (keV)
PMT 1 576
PMT 2 568
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Fi1GURE 4.8: ADC spectrums of PMT 1 and PMT 2 of Run 2. Compared with Run 1, this shows less

events over 511 keV.

TABLE 4.4: Event rate of Run 2 with Cut.

Cut  Event/Trigger Count Rate [Hz]

No Cut 1 8.534
N Cut 0.1633 1.394
W Cut 0.8323 7.103

4.3.3 A Few Consideration on Run 1 and Run 2
Runl & Run 2 OFEWIRD 2 5 TH D,

1. Run 1 Ti& PMT 1, 2 26 E$#E Source 2R A 5 Geometry TH5HAY, Run 2 TIERAZRW (DY
D7

2. Run 1 & Source {& PMT 1, 2 OHOFIN 54 2.5cm D& 2 AIZH - 7zA%, Run 2 TiEH 6 cm
DEZAHIDH D,

ZZTPMT 1,2 D5 6087 &b —Fh 511 keV 28z % & 572 Event ZHY L 7z, Z® Count
Rate lZLAFOHEV TH 5,

Run 1; 15.39 £0.15 Hz
Run 2; 1.431 4+ 0.024 Hz

Run 1{CHA Run 2 1% Order 1 EHTWHDT, HAHRREIL 1275 keV @ v & Cut TE TS,
LALLM 6 Fic. 49 Z/H25& . Lead (Pb) IZXL T 1 MeV f2E®D v @ Attenuation Coefficient
upp V& ppn ~ 20 g/cm2 THY, Lead DEEIL p = 11.34 g/cm3 DT, Attenuation Length App 1&
App & 1.76 cm TH 5., Run 2 ® Geometry Tl& v A% Source 26 PMT IC A S 7=DITIEH 5 cm FEE
® Lead Z3@@L 20 E7e 59, 2D Attenuarion Length 25 515595 &, Run 1 12X Run 2 1349
0.06 fFIC7e > TWARIT T2 ST, Run 2 TIE 1275 keV D 4 1FIFE ALY RALWETTHS, Run 2 T
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FIGURE 4.9: Attenuation coefficient for several matters. (From Particle Data Book)

Y 1275 keV @ Photoelectron Peak 28RATW5Z &2 6, Z® Energy @ v & PMT ICA->TW5, 2
Nix PMT 251X E#E Source M RAR L 45T 528 Y TUvedy, ERICIEZ i3> Tk -7z
DTN EZSENS,

4.4 Trigger with 1275 keV ~v; Run 3

RZIT, 22Na A% 3-Decay 9 BB HEIBHCRHI SN B 1275 keV @ y-Ray T Trigger 52 & 2E& X 7z,
INhETHZ LTk, Trigger Rate 1 & D /NS B0, FBHIC ZHITHK T 5 Background % Cut

T&5,
ZOWEE T HIIHTz> T, Geomerty 1% FiG. 4.7 THS, £72. Logic i¥ Fic. 4.4 THBM, SENE

PMT 0 @ Coincidence ¥ ON 29 5,

4.4.1 Discriminator Threshold of PMT 0

PMT 0 IZi& 1275 keV @ ~ A3RZBEC/ZV) Signal 292 23 EREIN D, 207D PMT 0 @
Discr. @ Threshold % . PMT 0 2*& K &7 Signal A3R/=HREC 721 Discr. A% Signal 2§k Sl
7z. FIG. 4.10 1% Discr. Threshold % 15 mV B&L T 70 mV IZL 7zKD ADC Spectrum TH 5, PMT 0
@ Resolution & 511 keV T 7.524 % (See TABLE 4.2) TH Y. L 753> T 550 keV {1 E Tl 511 keV
Dy & EHZTHDLAHMNS 5%, Fic. 4.10(b) 1%, Threshold A3 70 mV D & 2L 511 keV @ v &
EHEATVRNILERTODTH S,

4.4.2 Data and Analysis

PMT 0 @ Discr. Threshold % 70 mV IZL 7z3KE& T, PMT 0, 1, 2 ® Coincidence T Tigger %7
Run 1, 2 & F#RIC Data Taking 21772 > 7z, ZDKD Count Rate 1% 0.5194 £0.0031 Hz TH-7z, F
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(a) Discr. threshold level; 15 mV (b) Discr. threshold level; 70 mV
FIGURE 4.10: ADC Spectrum of PMT 0. (a); With 15 mV of discriminator threshold level. (b); With

70 mV of discriminator threshold level. (b) shows that PMT 0 discriminator does not response to signal
below 511 keV.

TABLE 4.5: Event rate of Run 3 with Cut.

Cut  Event/Trigger Count Rate [Hz]

No Cut 1 0.5194
N Cut 0.1907 0.0990
W Cut 0.9124 0.4739

7z. PMT 1, 2 ® ADC Spectrum & F1G. 4.11 IZ/;RLU 72,

IhERDE. 511 keV Z#A 5 & 572 Event 1d Run 2 © & FITHANTIEFICHR L 2> TS, PMT
1,2 OB L b—Fn 511 keV A T % Event @ Rate 13 0.0455 +0.0009 Hz TH - 7=, Zhid
Run 2 ®& ZD#y 1/30 ® Rate TH Y. Trigger 2RI T 2 Z D Event DEIGIIH 9 % TH 5.,

Run 1, 2 X [@ERIC. PMT 1, 2 ® ADC Spectrum @ Photoelectron Peak 7D %4 ® Event, B LT Z
NLAF D Event @ Rate ZFH5HL 72DW% TABLE 4.5 TH 5.

4.4.3 Consideration

ZZ7T PMT 0 & ADC Spectrum & RTCH7z, ZhA Fic. 4.12 THS, Z ZIZid Discr. Threshold
T Cut L 721ET @ Low Energy Event 28 R60 5, 22 Tl Z D Spectrum IZDWTERD,

F1G. 4.12 T 600-700 keV fhiIic RH5 5 Edge 1%, Threshold Effect TH 5 L EX D DNZHYTHAH
9. R ZD Edge &V bW Energy @ Event TH 5.,

CNEHRT 572012, PMT 0 @ Energy 7% 700 keV LAET Cut L 7284 & 700 keV LAFT Cut L
IS ED TN T NEEHD PMT 1 VS PMT 2 @ Scatter Plot B> T&7z, Fic. 4.13 B ZNTH B,
IhZRLRY T 2 2OHEITTNIEE TR0,

PMT 0 I& Discr. 230305 72K g8 C Width 2.5 psec @ Signal Z L . PMT 1 & PMT 2 @ Coincidence
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FI1GURE 4.11: ADC spectrums of PMT 1 and PMT 2 of Run 3. Compared with Run 2, this shows much
less events over 511 keV.

300 T T T

Rung; PMTO +e—

Event Counts

1500 2000

i
0 500

1000
Energy (keV)

F1GURE 4.12: ADC spectrum of PMT 0 in Run 3
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FIGURE 4.13: Scatter plots of PMT 1 vs PMT 2. (a); The energy of PMT 0 is required to be higher
than 700 keV. (b); The energy of PMT 0 is required to be lower than 700 keV. These two pictures seem
quite similar to each other.

& Coincidence ZHl - T 5 DT, ADC Gate 2358 < Timing & PMT 1 & PMT 2 @ Coincidence A%
PDTNDHEEZTRY, 65T, PMT 0 @ Signal % ADC Gate @ Timing & &7 £ 72 5 /[ HEMAY
HY. ADC 2 PMT 0 @ Signal $XTEFESL Tey, §722b 5, PMT 0 @ Signal #¥ ADC Gate
MHFAHTZ LIk Y ADC Spectrum A% Low Enegy il Shift L TL £5 & bFERX5NEHM, Zhid
PMT 0 @ Threshold Effect IC& % Edge MiE> &Y RATN5Zen 6, £IFR5DIFHZYTIT 2L,
1275 keV @ v 13 E S e BIRDOBRNE DIT LB LERZ DDLU TH D,

fcE 2 51 % Pulse Height D&V Background &L TEZ 6515 DIk Cosmic Ray £ Room Back-
ground (FEITEEM S @ 40K @ 1500 keV y-Ray) %5, £/, PMT HEAMH T Thermal Electron 2 &
5 Signal bEZX 6N 5,

Cosmic Ray 1ZFIZ Muon THY . ¥ Nal @@l 72K Nal I8 Y Energy 1%, (dE/dx)min =
1.305 MeV/(g/cm?) T&H Y Nal OEEL p = 3.67 g/ecm® THHDT., 10 MeV &5, Z OFUHEIE
REBBELL . 205> T< % Muon 28 PMT 0 @ Nal 2380 . 7>, PMT 1, 2 & Coincidence 75
DITIEFICHZL Event TH Y. Event Rate DK E I ZFAPTE 281y,

Roombackground 122V Tidk. PMT €K% Lead Block € Shield L TWA DT, ZIIFE Rate 1T K
TN EZERALNLEM, ZD Data ZH o> THRVDTIESE VL 2 LIEFARY,

BAIC PMT @ Thermal Electron T¥ %A%, Z® Rate ld PMT I &> TAE L EbL ., £/ PMT
IZHF % High Voltage IC& > T ERY . 22 TCHWE PMT 0 7D & 5 2EHIFRCHARVWO T, &
A% Low Energy ADC Spectrum DOJRENE S Md-> &Y L 722 LIFF AR, LAL . Thermal Electron
@ Signal 1Z$i <. High Voltage D1HIC & - TIXEVY Pulse Height £725 DT, ADC Spectrum i Nal
I &5 Signal ITEERTH 22 Y Low Energy fillic 725 Z L 135N T, 2k Low Energy ADC Spectrum
DR DA 7% Candidate TH D Z L IFHENTH 5,

4.5 Conclusion

PAEOWENSUTO & DIHERT 5,

19



KD Hyperfine Structure OB TIL, TE BT HERIC 2y-Decay DA E & 5 X 7z, LML 2
5. Microwave I &% 2v-Decay Rate DZEALIE K E {1F72 <. MEtD70DIT L VZ D Event X5 &
EbHb, 202 D00FREMZTDITIE. Run 2 DX 572 Set T8O TEMRWIEA S, 7ZL.,
Run 2 ® % 9 72 Lead Block ZEBITE L Z LIFTERW (Cavity OHFIIEZ D & 5 8K AN S
W) DT, Source ZEFIRTIC. DL Y Z L D 2y-Decay o5 & 572 Shield DL H%E2E 5L

EALREND D,
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Chapter 5

Static Magnetic Field

5.1 Current Dependence of Static Magnetic Field

Positronium I K &R ERESGE0NT 5720, YHFHRICHLERBREAOZ HAWVWS, £ 2 0BRAN
FAa ¥ 8000 Gauss FTCHATELZONMEL THL D, HIEICL>TEHESNE, BEISOERE
BRAOTOTHAET 2HGOMBEE Fic 1(a) 1ISRT.

T T o
o meastred data o
45

35 'ﬁ,l‘

]

25 o
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e 18
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(a) The correlation between current and mag- (b) The temperature of water throughout elec-
netic field tromagnet

FI1GURE 5.1: The behavior of electromagnet

Z 2T data OFUNATIEIC & B fitting OO EETH S, ToBEHIE
B = 0.09562 I + 0.01419 (5.1)

THbH., Ihz RIS & S ICER L S IE CHRAMRBIRCH 5. SRIIEIREORAT T
MINLEERSERODT, CZETLIMIETE PSR, COZEETLHFOMIETHA 5 L PRl
Nd, DVTIIENTELA, BREATRICSAKEREDEL T20THREEBEZT, ThEl< 70
IHITHRL TBLAENHY ., ZOEDICKERBTENOVTNDS, Z0EEE-> THTEZKOEE
Ziez RTH LD, AT A0 HERRK. 2 VER I =50 A, FBE V =30V T—EIXfRk-> T 4000
BUEL 7=. ZofiHR%E Fic 1(b) ISR, IhE RARY . WEZMUERERE L & HITPERL T Z e 8
onb, REFEHL TBL e, BRIC L B FEL KT L 5B EERRRBIC R > Ty <, LAL fiHIC
EOFARBICIE 5T, D ey 15 BEEETLIEITHL., MEOREZOLDIXZ D LI
BRI D22 B EF Ry, A DL 8000 Gauss 1IZI1EE IR THREL L5 RWTH A H W, B 1E
A6NDTHAIM, TR L DITIRD 2 DTH A 9,

1. BHFOERL Y RER. KEEZHATELEELZFICAN, TOEEMHED.
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FIGURE 5.2: The schematic figure of electromagnet

2. BREODOIREER ) 2 BLET 5.,
B DY DITEL DIFFHHEEBZFNITIEEICGRRZ L THh 5., YHMICBRAREIRTH 5 DIE YR

BE . TAIRISBEPDT SN NI BRVH S, Zh 1 FIRY 072012 T A LBEIITHHAT &2
WTHDH I, LRDEEBRINSBEEOFITRDL, THEUTTRRNS Z LT3,

5.2 Theoretical Estimate for the Output above 5000 Gauss

AWM RICHER T HEREBRAOD. i 24V OMIKEE FIic 5.2 TH D, ZOEKBRAOD
PISEB N TR SRzl . RRIER L 5, BERNS . ZOBREAOMEFL L THWTERE Tex
T Uy AR RARUTZS N0 ZOSREDHERERLRE D50 - TR, S6ITafIVoEEY
AMADNS B2 Z EMTERNZD, AN TH 5 ODIFHS Z LA TERY, fE-GEINT 58T ER
FADZNEEEOb DL T 5, FIBHTIFETIEI EHT I LN TES,

DAERBEEX 72 BT, BN SHRANCEZL T Z2IZT 5, £THEEEML 2V RET o Bl
A0, BRnge L CotE2R %, Fic 5.2 228, AB [, BCDA [H. BEFA R0 Zh Zh oWy
RIAEREIRD X DT 5,

1. AB [ #8385
WimdE : So = (7.5)%7 cm?
2E . lp—6 = 47—-10 = 37cm
BRI .
RESIEH © Row — 20
wSo
Eih - T, B :%m%nwg@

2. AB [# BREER5>
Wi : So = (7.5)°r cm®
2K : § = 10cm
TR Ho
BRI © Ry =

3. BCDA [

WimfE @ S = 11x18 = 198 cm?
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FIGURE 5.3: The additional part of electromagnet

2K ]l = 115cm
B <
BSER @ R = —

4. BEFA [

Wi : S = 11x18 = 198 cm?
2K : | = 115cm

T .

MEEHR @ R = —

¥7/- AB [#l. BCDA Ril. BEFA BOBHEEZ ZhZTh &y, &1, & £ T 5, SO, EREIR L FEERC

L THESIREE OEHIEIRD & H1c72 5.

Po = P1+P = 28
g]+g] = @y(Ro+ Ror) + P1R1
g] T g] = ®y(Ro+ Ror) + P2R;
IN&Y. BREESOBIR 0o ¥ Z ORKREE By 3RO & HICRE S,
o — 2nl B, — g _ 2nl

2(R0 + RoF) + Rq So {2(R0 + ROF) + Rl}SO

RICEREBINML TEA LD, B EZRENICANS, ZO8hOIERIE Fic 5.3 IC#HES,
IERS> ORESIEIE R &L & D, Zhid

l/

! j—
Ror = pmraa’
L%, FIhEfMATLHILITED, Ry A
R " §—2l
e =
0 0 HoSo
b, ZHIT KD, BRERS ORR, BAREEIIRO L 21T T 5.
5 2nl B 2nl
O 2Ry +2RLp+ Ror)+ R T Y {2(Ry+ 2Ry + Ror) + R1}S)
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FIGURE 5.4: The po/p dependence of magnetic field

Ih &0, ERNTHEL TRONTREREE By & $k0GHNT & 0 2L ZBREE B OBIfRANED
ha,

By _ {2(Ro + Ror) + R1}So (5.7)
By {2(R} + 2R}, + Ror) + R1}S} ’
INEEMRICESTL TR, BEL ER,
By _ 1o
= Soa{255 +5 [28(1y — 6) + Sol]} (5.8)

-1

x {2565’a(5 — ') + % 25} Sa(ly — 6) + 4SoSa’l' + Sy Shal] } (5.9)

&b, 2T, SROBREE p BOPSRND T,y BWELEERER 1o ICHNTIEFICRKEVWL TS, D
E0 po/p <195, fHETEZOHEHELKL R0, 0 EEE1TD L.

Sod a%s
B, = —2X B, = —~"__B 5.10
0 Sp(6—21)"° a2(5—21)"° (5.10)

b, Tk, By =5000 Gauss. @/ =5.0cm. I'=25cm &T5H&

B, = 225 Tesla

2B, bRMI, HBEMROBM CERMSEZHE TS L. Fic 54 DL 5Ilkb, DF0., EERTH
FLEINTWEIHEOKREE 0.8 Tesla LV b+ RS RBZ ey 5b,
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Chapter 6

Waveguide

Magnetron %*& Cavity N\ & Microwave Z {mik§ 2 FRIC, A LO N BEEy — TNV 2 HWS 729,
BPEOMEEETNTBLIBEN DS, 2 2Tl HREDORGET. Oscillator 1T & 28 & W —7 v
DE D AT RPE DREFRIT DN TR D,

6.1 Design of Waveguide

4 o HiE Input flld Magnetron IR - T < 6 % T & 5721312 T, Microwave Z Output @
R =T VCEY T I e TH L, 20D, BERENIBNTH S 1 2 DEHIKDOT — N OLDELE
T2EINFKMEOL & TRETRITR D,

4. Magnetron O JHFEEIEIFEE SN TS0, BIFE OBEREWED 2.45GHz £ U /NS WRLEEDR D
%, ¥, 2H/BLUBEOE-RBlnZ & e HbE T, HREEREOMMORN D a mm Il

A A
2 g 22

2 V2

= 61.2 < a < 86.5

EWBIHEENREND, ZIZIT, N IZERNERTH D, Zo&MEizL . BRINREEERE L R <
Woktzk 1l :22L7boel T, BAOERITHANS S DI 72 mm x 36 mm &L 7=,

%7z, Input-Output P A% 7 ZREFRITDOWTIE, EVOBENEETE 2 EECHT = & 2RlEE L
T, BAWER L EARED 230mm & L 7,

PAED & DITRRETL 72 b o 28R Z 4T 0 i TES & v 5 HEETHEL 72, Fic. 6.1 588N E R,

FIGURE 6.1: Waveguide

6.2 Measurement of Reflectance

AIEiD &L DIl TGRETEIN B E L2 HOTRHEZHET S, Moty M7y A3 RISRT L S22
LDThH D,
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20dB Power
met er

Gsci e ut |V
Wavegui de

FIGURE 6.2: Setup of measurement of trancemitted wave

Power 20dB
met er <—¢ ||n Qut I—Term
! Wavegui de
Csci

FIGURE 6.3: Setup of measurement of reflected wave

e Oscillator 2.45GHz @ microwave % FHz.

e Directional Coupler 20dB,

o Powermeter 1W F2fE £ CHIEHE,
Z 2T, M, SEEN — 7 VAN E microwave ZHLY T T a—TF L TIRD K H7eb o Az,

iydni

Door Knob Cyl i nder thin Cable

FIGURE 6.4: Probe

ZDEH%ty N7y 7T, Input fll& Output UDBEZFAL T, TN ZNOEEITET 56 KL &
WD Power ZHEL 72fER, Coda—cxL Ty, WlOBER2X 7 2056 1 cn BEORICKD
TR TR I 5Tz, ZOWWERRERTERO LI TH S, AL . AHHED Power [ZHEL T2

AT IMATEL,
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In case of Short Cylinder / Output Power[mW]

3 4 s
IN-side[cm] 7

(a) Output

In case of Short Cylinder / Reflected Power[mW)]

250

200

150

100

50

3 4 s
IN-side[cm] 7

(b) Reflection

FIGURE 6.5: Short cylinder
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IN 0.0cm
IN 1.0cm

IN 2.0cm -
IN 3.0cm -

IN 4.0cm
IN 5.0cm

IN 6.0cm -
IN7.0cm -
IN 8.0cm -

IN 0.45cm

OUT-side[cm]

IN 0.0cm
IN 1.0cm
IN 2.0cm
IN 3.0cm
4+ IN4.0cm

_* IN§8cm

AN'6.0cm
~~"IN 7.0cm
IN 8.0cm

IN 0.45cm

OUT-side[cm]

't

X b koo

fots

't

¥p ko4
ot
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250 -

200

150

100

In case of long Cylinder / Output Power[mW]

IN 0.0cm

IN 1.0cm

IN 2.0cm

IN 3.0cm

Lt IN 4.0cm
AT IN 5.0cm
- X IN 6.0cm

O e a IN 7.0cm
e /A/A/ % IN 8.0cm

5

3 4 s
IN-side[cm] 7

(a) Output

In case of long Cylinder / Reflected Power[mW]

IN 0.0cm
IN 1.0cm

IN 2.0cm -
IN 3.0cm -

IN 4.0cm
T IN 50cm

4
3 OUT-side[cm]
3 4

IN-side[cm] 7

(b) Reflection

FIGURE 6.6: Long cylinder
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OUT-side[cm]

6.0cm -
-~ IN 7.0cm -
IN 8.0cm -



In case of Cone / Output Power[mWw]

IN 0.0cm
e IN 1.0cm
o IN 2.0cm -
e IN 3.0cm -
*,/ IN 4.0cm
o IN 5.0cm
e = IN 6.0cm -o--
90 - P oy X IN 7.0cm -+
0k s L " X S IN 8.0cm -
e ja - *
| Y X a7 ¥
70 * m’" X e X o ® .
60 [ x7 e * = P =
50 = x e ¥ =a L B,,/E
7] o s *" ',0' AT
40 X e e o7 A =
30 X > - + a

20
10

3 OUT-side[cm]
3 4

5
IN-side[cm] 7

(a) Output

In case of Cone / Reflected Power[mW]

IN 0.0cm
IN 1.0cm
IN 2.0cm -
IN 3.0cm -
IN 4.0cm
+ IN5,0cm

@ IN8.0cm -

3 OUT-side[cm]
3 4

5
IN-side[cm] 7

(b) Reflection

FIGURE 6.7: Cone
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In case of Door Knob / Output Power[mWw]

8 4
IN-side[cm] 6 0

(a) Output

In case of Door Knob / Reflected Power[mW]

250

200

150

100

50

8 4
IN-side[cm] 6 0

(b) Reflection

FIGURE 6.8: Door knob
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IN 0.0cm
IN 0.5cm
IN 1.0cm
IN 1.5cm
IN 2.0cm
IN 2.5cm
IN 3.0cm
IN 3.5cm

* IN 4.0cm

IN 4.5cm

IN 5.0cm
N'.0cm
-7 IN 7.0cm
IN 8.0cm

OUT-side[cm]

IN 0.0cm
IN 0.5cm
IN 1.0cm
IN 1.5cm
IN 2.0cm
IN,2.5cm
MIN‘%.Ocm

"IN 3.5cm

IN 4.0cm
IN 4.5cm
IN 5.0cm
IN 6.0cm
IN 7.0cm
IN 8.0cm

OUT-side[cm]

't
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In case of thin Cable / Output Power[mW]

200 -

150

100

50

0
IN-side[cm] 6 . 0
(a) Output
In case of thin Cable / Reflected Power[mW]
- A X o

300 X » p
250
200
150
100

50

0

8 4
IN-side[cm] 6

(b) Reflection

FIGURE 6.9: Thin cable
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IN 0.0cm
IN 0.5cm
IN 1.0cm
IN 1.5cm
IN 2.0cm
IN 3.0cm
IN 4.0cm
IN 5.0cm
IN 6.0cm
IN 7.0cm

IN 0.0cm
IN 0.5cm
IN 1.0cm
IN 1.5cm
IN 2.0cm

IN 7.0cm

OUT-side[cm]

OUT-side[cm]
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Chapter 7

Measurement of SiC Dielectric Constant and tand

7.1 Purpose

Magnetron 233#z9 % Microwave @ Power K& 500 W ~ 1000 W 12725 728 Cavity IC{RL & &
DRI D Power [I07R Y KRERV DI B L THEINDL, ZDD. Ko7z Power & I THUIL
T NFR S Ry, ZhAtvbw b Dummy Load TH D,

Al Dummy Load % 1E5 729 O Py ik & U TR Z/EY . Dummy Load DO FEDYIT 22
5 SiC (Silicon Carbide) @ e & tand ZHEL 7=,

7.2 Design of Reflectivity Meter

Design I 72> TD, FADRFFEFHIN T HERIILLTObLDOTH 5 7=,

—_

NS RR TV E IICFED SN D SiIC BRI NINARREELHILNTED,
2. /AR TV L ST, Coaxial Cable 72& & HFET DR TN TED,

3. WEMRZA D L IITRDIC SICAFEDOND,

4. FROE L. EEREITIR D X DRDITT 5,

5. TEM LAAb®D Mode 237272720 K DB OKRSITT 5, (LB L THEI< L H10)

3. DEDITIFERWEIEZ ARL Wiy, 2 1. DI EIIEV IRV T, L
L. 4 O, EOHERY ST LIETERY, ko TEHEN SiIC 20 IEWICFHED 8B L2 H
ABET20TIE7%< 100 mm, 200 mm, 300 mm, 400 mm D 4 FEFOHS % HEL NS0 5 SiIC Rk
IEBZTHL Z LIk > TERZEHL /2,

Uz s EEEHE Fig. 7.1 O & 972 Design 1272 - 7=,

HEB DA
(1)N %! Connector 25A %,

(2) 1% Polyethylene TE5.
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T

to

e

—
—
~

——%-2.0

3.0

2. 5phi
100, 200, 300, 400

22.0+L

™~
L

5.0

11.0

.012.0

44.0

FIGURE 7.1: Design of reflectiviry meter
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[1] GCscill ator . .
[2] Directional Coupler 1

[{mmmil

=

Power Sensor

Reflectivity Meter

[5] Term nator

[8]1 Directional Coupler 2

FIGURE 7.2: Setup

7.3 Experiment

7.3.1 Apparatus

MEIT Wz Setup 2. Fia. 7.2 18R7.
BB DA

1. Oscillator (=¥ FEH¥)

[4 Directional Coupler 3

JEUEL 2.451 GHz, Power 250 mW ~ 300 mW @ Microwave & ¥ #k7 5,

AFITEWIE T ERE 75121 Magnetron Z V5 RELRDOTH H A, Magnetron &5 & A3k
DYFE S 7= BB D Microwave & FiR
95 Oscillator Z FEL 7z, FIREN S Power 13 Oscillator INERDIREITHKFET 5 DT Directional

EITELLDWNDI 5, ZZ T Magnetron L [FAL 2.45 GHz

Coupler 1 THIZ Monitor L TB L HERH S,

2. Directional Coupler 1 (Hewlett Packard HP-779D)

AFNTHL T °-20dB’ @ Connector 2*51E AFIDH) 1/100 @ Power %3&L . 'Output’ @ Connector
M OIEASNS -20dB” @ Connector 1AL 7293 & 7L 5l 7z Power 239, ( -20dB’ O
WEEERIC 1/100 TR IC L > TR VERRSENLDT, ZOSA 'Output’ 226 O I

BoTkD, 200, IR —D—DIIOVTRIEZL RV 2 W F R, )

'-20dB’ & ffi- THEIER 2N Ty 5 Microwave @ Power % Monitor 25 DIZfHAWS, D.C.1 Tl

Input Power @ Monitoring %17 9.

3. Directional Coupler 2 (Hewlett Packard HP-779D)
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D.C.2 Tl Reflected Power ® Monitoring %47 9.

4. Directional Coupler 3 (Hewlett Packard HP-779D)
D.C.3 Tl& Transmitted Power @ Monitoring %47 9.

5. Terminator(WEINSCHEL ENGINEERING, MODEL N1426, 50Watts)
Coaxial Cable @ Impedance {2 Match L 72503 A > TEY . KEPRERWE IR >TH 5,
Microwave 2> & I3 HERIC K> Coaxial Cable ICRA 5.

6. Analogue Power Meter(Hewlett Packard, 8900C Peak Power Meter) , Power Sensor(HP 84811A)

7. Digital Power Meter(Hewlet Packard, E4418B EPM Series Power Meter) , Power Sensor(HP
84821H)

6. 7. LB, BEEEZ RN TS Microwave @ Power OHIEICH 5 DT &HSAY, Digital Power Meter
TAN. . EE. oWEEZ L Analogue Power Meter T AN KE BTN & 2 HER
T 5 729 HIC Monitor L et THB L. (KA Oscillator ¥ TR - TV T Oscillator DFHRIC 75
BrBERHBNOHHME, )

7.3.2 Correction of Output/Input Ratio and ‘-20dB‘/Input Ratio of Direc-
tional Coupler

Purpose

bhbh o> T3 Directional Coupler 1&F )WL -20dB’ ¥ ENWTH - TH ERRKITIET Power
FEATKRELRERDL, 22T, ZhZF 1o Directional Coupler DRHEZFHNS
Procedure

1. Degital Power Meter ¢ Oscillator ® i 1% JIET 2.

2. Output & -20dB TOH hEHIET 5.

3. Degital Power Meter C Oscillator D HEHMET 5.,

(BN & ZHERT 5, )

Data

1. JEF 1D & A
FHEIC . Input 2> S Microwave 2 ABH & WL, AT D & 5 2k R4 5 72 (Initial 13 EEO
HI%EIC. Final 1Z Oscillator O T K EREFRDENT L 2 HERT 57201217 -72, 2. 3. 1B
THRKE. ) 2B, BILT mW .,

Input2 Outputl -20dB-2

D.C.1 [Initial  258.9 249.3 2.87
Final 258.8

D.C.2 Initial 258.8 248.2 3.43
Final 259.5

D.C.3 Initial  259.5 250.2 2.49
Final 259.6
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Qut put

FIGURE 7.3: Input to normal direction

2. WD & S

-20dB

I nput

FIGURE 7.4: Input to reverse direction

Input Output
D.C.1 Initial 259.6  251.2
Final  259.8
D.C.2 Initial 259.8  251.2
Final  259.9

3. D.C.1 @ Output & D.C.2 ® Output % Coupling & TAH

(a) D.C.1 26 BT 28554

Inputl Output2 -20dB-1
Initial  260.0 238.8 2.86
Final 259.7
(b) D.C.2 26 ASd 5854
Input2 Outputl -20dB-2
Initial ~ 259.7 237.6 3.41
Final 259.6

Results

ZORERMNS . D.C.1 D -20dB OFH L U fliz P, D.C.2 ® -20dB OFik & V{iz Py, D.C.3 ® -20dB
DFEAE V% Py, EEEOFFEAD Input Power % P,,. Reflected Power % P,.. Transmitted Power
2P, 2358 P, PPy Py, P, P OBRIILIFO L 1T 5,

238.8
259.7
_ 76 2
P, Py x S5 = T6.16 x Py (7.2)
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I nput 2
(Cut put 2)

‘ -20dB- 1 —
% D.C 2
I L
D.C1 ’ﬁ
T =
\ -20dB- 2
Qut put 1
(I'nput 1)
FIGURE 7.5: Input to coupled directional coupler
259.5
Pt = P3X2—49—10422XP3 (73)

7.3.3 Procedure to measure ¢ and tand of SiC

ERRT. UTFOFIHETIT- 7z,

1.

2.

7.

8.

BAFIC SiC 2V lFWICED S

Degital Power Meter @ Zeroing (EHGIKIE) 295, (ZD& &, Power Sensor [£& ZITHD4Ad
72T PBL, ) Power Meter O B GIETARTWOTHEDCITKRIEZL THEL AL,

P, % Degital Power Meter TH#lI%E.

Py % Analogue Power Meter CTHllZE, (Monitoring i & L THICHIEL HilT ).

P, % Degital Power Meter THlI%E.

P3 % Degital Power Meter CTill%E.

P, % Degital Power Meter THlIZE., (2. TOWEBE KELR TN L 2HERT L0, )

oD SiC % 5 mm Hlo T, SiC R RBET2 26 7. 2#VRT,

LR, FBRETHIEDITHN 22 Connector (72 & X1 3. Tl Directional Coupler 2, 3 @ *-20dB’
12872 %) I& Termination L TR & WITF 2Ry,

7.3.4 Summary of Data

PAEDOFIES . 200 mm, 400 mm O FFRFHIOWTFhE N Fic. 7.6, 7.7, 7.8, 7.9 D & 572 Data
MRESNTZ, (400 mm DAL, WESTMICRON 5o EWJEL /2, )

ASSR

KH @ Reflected, Transmitted 1ZZNZH P, IZ2WT P, /Py, Pi/Py DX ITHRIL TH S,

BORIH 200mm DEHEY . 400mm DEHED & BIT SiC M6 AL B BENKREVWZ L, £
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Power (Normalized)

Power (Normalized)

Measurement of epsilon & tan delta of SiC(input from SiC Region)

1
I I reflected ——
transmitted ---x---
0.9 reflected + transmitted ---%--- 4
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
o 1
0 50 100 150 200
Region Length
FIGURE 7.6: Input to SiC-side of 200 mm reflectivity meter
Measurement of epsilon & tan delta of SiC(input from Air Region)
1 T T
reflected ——
transmitted ---x---
reflected + transmitted ---*--- |
0.8
0.6
0.4
0.2
o 1 1 1

50 100
Region Length

150 200

FI1GURE 7.7: Input to Air-side of 200 mm reflectivity meter
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Power (Normalized)

Power (Normalized)

0.5

0.4

0.3

0.2

0.5

Measurement of epsilon & tan delta of SiC(input from SiC Region)

T T T T T T

reflected —+—
transmitted ---x---
reflected + transmitted ---*---

5 10 15 20 25 30 35
Region Length

FIGURE 7.8: Input to SiC-side of 400 mm reflectivity meter

Measurement of epsilon & tan delta of SiC(input from Air Region)

T T T T T T

reflected —+—
transmitted ---x---
reflected + transmitted ---x--- 7

5 10 15 20 25 30 35
Region Length

FI1GURE 7.9: Input to Air-side of 400 mm reflectivity meter
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Measurement of epsilon & tan delta of SiC(input from SiC Region)
0.9

reflected
transmitted -------
08 k- reflected e ---—+---
: transmiftegke -~ i
’,' \\ ‘w ”r \

A i

07 [P o
/ VL )

0.6 |- o/ x /]

Power (Normalized)

100 150 200
Region Length

FI1GURE 7.10: Input to SiC-side of 200 mm reflectivity meter , with result of analysis

7z, SiC DIE DAY Air LV BIEEVPRKENI L SBENORFOIT LA LT, SiC / Air OBRTERE
TWLIEWHNDE, LnHIDL, RIDIEE AL PE / SiC, PE / Air OBRTREE TS 2L 7256
400mm T® Data Tl SiC X Air OERZEET LI L TOREL b > L/ NEVWL DL R LH 720 P,
MY 5 & Bottom Up SN THWTHbBNL R, 202 2k, Air £V bERDAZ SiC @ Data
WHEEEICHN TS, $72 Air DBSIEZ 5 THRVLAS, 400 mm $TL 5L SiC oB&IcE. K
. EHEFEORICORMHOT AR RS N 5,

7.3.5 Analysis of Data

LoD Data 226, SiC D € & tand ZRD 5,
AR FEHE. A2, 2 BB o L bS5 & D7 Parameter Set % R 5 Z & TH HA5, SANE
Fit L 72O RS2 0 TREBEHRICE Parameter ICDWTD x2 + X2 2R IE T, ZhddRb /a2
5 & 972 Parameter %385, fEHTICH W =RIE Appendix F 21,

7.3.6 Results and Discussion

fRAT ORER. 156 N7z Parameter 26 GRS N7l . EBRIC k> TH SNz Data lF&ZE4ALUATFD L S
1C725, (R & Connector TR, )

1. 200 mm DFHREFT. SiC S AHL 254

a R, € tan X2 X7 thota .
-1.85 £0.02 0.16 & 0.015 7.48 £ 0.007 0.0407 & 0.0004 300615.8 67624.4 19060.5

ZDEEE. parameter ZE T HMTHERZ DT TS, a=—-20~20,R.=01~03,e=6.0~
8.0, tan§ — 0.035 ~ 0.045 OFIBAZ Scan L. Z 22 BHRAIHIAZLIE> T o7, (Fig. 7.10,
7.11 BR)

2. 400 mm DRFFET, SiC DS AFL =85
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Power (Normalized)

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

Measurement of epsilon & tan delta of SiC(input from SiC Region)

T
reflected + transmitted
reflected + transmitted e --—+,
7
F
St
P !
FANSS
P
W ,
/ ¥
+k i ¥
/ /!
/ﬁx*\ / +\ K 4
* 4 \ ’,' Y
[Nl W)
! o |
f
/
< |
Il Il Il
50 100 150 200

Region Length

FI1GURE 7.11: Input to SiC-side of 200 mm reflectivity meter , with result of analysis

a

€ tan X2

2 2
Xt Xtotal

0.1 £0.07 0.289 £+ 0.002

7.2 £0.015 0.0497 £ 0.0009

1561.1

876.7 960.2

ZOGE Y AR Scan DL HEL 2, (Fie. 7.12, 7.13 BI&)

22T, X2 OfENETHREVDIL, Power Meter ODIEEZEEZ/NSS REL Y TE -0 TH 5.
L EOL6NTE SIC DRIICOVTHEELZ X6 LV IEMR Fit BAHRETH A D &

(<100W ) &5
)Eg\bh é o
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Measurement of epsilon & tan delta of SiC(input from SiC Region)
0.19 T T T T T T

T T T

reflected + transmitted

reflected + transmitted e ———+—-
A

0.18 A
0.17
0.16

0.15 |

Power (Normalized)

0.13

0.12

0.11

Ol 1 1 1 1 1 1 1 1 1

Region Length

FIGURE 7.12: Input to SiC-side of 400 mm reflectivity meter , with result of analysis

Measurement of epsilon & tan delta of SiC(input from SiC Region)

013 T T T T T T T T T
reflected ——
transmitted -------
0.12 |- reflected et---+---
transmitted-e <
& X S
0.11 = o

0.1

Power (Normalized)
o
o
[°9)

0.07
0.06
0.05
0.04
| h ><
003 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50

Region Length

FI1GURE 7.13: Input to SiC-side of 400 mm reflectivity meter , with result of analysis
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Chapter 8
Magnetron Oscillator in AC Mode

R 41% Microwave Source &L CTHEFL >V D Magnetron 235 Z 21T 7z, Magnetron FEHRJFER
1 Appendix G SRl CTHE /W, EFL 2 YD Magnetron (& fAEEL 2.45 GHz @ Microwave % 3R
THEIIMESENTWS, /2. KEHDET L Y Tid High Voltage DFER AR IR T H 5 7=
®. Microwave I& 60 Hz T AC FJICL 2 FIRL 720>, EBOIK 4 DEERTIE Microwave i DC #
(CW Mode) T - THRL Vo T, High Voltage BIRICFZIMA. DC FIRTH L DICFLZ il

8.1 Circuit for AC mode

by 2] <
< <
< <

.
:
Magnetron :

9.6M Q Femmttts

D S O

7
i

(a) Circuit used in a microwave oven. (b) Modified circuit for our experiment.

FIGURE 8.1: High voltage power supply circuits for AC mode. The circuit (a) is used in a microwave

oven, and we have modified it to the circuit (b) for our experiment.

FKERETV Y THEASh T2 High Voltage BIREBOMIFEIE Fic. 8.1(a) DBV TH 5, FLAIEZ
D% FERTH ORI Fic. 8.1(b) Dk D ICHuEL 7=,

Z D FiG. 8.1 OEIFK T, FHOEIEIE Magnetron I AC FICEBELZE5X 57200 DT, LEfolE
Bl Magnetron @ Cathode % Heat-Up L BAE T2 M S 572000 D TH B, Th I EEEN TV AT,
ZHFEFL IO NTW e IV A2 ZDE EHWE, 2 OFERPRFFEIC DUV TIE Section 8.2 Tk
R5, ¥z, IV A Ty, @ Input liZIEE AL GND Level TH 2 DITHRL . Output ik 5 kV FZED
EEEICRD D, Ty IEMHE 5 kV Otk b 7> AZ2HWTn5, Zhid Input IZXHL 1/10 ® Output
2H5258NTVATH D,
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W CEHAZ A, B oW T 0 AL ZFNZ 1 Cathode Heat-up Current 3 & T High Voltage % Control
TEDDbDTH S,

D \3#F A Diode © D @ L% Negative Voltage ICfR272®ICH 5., 2D Diode bEEBEEIDD D T2
®. &FE Diode TH5D, ZDH X T Capacitor C lIfFEIV T ¥ T, b T A& Diode DHD[AR X
DY 2 %D Negative Voltage ZEHZLDTH B, TIIXEMANTIRD L DITHIATE 5,

1. b5 2D EM Positive Voltage V @ & E12lE DI ON IZ72Y), C TlZ V BT BEBESKETL T
TR S 7,

2. ZORE»S b TV AD LMD Negative ISRV AL, DI OFF IZ2 0 CICRBINTWS5E
iz o FICHRIND,

3. b T AN Negative Voltage —V D& & C OEBERETHD V &H&p¥ T, Diode ® LOEFEIX
2V T B,

Capacitor C' & Parallel IZ 23TV % Resistor R & Capacitor JHEEHTH 5, Capacitor DIFET 2.9
kVTHY., CoEMLEBEMAOENTH S, ZOMBEORER 713 7= RC =10 sec TH 5. HIFH)
YEREICIE Capacitor 1213 2-3 kV BERBEIN . FBIiEY) > T S TFNE Diode @ _EITEERICLRN
5DT, EEZET D,

8.2 Properties of High Voltage Transformer

M ORA%2 T 5 ECHRELRLIEEN TV ZAOHACA VF 2 X ABLOMEA V& 7 5 v Z0OH5E
Aoz, WETH S ZFERE Fic. 8.2 TH 5,

CORPEET ry, o EZNEN Ly, Ly ONFIEMTHY, MIEN TV RADHEA LV E 2 H A TH S,
ZOWETIE. Output flllE Open ICL T, BWIROHWE % f =60 Hz TREEL . V<D0 D R OfHEIC
AU THEE Vin, Va, VL ORIMEZHEL 72,

Vi
"=y,
Vi
h=
Vr
Y /
1 W\/ \ ®
R r A Open
@ Vin Wu Vout
L1 L2
Y r !
M

FI1GURE 8.2: Circuit that we used for the measurement of self- and mutual inductance of high voltage

transformer. Here, 1 and r, are internal resistance of L; and Lo, respectively.
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TABLE 8.2: Table of result for inductance
TABLE 8.1: Table of result for inductance ) . ] )
. . . . measurement, in which input side was high
measurement, in which input side was low .
. voltage side of transformer and output one was
voltage side of transformer and output one was .
. . low voltage side.
high voltage side.

R (£2) Liow (mH) 70w (2) M (H)
5.1 78 7.89 1.53

R (k2) Lyigh (H)  7nign (£2) M (H)

3 22.3 801 1.0
10 79 6.82 1.54 5.1 22.0 630 0.98
15 76 5.64 1.47 6.8 22.0 637 0.99
20 78 4.71 1.50 8.9 22.1 514 0.99
24 80 5.05 1.54 10 22.0 652 0.99
30 78 4.46 1.50 51 21.5 379 0.96
39 75 3.58 1.43
51 75 3.37 1.43

Vout
ST

E9d . w=2rf LT, ZOMBOHTERZMESZLITLY L BT r 12

R [4tp? — (1 +tg? —t1%)?
Ly =— 5
dtp

w
_ 1—tp2—t1?

R
2t 2

T1

THEAGND, £z M I

71\2
M=k (;) + L2
b,

EBEN T v 2ZDKEBEFMN. SEEMOZTNZN % Input fICL 7ZBEOMERR%Z TABLE 8.1. TABLE
821TRL e, 72721 . TR ZNICOWTD k OEFEEIUC OV TIWER T, R=0TH LK 1 [H
DHRPEL 1z, ZofEld. EKEBEMZ Input. EEBEEMZ Output 12U 725H kigw = 19.0 THY . 5E
FEMl% Input. {KEFEMZ Output ICL 723858 kiign = 0.0446 TH Tz, ZORDPSEEN T ADA
¥ x s AE

Self-Inductance of Low Voltage Side; Liow ~ 78 mH
Self-Inductance of High Voltage Side; Liow =22 H
Mutual Inductance of the Transformer; M~1H
THHZ DM,

¥/, 2D MIE M~ \/LiowLhigh £WVOBREAVSE M~ 1.3 H 2WH{EREFEON, LofER
VDL Tnb, b TY AONEEHOMAY R OfEIC k> TR S Z 21, Coil »* Intrinsic 1<
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R=10MQ 14 \agnetron

»

From

Power Supply

(a) Circuit
R1=100MQ
—= | e
High Voltage To Oscilloscope
R>=100kQ

GND

(b) Probe to measure high voltage.

FI1GURE 8.3: Circuit for the measurement of its electrical properties. The resistor R’ = 1 {2 is placed to

measure the current flowing between cathode and anode of magnetron.

Capacitance ZHi> T2 Z LIGERT A EZEAONS, TAF —THIEL 7= DC W72 b T > ANFEHEHT
13 Tiow = 0.4 2, rhigy = 147 2 T - 72,

BT, F4lE 1 kHz Inductance Meter TOHOA V¥ 7 7 2 A2 HEL 72D A3, Z ol
Liow = 46 mH, Lyign =20 H TH Y. LRI h & ITE—HL T3,

8.3 Properties of Magnetron Circuit

Magnetron I High Voltage &/ F 5720 ORI DR %2 TR 572012, Fic. 8.1(b) Ok C NOHE
% F1G. 8.3(a) D& 21TL T, FBIE Va, Vs % Oscilloscope THITEL 7z, N T AL GND ORICED
N7z 1 02 oL R & Magnetron @ Cathode-Anode R4 2 FEifit% Monitor 572D b DTH 5,
%7z, High Voltage \XE#% Oscilloscope TiX {25 Z L MTERWVDT, Fic. 8.3(b) ®&k 97 Probe %
YE> 1/1000 DEBFEZHEL 7=,

High Voltage; V4

FiG. 8.4(a) 1% V, % Oscilloscope TRZROEHTH S, Zhidk Magnetron MFEHRL 22V IRETHIE
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(a) V4 without magnetron oscillating. (b) V4 with magnetron oscillating.

FIGURE 8.4: Oscilloscope picture of the high voltage V4 without the magnetron oscillating, (a), and
with magnetron oscillating, (b) These are 1/1000 scale of their original voltage.

Lz, ¥z, BMENT Y AD Input 1% 100 VAC THDH, ZOFEHED GND iEENS 2 v2ADL 2 AT
HbH, ZOLE VX 58kVIichoTz,

RIC Magnetron 3FIRL T 2HRET V, 2HET S & Fia. 8.4(b) D&k Iil/-7, 2D GND bk
M5 2RADLZATHDL, ZOEHEE R 5L, Magnetron FEIRL T B ERTIE Cathode 1& —3.2 kV
BETIE —EEEZ & 0. FRL ThARvERCIE Cathode 1HIEE GND Level 1725 T4, ZOIEIC
DT, FHT Magnetron 2FIRL 72 { 72 5 L BRKFIC Cathode TEEAY GND Level IZ¥%H 5 Z 21221 T
F T DL DITRDONE DS RY, ThEIFEL L5 & kT2 A0BRE (Fic. 8.3 OFE Vo)
ZYPEL 7200 Fic. 8.5(a) THEHM, Zhb kbbb, L DOHELZETIE. Magnetron [EFIRL T
5 & &id Diode 2 Y, T20bH 5 —EMUALOBEEEZ2T TYH Cathode-Anode D FEFIE LA
5, BIRMWAKELLFENS LIRS TOHLDOTIERWLD, EZXZ TS, ZDZ 2iE Chapter 9 TV
EEEEDLHZLICL T, 22T I EEIZEZ 2,

Cathode-Anode Current; [ = Vg /R

FiG. 8.5(b) 1% Magnetron 23FRL T HARFETRIFRICE N2 T OERVBITN T 202 FR5 2DI1C,
Fic. 8.3 ® R’ ®BIE Vi ZHIEL 7z Oscilloscope DEETH S, Z DEET EDWIEM Vg (GND Level
W ZOBEFOKFERRL)., FTOWHRIEFERIC Vi 2HEL bDTHS, R =102 THbLZeh6, [
1359 1 A OBEFRSRIHRCTIHN TS Z L EKRL T b, GND & D ERWEF OREICIE Diode A% ON IT72 Y
Capacitor ZRBEL . BWEMOEECIE Magnetron @ Cathode-Anode RICERARN TN H L EZX SN
5, LML, ZOZ &Il Tk VIEFEEH57-DIT, Diode & GND ORICHEIMEZEE, ZZ2HEN5
BREZWWEITXRETH - 1=,

8.4 Magnetron Oscillation in AC mode

Magnetron 233HR T 5 Z & A39M 5 12D T, RIC Magnetron 2°5 i &7z Microwave 2 7> 57T
ZELE. 7r T ok Fie. 8.6 ISRENTWS, 7Yy FHiE NBaxy ZiHov A v —L—F
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(a) Vo with magnetron oscillating. (b) VB with magnetron oscillating.

FIGURE 8.5: Oscilloscope picture of the transformer voltage Vo, (a), the voltage Vi that is corresponding
to the current flowing between the cathode and anode of magnetron, (b). These voltage are measured

with the magnetron oscillating. The upper wave of (a) is 1/1000 scale of their original voltage.

22T bDOTH DL, ZOBKD T > T Fidk Microwave ORGSR % FICZEL . BEBOMIZELICL
v, ThZ2EFL Y OMIECH T 206 AN T, EFL Y OHd Microwave 2575 & D175
TW%, Microwave [ FZEDOB TV VI OHFITIETH L HITL =,

ZA5L 7= Microwave 1% N Bl D [F#fi7 —7 )V T Crystal Detector N&E X, ZD{5%5 % Oscilloscope Tl
FEL 7z. Crystal Detector I& Microwave % {FERTHbDTHS., TD L & D Oscilloscope DEEAS
FI1G. 8.7 TH D, ZNIT X VHEENIT Magnetron 7*6 Microwave 23FRL T 5 Z L5 5,

Z @ Microwave D EZHIET 5 Z £ T LY HERIT Microwave 5L TW5 2 & ZIERTE 505,
i Chapter 9 TR 5,
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N-Type Connector

5mm (I)

3cm L

Antenna

Microwave Oven

L b

N-Type Cable

Crystal Detector

Oscilloscope

- coo
oo o o
(=3

=
=008

coo @000

BNC Cable

FIGURE 8.6: Microwave reciever. The anten-
na is made of a N-type connector and copper
wire, and is inserted into the microwave oven

from a hole on the wall of the oven.
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FiGure 8.7: Oscilloscope picture of mi-
crowave detected with a crystal detector.



Chapter 9
Magnetron Oscillator in DC Mode

BAFE TV I TEDN TS High Voltage Circuit 2% 212, Magnetron % DC mode (CW mode)
THRIRT 2720 DMIEEWIEL 7z, ZOFETIEZoMEESE LT 2 % T Magnetron Z DC THIRL
Tz B DEFHIC DN THR RS,

9.1 Circuit for DC mode

DC @ High Voltage Z/E5 A% F1c. 9.1 1SRL 72, 2 DKL AC mode TD Fic. 8.1(b) DRk
C NORIBICHY T HE9TH S, 2 DEIFIE Cockeroft-Walton BIfI#ES T fibh T 2 & BEF AL
EOREED 1 BEHEREL THSH, 50 uF D Capacitor Cy B LT Diode Dy 1& AC FIZREE (Fic. 8.4(a)
ZIR) BT 27200 bDTHY . 2D Capacitance 1FIRD & DIz,

AC mode DFEIFITITH 1 A OBFHRN D Z L2355 Tvsd, /2 Magnetron 1& Cathode TFEAY
4 kV BELNIRIRTLZ L D 5T 5, £ZT. High Voltage % DC WICL 7z & X DEEOLEH)
% 300 V F2EEIC L T, BEAY Magnetron FHRT 5 720D Threshold  FRISRWEIICTEHZ L 2%
2%, ZORKE 60 Hz DFPEICEHEL THh2507T. 1 AlHIZY @ Capacitor Cy DEMEZEL AQ
1349 1/60 C THB, LiELY o i3

_ 4Q _ 1/60

AV 300
L5, Zd Capacitor 121X C, @ 2 fEOEBELDD 57120, THED 2 5720 E7es v, FHASMHE
5kVObD%E Cy 2L THW, Diode Dy 1& D; ERIC b DZ W2, £z, 2D Capacitor ZHET S
7= OIHUS Ry TH BHMHY. Capasitor 121E 5-6 kV OFEBETHREINTNT, E5I1TZ D Capacitance
PIEFITKRENWD, HEHHEO/NSWIEMTRET 2L 22 TREHEWEL . iRTH D, T, K&
PR AV B L EICRREIDN D . REFRIICH 2 5 T Capacitor WEHEBEFEICHREE SN LD, Zhvd

Cy F ~ 50 uF

To Magnetron

R=10MQ A
From D
Power Supply I 2

1 1« Vo
C,=10pF
D.V C,=50uF=— % R,=500kQ
Ve
R
77 %7 77

FIGURE 9.1: High voltage power supply circuit for DC mode. The difference between the circuit for AC
mode and this is that capacitor of large capacitance (Co = 50 uF) and diode are added to smoothen the

wave of AC mode.
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FI1GURE 9.2: Oscilloscope picture of high volt- L= —

age Vp for DC mode. The top line of the three
shows GND level. The bottom one is the high
voltage Vp without magnetron oscillating, and

FIGURE 9.3: Oscilloscope picture of the volt-
age Vp that is correspond to the current flow-
ing around the circuit. The lower wave shows
Vg, but is observed in the AC mode of oscil-

loscope.

the middle one is that with magnetron oscillat-
ing. This shows that the high voltage become
almost completely DC by additive capacitor
Cs.

fafRCTH 5. ThOEDEGHREL T, AL Ry =500 k2 Z2BAZE, ThEHWS & HEDRERE
25 sec TH Y., T Capacitor DEEIFMEL D, 72721, 56 kV 2o REBELBDI-TH L., &Y
D 10 <S5V Ry T 50 W BREQBNNESRD 5720, 2 ZTHOE Ry BWE 10 kV. HKHEE
73 50 W ORpRaikiE Fviz,

Z ol %E vz & @ High Voltage @ Oscilloscope DEHIX Fic. 9.2 1RL 72, ZOEHED E o
1% GND Level 2. FoO#ild Magnetron 23FHRL T ARVIRIET @ High Voltage Vp 2. Eo#E
RL THBHRETO Vp ZRL Tnd, ¥z ACO L ELREBKC. ZZITREN TS Voltage 1EEEED
1/1000 T 5.

ZHIT LD, [FL ALY 52T DC High Voltage 18785 T b Z & 3bhr 5,

9.2 Magnetron Oscillating in DC Mode

Magnetron 23FEHRL T2 4RET D High Voltage Vp 1% Fic. 9.2 OEFOMTH S, Zhid AC Mode
DLELEEE 32kV BET—ETHDL, ZDZ A5 Magnetron VE[EIFEAICIE Threshold Voltage A%
3.2 kV f2E® Diode &L THIWTWE L5 TH B, HLITHIBRDHA, Magnetron I& Cathode DFEEAS
32kV 2HALVWEFRIRL 2, ZoZeh6b, ZoHERIFIIEL 29 TH 5,

Fic. 9.3 1% Magnetron 23FHRL T2 KD FEE Vi ZMITEL 7z Oscilloscope DEHTH 5. HIEHMEK
¥ AC Mode DEDZN L ZEDVITR WA, LA L 2dYS 2 DBEELT Oscilloscope @ AC Mode THEIHIL
ZVOTHY, ZOWIEIC DC D> T2 b ANy, DC Mode TEHITRELZ S /2,
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Microwave Oven

. Attenuator Power Sensor
o
(@)

Power Meter

= 0
20000mwW | =

o= -1

FIGURE 9.4: Set-up for output power measurement. Microwave Power is detected by a power sensor,

and the signal from the power sensor is carried to the power meter.

9.3 Output Power of Magnetron

Magnetron % DC Mode (CW Mode) THHRT 5 Z LITHIL 72D T. LAT Magnetron OFHEICD U
THRIFERE O THEL, 7 Fic. 8.1(b) DMl B IN® Slide-Up Transformer % vy TH/z
Magnetron @ High Voltage IZXf9 % Output Power DRFEIEICDWTIANR, Z0H & Fic. 8.1(b) O
W A ND Slide-Up Transformer % AV TifiX7z Cathode Heat-Up Current {Z%f9 % Output Power
DRI DN TR B,

Output Power X F1G. 9.4 ® & 91U T{77% 5 7z, Magnetron 2> 5 OEED Power ZHET 5 DTl
72 <. Microwave # —EH/E L U VIC AN, 7V TFTZD Power D—EREEY L. ZhE2WEL /=,
ZhTOHLEY HEh b Microwave @ Power 25K & . Power Sensor Z T w[HEMMNH - 12720, Z DR
IZ Attenuator T Power k6 L T HHIEL 7z,

Microwave (& Power Sensor CTHREN I, Power Meter ICZDKEIMERIND L IR oTND,

9.3.1 Correlation between High Voltage and Output Power

Fic. 8.1(b) O B N Slide-Up Transformer DEFEEZELSE L L. ZhiC & by High
Voltage 2328195, High Voltage 1% Magnetron 23Fik% 458 % &, High Voltage DEICH ST, #
3.2 kV T—EIZ72>TL ¥ 9 ®T. High Voltage IZFIRL TR VIRETHIEL . Z D% Cathode %
Heat-Up L T Magnetron ZF#R& ¥, Power Meter T Output Power ZH#l58 9 5 Z &1L 7, Cathode
Heat-Up Current I&. FRT 2 ETIIHML . FIRL 725 OFF ICL 7z, ZDOMETD Attenuator 1& —23
dB ThHob. bbb 1/200 1¥%L 72 Power ZHIEL 7=,

¥ 7=, [EFRIC High Voltage DfHEICK 5 Current Vi/R' (R =1 2) bEL 7=,

Zh 6 OFEHIE Fie. 9.5 1R 72, 2hixR5e, BELZ LT 5L Output Power. Current & HITH]
mL. ZoZEHH R THL, FIRL THRUWIRIET O Current ZHITEL THRWOTHEERZ LITF
RIS, BEEX WA Z 210k D Cathode 6 £V Z K OBEFM5IEH S, ZH 64 Current O
MEBISEIL TWHLEAONS, 61T, ZOBFOHNETFIROFRELHIL . Output Power
WEINT 22 EZ6N 5,

¥z, BEEZ LT TN L, 32kV DL SITHIRL D, To0HLITBFEZZEATH., FHIRL T 53K
8T ® High Voltage DEIFZEALE T, 3.2 kV TH o7z, 2D &iE Magnetron @ FRD Threshold A%
32kV CHY. ELFROLDORMMN Vp =32kV THLEBEAONS, ZL T, k) 5729
IZ Cathode-Anode BIICTEIRANRAN. Vp =3.2kV Z2fRoTH2DLELERXLND,

7T 6 &N D Microwave Power 1% 0.7-50 W #ETH 5, —M72E L > V1% High
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350 18
HighVoltage-Power o HighVoltage-Current o

300

250

200

urrent (A)
-

0.8

Ci

150

0.6
100

Output Power (mW) (-23dB Attenuated)

0.4

0.2

45 5 45 5
High Voltage (kV) High Voltage (kV)

(a) Correlation between high voltage and output (b) Correlation between high voltage and curren-
power. t.

FIGURE 9.5: (a); The correlation between high voltage Vp and magnetron output power. The power is
attenuated with attenuators of —20 dB and —3 dB, that is, —23 dB attenuated. (b); The correlation
between high voltage and current flowing along the circuit. This is calcurated from the voltage Vp and
R =110.

Voltage 7% 5 kV f2EETHH 500 W F2EZRDT, 2 DC Mode TH 5 Z & ZEFITAN 5 kV THH
1000 W 2L Ch, ZO7YTF2 6138 1/20 BED Microwave BV HETWS Z 2Tk b,

9.3.2 Correlation between Heat-Up Current and Output Power

YRIC Cathode @ Heat-Up Current 2t & ¥ 7zHdD Magnetron Output OZALEZHEL 72, Zhid Fic.
8.1(b) O A ND Slide-Up Transformer OZEFEEZZL I | 5 Z & T8 > 7, Cathode Heat-Up
Current % Monitor §5 Z &1, HEMOFPHRDOTRERTH V AFHITITTERVDOT, Cathode Heat-Up
HAOBEMNZ AL BEREZHRD S L T, ZDOHEET Monitor T5Z &Il .

Z OWET D Attenuator 1F —26 dB TH 5, I72b b 1/400 ITIKEEL 7= Power ZHEL 7=, £/,
High Voltege & 5.62 kV T—EIlcL THBW,

Z OB S NIRRT Fic. 9.6 TH D,

YR TFHLTIL, Cathode DILEEMENT T ENIFE REFOFIEE SN T <, L 72285 T Output Power
FEDBEA D ST, Zhic kb &, Output Power 1$1E & A& Cathode Heat-Up Current
&6, T4 %H Cathode DIREMN EAYS T Output Power IHFEIE—ETHLLE W IERTH S,

9.4 Output Frequency of Magnetron

Microwave Frequency %589 572912, 4% Frequency Counter ¥ v b ZHEAL . Zh & 84E
L 7z. Frequency Counter & Prescaler ¥ Counter Z&4& &6 720 | Frequency 2% 10 MHz LA_EDBRC
I& Prescaler Z3@L . 1/1024 f5IC¥&L TH 6 Counter AKKIC AN T SREICR > T3 (Fic. 9.7), BT
VU T S Magnetron 1 2.45 GHz @ Microwave ZJIz9 5 DT, WEICIE Prescaler 23 FET
b5,
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Cathode HeatUp Voltage - Power o

140

120

100

Output Power (mW) (-26dB Attenuated)

0 5 15 20

10
Cathode Heat-Up Voltage (V)

FIGURE 9.6: Correlation between the cathode heat-up current and output power. We can not measure
the current easily because cathode is kept high voltage, so we regarded the voltage that cause the heat-up
current as corresponding observable to tha current. The output power is attenuated by —26 dB, or 1/400

time as much as its origin.

¥ 7z. Input Voltage WRKEZME S LN LDT, £ETLHL & IT Attenuator TIHEIE TN H
Counter I AN 7z,

Z OFEFIE Fie. 9.8 ITRL 7z,

Zhick Y, Output Frequency I& High Voltage IS TIFIE—FME WMo THBE I B35, Z
% Magnetron OFIRFENHEZ 5 &, &V Oscilloscope THRA5 Nz & 91T, Magnetron 23FEHRL
T B IETIE Magnetron 1& Threshold 3.2 kV @ Diode & L Tfj &, Zh A EICIEEER LSz &
Rl Tn5, Z2¥7% 6 High Voltage OEAZE{LTHUE Magnetron O IIFRADIZD 0 | FIRFE IR
WAL TZ,. L KEFRIRL <DL 0D 2RI M6 TH D,

¥/2. ZOFEELE 245 GHZ ISEWLDOTH Y. ZDZ &h 5 bHENIT Magnetron 23FHRL Tnvb 2
EMHERTE B,

I MATBLIREZ Lid, KHH. T2 B Threshold ¥ V& Y D{RWEE (3.3 kV ) o & X
&Y Output Frequency 23 LELL . FHEEOFES 1% 0.0001 GHz FETH 508, HINKEL2B1F
& (BENELRDIEE) RELEEICRY, 0.02 GHz BEFEHS L5185, LAL 26 FA0ERD
ERE2EZEZ DL ETIE, TELRYKEW Power DBRFELRDT (€ 9 TRV E Positronium 2B SEHH
720Y). Frequency D 5FEEDFES EIIHFTTIT EnT o LW EA S,

9.5 Summary of Magnetron Oscillation
PAE XY Magnetron OFIRICOWTORIILATO L SIcEDEN S,
1. Magnetron F#k® Threshold 1% 3.2 kV TH %,

2. High Voltage Z K& <95 & Output Power 1T K& {75, ZHik. High Voltage # K& T 5L
Cathode 26 5| SO N LB T NZ L RD510LEZEAL6N5,

3. Output Power 1% Cathode Heat-Up Current L 7zA%-C Cathode DLEEICIXIF & A L IKEET.
Wo IAFIREZ D 5 & Cathode % Heat-Up L THL < TH. Power 13H F Y ZE{LL 7y,
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Main Counter

Signa Input
ﬁ

FIGURE 9.7: Frequency counter. The frequen-
cy counter that we made is consist of a main
counter and a prescaler. When measuring a
larger frequency than 10 MHz, we have to in-
put the signal through the prescaler to avoid

miscounting.

4. Output Frequency ! High Voltage IC& 67, T2 AL —ETHSH, LML, ZOFES Fid High

High Voltage-Frequency o

Output Frequency of Magnetron (GHz)

45 5 55 6 65
High Voltage (kV)

FiGure 9.8: The high voltage dependnce
this

shows that the output frequency is almost in-

of the output frequency of magnetron.

dependent of the high voltage, that means, ac-
cording to the principle of magnetron oscilla-
tor, high voltage with magnetron oscillating is
constant with the respect to the high voltage
without oscillating.

Voltage MW RKEVNEE | DY Output Power X KEWNIEE | KEW,

5. Magnetron V&[AIEHIICIE Threshold 3.2 kV @ Diode &L T K5 TH 5.,

Fe. 0L ZAEZS5N 5 Magnetron DC FHRIC DWW TOREMAIZLATOEY TH 5.,

e DC Mode THRIRT D LDICL =720, BEDN 52 AT AC Mode DB LD b KREREBEHRITHEN S
IR, ZDRDR T ATORBNKELL LoTz, BEMD Coll ITHIWEMTTEZNST
B, TNRREAD DI YN LN D 5, EBICEEN S 2% 1 2BL L o7k, %
HWeRREATRAD LT 5. FRIBNIBPERO/NS R 52 RIKHT 5008 5 5 D%

REFT BT hIT RS EL D,
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Chapter 10

Lastly ...

10.1 Acknowlegdement

Microwave DI Z L 28 DI 4HD6 702D - 2R 410, Ry OREey . SAKERKY
IKE2Db2YEZL THWe. RV R F B E O ISERFHITE TV —F AT FHA SAICR
HEL 9.

HMAETH L FRY SA. BHIE SAIIIERMICBERCZRY £ U 72, 1998 4EEE P2 Neutrino #o
HESHL WEERE & ZICHEICHER, 2L QO RAZREE CAMBSHFEL TFEY L2, £
BREEEZ KEK 26 b E b - TCRTEVW RS A, S FEE, ST L THO TR %Z R TS
NI BRESA, HOVNEHITENEL 72,

PR P O LB E CH S MEZ SAICHO REBMFRTR D FL 2, EBROHEGHE I TIHEFE 42 0B
WERNICHOBHISEATTFEY £L &, I AEROERW LI RmDY 2HCEX, BYRMEZHESEL 2.

10.2 Special Thanks to ...

1998 4EFE P1 OEEDMES . Fh4 1998 4EE P2 ORKBMZ RAEY . & 11 By 3 Brc e aid e
o TRWEY BTV, MPENVITZ S &) EFHVICRTINEZY ., BEAZLY. Judy & Mary
ZHR3S Superstring Theory EA&BIL T e, RERZAHRR FaRbIZEEmE O 1999 FEE M1 KFET
AL FOERN BITREHEL 7.

10.3 Sentiment
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P2 OANBENREER S T NBEECTNET,

o 3 ETORITER., WIERBIBE LW I AT SMMINTN L B o726 4 APSIMRHE ETHR
#h e KIRZAEET HIRE, THICL Wi ThE 4038l L T, HBIL . INEL T<heEnax
TIZBRVERWRERRE oo 7z, AHBIRL 2SRRI o728 8,

e Microwave DE Y K & THRZETL 72, o b, BHOPTEX T L EDRERPHT, b
L EFRTOHAEL 2, SHP—BLAL S,

o BAIRTITHKERDNT S1FR L TL 72, BA ZICTDARI N, 272, ZZITWT, BEITRL T L.
REIREZLITFA LICHE L. BYOEZ» 5T 1 FRSTRERVWET, o LR ld,
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Appendix A
Positronium Hyperfine Structure

Positronium 3B F « [GEFORERETH S, ChZHHGOEHRTEHTIDTEHOETH S,
Positronium (FFEARMNTIIHE/ERA Z HERITITO Z L THREMRBZIEKL TWha08, Zho 2D x
AR L TRIIL . ChEMRARTFERTEE T IHENH L. 2 2 Tld Positronium Ground States T
DI RI)VF —#ERIZE, T B Hyperfine Structure ZELRANCE LT 5,

B, 22 ToOHmEE W.Greiner & J.Reinhardt Quantum Electrodynamics Z3EITL T3,

A.1 The Bethe-Salpeter Equation

Z ZTCIEGOMBRERZHE DT, HXFTRNEF I, FHT Feynman I & % Propagator H % 5,
P> TR SN 2RI LTI L R BI T H 5.
2 K- ROW IR L ZETHHNC. 1 K -ROWHRIBEZ IR TERIAL L 5.

bles) = - / dor(@1) S (2, 21 )7 (2 )21 (A1)

ZZT () W FRFEKRT 4 515 spinor THY | o(x) 1 FRFEL 21 ZEATR 4 IRoTTHNOBHITAL ny,(21)
EZoBIMED 4 IRGGERENNY MVve$5, £z Sp(xs,x1) V& fermion © H HRRREIEL

. d4p I$+m ip(xe—x1
Sp(xg, 1) = Z/(27r)4p2—m2—|—i6 e'lra=m) (A.2)

LEHERT D,

COEREFNT, 2 WFREF0AT 2WERIRERZ 5. KT a. KT b OBAIREBE LI IREIRIEK
2 ap(r1,m0) BL, ZORZ OPWEIBIRUL 4 B spinor ZHFD 2 K FERT DT, 4 x4 =16 {5
BRoz s, £ (A1) & 2 K -ROWEBIRICHIRT 2 &

Vap(T3,24) = /dO'(J?l)dU(Jiz)Sab(Jig,$4;2131,$2)7/L($1)7/L($2)¢ab($1,$2) (A.3)

&5,
LY ZD 2 DORFAPMHEMFRAL TR T, BRI & A BRI IEEIC iR TR T Z &
MWTED,

Yop(T1,2) = halz1)vn(w2) (A4)
Sp(zs,xa321,02) = Sp(w3,71)Sh (4, 22) (A.5)

2O o THIBARICEAIEMAL TO LA TRIE T LI ATHETH LM, BHEL TE
WEBOE BIET 5. %0 2 WP THTORBEIF > MELT S 2. KR (A5) FKRD L 515,

S (wg, w431, w2) = Sp(w3,21) 5% (24, x2)
+/d4x5d4x65}?($3, x5)S% (24, T6)
X [(—iea) v D (w5, m6) (—iep )7y Sh (w5, 1) Sp (w6, 2)

4. (A.6)
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F1GURE A.1: The definition of 2-fermions propagator

ZhEHh Y=R9 L Feynman Diagram TZET & Figure A.1 DKL DTk 5,
ZZT e 3K i OBR. DY (5, 26) 1ENT-DIEHBIFCTH 5. 12 1ZKIT a D spinor ICDBPNS
113 CcH 5,
Z OEEIC L AHEERGHRBEREZ O & F 2DIZL T Interaction Kernel K W5 B2 R TEERT
5, 2EVKRK (A6) OFEEHZILL T K 2EHKT 5.
S (x5, w43 w1, 02) = Sh(ws, x1)Sh (w4, w2)
+/d4x5d4x6d4x7d4x85}?($3, x5)S% (x4, T6)

xK“b(x5, Ze; x7, x8) S (7, xl)S% (s, 22) (A7)

Z DARHRBIR Z 29 Feynman Diagram 1% Figure A.2 TH 5,

FIGURE A.2: The definition of kernel K@

Z @ Interaction Kernel K% %#RILTHIEE 2 W ROWEEIBIMASRKRD 5 508, EEICIZFh
T TOEMTHRL Z T TEZSITHR, BHEHWICESARAID order @ Interaction Kernel &, =R
(A6) ICHITE L DI

K (x5, w307, m8) = (—iea)Vo Dy (w5, 26)(—iey)yh0* (x5 — w7)6* (26 — 5) (A.8)

EThiE kv,

f# 72 Interaction Kernel K 134ER D order @ Kernel K2 ZMERICEL bt d Z 21Tk > TH
5hd, LU ERRCFI NI KEREMTH S, 2T Kernel &, mH72BI%L ( Kernel 23K JTHHESE
D BERTREZR Y ) & B BERIC 0 . RRCBERY7Z Kernel ( Irreducible Kernel ) % K TERT &,
HR (A7) ROk 5 CBEET = LA TX B,

S (w3, wa; w1, w2) = Sh(ws,x1)Sp (w4, 12)

+ / d*rsd*zedizrd ey St (zs, %)S% (x4, 26)

—ab a
xK" (5, v6; 77, 78) S (27, T3; 71, T2) (A.9)
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(8)

FIGURE A.3: The diagram of propagator S using itself and irreducible kernel K
ZOHENIFNHTEADEZL T2 DT, ElZUIAAL T Z 21245 T Irreducible Kernel

DA TIERBER LR TELZ LI b, LPL INTHERIZH S Irreducible Kernel % ERISHIT &
bR IZQREND DL, ERICETEEZ T 5120 Irreducible Kernel # KR D K(‘}b TEEHRANE. oht

MRRICITEDEDLZ TR OEBETENTE S,

X

FIGURE A.4: The diagram of S only with irreducible kernel K

STEK (A9) 2K (A3) ITRAL T 2 K FROWEBIKZ Irreducible Kernel Z FIWVTERZ 9,
Vab(T3,74) = /dU(ﬂﬁl)dU(xz)S%(ﬂﬁsaxl)S%(Ma$2)¢($1)¢($2)¢ab($1a$2)

%—/[do(lq)da(xg)/[d4x5d4x6d4x7d4x85§(x3,x5)g%(x4,x6)

(A.10)

—ab
<K" (x5, z6; 27, xg)Sab (z7, 28521, 2)Vap (21, T2)

BRIDIER dop (23, 74) LERIIL . b —EEER (A3) BRAT B Z LIC ko T. BIKIICIIKOTAC 25,

Yab(T1,22) = Gap(T1,72)
+ / d*xsd ryd* sd eeSE (1, 15)S% (2o, xg)Fab(%, Z6; X3, Ta)Vap(x3, 24) (A.11)

Z D /2% Bethe-Salpeter Equation £FES, ¢ap(x1, 2) 1Z TN E TOEEFENS DN 5 L S ITHE
YER%ZL TR WEEIRIZ R T, L2 TRERBICH 2 R T2 R TIBIRIKICIT HF 5L e,

PE > THRIREOWEIRII RN (A1) o WHEEE VB L 2D,

A.2 The Bethe-Salpeter Equation for Positronium

TIXSHFED Bethe-Salpeter Equation % %6155 T HERIRED Positronium IC#EHAL & 9.
BT O T OUWEBIRIT R L HL <
Uue) =~ [doa) Sy (0 a0 )

95, FAEOHRFL spinor DR TH S, BEHAODVWUIBTFORKNTFTHLZ L ZHNT
7, = / Ao (&' V(& Yoo (2')S s (2! )

(A.12)

(A.13)
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9%, SCTHEFLBET L ORFOIATE. ZROMEFITHERL & 5,
AR OIBBIEL L ML T

Yuo (T3, 24) = /do'(xl)do'(xZ)S,uau‘r(xB; T4; 01, T2) o (T1) e (T2) Y (21, 2)  (AL14)
eFELZLNTEDL, HAEFHZRT Suowr % Interaction Kernel K Z fiWWTEHEET,
Spovr (23, 24501, 22) =  —Sp (23, 21)SF 0 (22, 24)
+ / d*zsd*zed*v7d* w3 Sp 0 (T3, 75) SF o1 (T6, T4)
XK1 (@5, 063 27, 75) | = Sy (07, 01)Sp 1 (22, 35)| (A1)
S HITERY72 Kernel K 2 iV 5 &
Spovr (T3, 24;05,26) =  —SFuu(23,71)SF 0 (T2, 74)

+ / d*zsd*zed* v7d* v Sp 0 (T3, 75)SF oo (T6, T4)
XK o (5, 265 7, ¥8) Syrrrr (07, 85 w1, 02)  (AL16)
&b, IhiRA (A14) ITRAL TEBIHTLZ LIk, HEROFEANHEOND,
Yuo(21,72) = Puo(T1,72)
+ / d*zsd*zad*vsd w6 SF 0 (21, 25)SF o1 (T6, T2)
XK o (5, 263 T3, T4) Yy (3, T4) (A17)

FHPREZ F0R T % & 213, HH» S LSRR L DITHIHED ¢, (21, 22) 1FEPN S,
EY. BEFOH KRB Sp &

( i@l —m )IW SFVH/(JZl, $5) = i54($1 — $5)6,u,u/ (A18)
(ida+m ) o Srorr(x6,22) = —i54($2 — 26)050" (A.19)
Thb, ZhEkflioTERR (A7) IEETLL T (i — m)(ide +m) ZEASEZ L. LTk I
nb,
( 1&1 —-—m )y,p/ ( 1&2 +m )o'/o' 1/),u/o/(xlax2)
= /d4x3d4x4d4x5d4x6(i@1 — M) SF o (1, T5)
X (i2 + M) o0 SF gor (X6, 22) K apurr (5, Te; T3, T4)hyrr (T3, T4)
= /d4x3d4x4d4x5d4x654(a§1 —25)0a
x 0o — 16)005 K apuir (T5, T6; T3, T4) Yy (T3, T4)

= /d4$3d4$4?;mw (T1, 225 2324)Y0r (T3, T4) (A.20)
Tl 2 % Fourier Z#1L C. momentum FXR%1TH., WHFD Fourier ZH#i%

1 ,
Xpuo (P1,D2) = W /d4$1d4$2 el(p1r1+p2rz)w#a(xl,x2) (A.21)
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FI#EIC Interaction Kernel K OZEHi%

K yovr(P1, D25 D3, Pa)

1 7 x €ro— Ta— xa) T
= @) /d4x1d4x2d4x3d4x4 ol (P1@1+p272—p3T3—Pa 4)K#am-(x1,x2;x3,x4) (A.22)

LT 5, InHIE 1 B O Fourier Z5H
x®) = /d4x Pr(r) | Plx) =

DZEREMANDIERTH 5, ZDOEFRIHES TEKX (A.20) ITENS ﬁf&xlcﬁxgei(mxﬁmm) Z1E
AS¥5, EafEmMcL?

G /d4x1d4x2 [(—2@1 — ) (=2 +m) g @ P1E1TP 2)} Yo (T1,22)
1 ,
= 2n) /d4x1d4x2d4x3d4x4d4xgd4x254(x’g — x3)0% (2], — xy) elProLtP2T2)
T

XK#UW(JH,$2;$3,$4)¢m—($é,$2) (A23)

725, ZZ T Dirac Delta function

54 (ahy — x3) (2;)4 /d4p’1 P @h—ea) Al gy = (2;)4 /d4p’2 oiPh(@h—wa)
AL CEHT S,
) = Gy [dadhealdy = e Gy 4w SO (01,2
= (b —m)y By + M)y Xwo (P1,D2) (A.24)
L) = (27:)12 /d4x1d4x2d4x3d4x4d4xgd4x2d4p’1d4p’2 P (@3=23) Py (ty—x4) Gi(pr1o1+paz2)
XK o (@1, T2; T3, T4)Yyr (T, 7))
= / d*pld* Py K yovr (p1, p2; P, Do) X (DY, 1) (A.25)

EBIT P =pi+p2. p= 2(p1—p2) & L. HESFH ORI T OEB EARAFZ BTN L T K (p1, p2; . ph) =
§*(P—PYK(p,p; P) £ 95, Zhicky, KX (A.23) 1

(5P +5=m (5P =B+ m )oroxwo . P)

d(p1,p2) 7

_ 4 1 34 p/ ) 4 _ p! /. / /

= /d p'd P 8(p/,P/) 4 (P P )K,uam'(pap aP)Xm-(p aP)

= /d4p/?,uau‘r(pap/§ P)Xur(p/a P) (A'26)

L5,

A.3 Nonretarded Approximation

TIHEARMIC Positronium Z2TEKT 5728 DIFAEIRD Irreducible Kernel ZE0iAL & 9. Z D Irreducible
Kernel # momentum £R9 5 &
_e2 2

N7 o € o
Kuovr(p,p's P) = (2m)4 ’Y,uu’)/faDFaﬂ(p_p/) + (2m)4 ’Y,ua’)/quFaﬂ(P) (A.27)
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&b, HB—IAT Coulomb Interaction. #5IHI Virtual Annihilation %7,
Positronium OEOROEHEX B L T K = (Ko,0) 2 £L (Ko = E). KEREKE S0 T

Xpo (0, P) = (P~ K)Xuo(p) (A.28)

L&D, SHITp =p+k LEEHA . [dp ZHFED Behte-Slapter Equation in Momentum Space
ICEHSE S L
Xu o' (P)

(grenm),, (3sm),

- /d4k ?yauf(pap+k;K)XuT(p+k)

—e? o o
W ‘/d4]€ [VyVVEUDFaﬂ(_k) - ’y#o.’yfyDFaﬂ(K) XVT(p + k) (A29)

B,

ZZToOHEE. JEHNRBIRTOEZELEE T -0 E R0, ZDERK (A.29) & 3 KITGERHT
HERKTZLTHD,

T ZORK (A.29) DWHLIT A9, 40, 22T LD, Z DR,

= oy (Kiom) (GEpem) e
= [%Ko —a-p—pm +p0]p#/ [%Ko +o-p+pm —po] X (p) (A-30)
&b, {HL
at = %, 8 =

LT3, B - BE T Hamiltonian % ZWZN Heeo Hposi 2752

Haelp) = a-p+pm (A31)
Hposi(p) = a-p—pm (A.32)
T LSRR
) = 38~ Hulo) + 1) y 55— Hooslp) =] x00) (A.33)
&b, Kk iBICT 5720,
Fowo0) = |38~ Howlp) +20] |57~ Hro0) 0]
ZBAL TBL,
EQarspUlN
) = oty [k Dras(—R) ~ 3 Dras) o+ R (A1)
TH5,
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Z ZC Nonretarded Approzimation AT 5, ZHilE 4momentum k % k = (ko, k) — (0,k) &7
L5H0THY . FEARGERIIEIRE & 5 Z IS 5., ZhiH b CHEIBEKE

dar(p) = / dpo Xab(p)

CEHT S, Zhicky,

. —e? [ d%k o o
(Eﬂ) = ? W 72#72)\ [VpVVEJDFaﬂ (Oa _k) - ’-Y,U,O'FYEDDFOLﬂ (K) (bVT(p =+ k)
= In(p) (A.35)

b, BBONIHBEICEKRTHLOICEAL Tnd, IhsoRAEE O TEL L, Bethe-Salpeter
Equation in Momentum Space 1%

FpA,u/o/(p)X,u/o/(p) = Fpk(p) (A.36)

YERELI LIRS,
Z 2T W EIGIEAS, Projection Operator A+ (p) Z2#AT 5, Zhix

CEHEIND, ZZT w(p) IF Hamiltonian H(p) DEAMETH L. 51T,

~

Ap) = AL @A™ (—p) — A% (p) A7 (—p)
Z#E AT 5, Projection Operator %Ki (A.36) IC/EAIE S Z LiCk>T. ROWEEOK,

(B1atwor — Hijop) = HEX () G (0) = —2mi(A)()) | (A.37)

e b,
I TCEERRICL LD, ZTD7=DIT Forier ZH#%4T 5,

3
oulr) = [k e oum

WEBIOATINE — KO 2R T 5720, Alp) —»1 &T5, ZHITEVER (A37) IZUTFDL I
b,

|:E1p)\1#/o./ — H;}f/ (p) — Hg/ojl(—p)} Qb#/o./ ('T')
. dgp —ip-r dgk fe fe
= Z€2 / (27‘(’)3 e P /(27‘(’)3 Vg,uryg)\ [V#VVEO'DFOLﬂ (Oa _k) - VyJVEDDFaﬂ (K):| (bVT(p =+ k)
. Pk kr 0 0 [ B a B
= e (27‘(’)3 € YouTox |:7,uu7‘ro-DFaﬂ (Oa _k) - PYpJPYTyDFaﬂ (K)} (bVT(T)

(lﬁ(r)4—l5(r))pAuT¢yT(r) (A.38)

Uy (r) 1& Coulomb Interaction IC &5 B DTHY . Us(r) I& Virtual Annihilation ICE5bDTH S,
TEHET Ui(r) ITOWTEZEL L 5. BRI Dr TH5A. Feynman gauge ZEAL T,

o — o
PYyVPYEJDFaﬂ(O’ _k) = W‘gaﬂ 7,uu7£o‘ (A39)
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95, ko=0THBDTIIIEMEL T
PYyVPYEJDFaﬂ (Oa _k) = W (gaﬂ’)/,uu’)/fo‘ + W(Vﬁka)(VggkO))
&L Tkvy, F72 Momentum Conservation &9 1%ky =~ -k LR5DTIHITEETET.
o i 1
'Y#V'YEUDFaﬂ(Oa —k) = W ['Y?w'yga =Y Yo + W(’Y k) (- k:),-g]
— i 1 k k [ 0 .0 A
= W W(’Y Juw (Y - K)o = Vv * Yro | + W'Y,uu%-a (A.40)

CRERVBILICEY Uy(r) BUTFO L Ik,

Bk o1 1 (- k)p(a k) 1
_ 2 ik-r P _ .
Ohpr(r) = = [ o [ (S 0w o) ¢ gt
e? 1 (- 7)p(a-7)rn

= _47TT |: pu].‘r)\ - 5 (apu “Ory + pTZ >:| (A41)
Z i Breit Interaction & FHEN TV 5,
FRRICL T Us(r) IFLAFD L D175,

e? 3
UZpAuT(T) = K2 [ﬁp)\ﬁry =+ (ﬂa)p)\ : (ﬂa)TD:|5 (T) (A42)

Z @D Us(r) 1E spinor OFEEH Uy (r) LIZEREOTHERTH S, Lo TRTIELVHAT Uy(r) 12D
WTCDREBLEL . Us(r) IOV TUIRKRARFERORTICLED D,

A4 Nonrelativistic Reduction

4 {5 % F> Dirac HREROIEHXFRBIRCIL. 2 @ Pauli FRERNCHEETLHZ e TE 5, =
Z TCVERIF + ORI FRERIHT 5 16 K4 D Bethe-Salpeter Equation %, Foldy-Wouthuysen 12 & 5 J7%
THEICL Tna 9,

F9. 3 RICKRILTD Bethe-Salpeter Equation @ Hamiltonian ZRDIETERIIL & 5,

H = Ymy —Pmy + (E€) + (EO) + (OE) + (00) (A.43)

ZZT E. OFZENZEN Even Operator, Odd Operator & MEIN HKBITH 5, £ I& Dirac Spinor O £
T 2 PR AL RWEBETFORHTH Y, f. 1 RENZINIHD, —F. OXEET HHETFO®R
WCHY . an v BEMNRCNICHZS, ET

aV = aoil , a? = 10«

LEFHRTH, ZZC. Hamiltonian 7*5 Odd Operator Z{HL £ 5 IEHEZHL (Foldy-Wouthuysen 1EH#EZS
1) 2175 &,

H = UF_lHUF

s 2 ) 2
= BWmy — @my + (£€) + %(05) -5 —(€0)

5(1) 4 5(2)
8m13 (05) + 8m23

5(1)5(2)

4m1m2

(€0)* + —[1(09), (€2)], (08)| +

5(1) _ 5(2)
4(m1 + mz)

87;2 87;22 [[(80), (£€)), (€0)

{{(09), (00}, (0} + (00 + .. (A.44)
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b, Ik BARR B CEESHA LD,
4. 3IRITCEID Bethe-Salpeter Equation lZRDIETHEZ 6N B,

{E - Hde(_iv) - HpOSi(iv)}p)\m- (bVT(T) = Ulp)\uT (T)d)m’ (T) (A45)

ZZT Up(r). He, HPS X ZHZH Breit Interaction. §E1@ Hamiltonian. B39 Hamiltonian
THY ., UTFogTEREIN S, 2B, Virtual Annihilation Term Uy (r) I38HETH 5 0T Z Z Tidfilh 7,
BEICHERIZ T RT,

Uippr(r) = —«a [% - %(a,w “Ory + Ch r)p,;ga : T)TA) (A.46)
HEIVQ(p) = (a : p)pu + ﬁpum (A47)
H‘,I-)E\)Si(p) = (a . p)‘r)\ - ﬁ‘r)\m (A48)

HL o= &5, TRIIMHIBEERE MING, ChEBESET RO L IR,

Hp)\m-(bm-('r) = {(a 'p)pu - (a 'p)r)\ + ﬁpum - ﬁ‘r)\m
- %[1 - %(aPV cQr ) + (a : T)p:,ga . T)T)\ )] }(bm'(r)
= E¢n(r) (A.49)

Z O W Hamiltonian OHICH 5Kk 275 4 7 D even operator. odd operator lZIRD & Y TTDH HE
MCED,

Eg) = —%1

(€0) = —(a-p)mn

(0€) = +(a-p)w

(00) = +2g apu'ar)\+(a T)P;ga T)rx

ZZT Bo — Llaxas fBrr — loxe. a— o &5 2ITK0, HHBAKIE 2 Bisr%HF- 7 Pauli Spinor
LB, G THR (A49) E—RUL S Pauli AR L L <.

HPaUIiL/)(T) — E¢(T) (A50)
HP = Ho4Vi+Va+ V34V, (A.51)
nEsND, L
g - P_a
0 m T
1 4
i = “ 1P
[ a2
_ a |p T TQ 3
Vo= g [ (om0t
[oele) . gposi)  3(g(ele) ) (glpos) ) g ‘
_ (0% o o o T)\Oo T Y8 ele osi 3
V, = — 47 _ : _ 5 _?(U( ). g ))5 (r)

THobH, V, (i=1,2,---,4) 1T Hy oBH L THEx6N5,
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SHITET - BB T Virtual Annihilation Term U (r) ©ZRIC AN & ZITEMEIH 58H) Vs 1T

™ ele osi
Vs = w(3+g(l).g(p ))53(r)

ThHEx6h 5,
RIS BT 5 Hy oFAE (Ho) &

o) = [ o) Hovlr) i
- —Zma (A.52)

THEx6h5b, ZZTlE Bohr BE% ap ELIEBFEES

1
m(2a0)3

LTS, ¥ VI3 VX —HAHOTNE AE £ 352, pPsiZBIF 5% AEg T

WO =

AES - <(L1 L2 L3 L4 L5)>5
1 4 1 4
N -+ A.
= 6 ma~+ 040 mo 0 ( 53)

THY. o-PslIBIFT D AEp 1T

AEr

(Vi +Va4+Vs+Vi+Vs))r

1 1 1
= —&ﬁm4+0+0+ITmf+1ma4 (A.54)

L5, ZhiCkY. O(e!) TCOZRNVF —FEAMOITH. 725 Hyperfine Structure AW 13
AW = AEp— AEs
= L (X
= jma (3> (A.55)

7%, Karplus - Klein (1952) I2 &5 & Zh LV E» O(a®) OREET OBGREIEN G, S, ZhiTk
5. BECLEAMOTHIE

= Zme ozl (g gwosd\ [ @) L gey]y (26 a
AE = T2(0) {3<U o) [1 2W}+2<s>[1 (9«+2m2%J (A.56)
&b, ZhiT &b Hyperfine Structure 1&
AW = AEp— AEg
1 47 32 o
= gma {g—(§~+mnﬂ;} (A.57)

L5,
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Appendix B
The Annihilation Rate of Positronium

AT O EERCIIRESEIC & 5 Positronium OB 2K S ZLiCbd, ZOKOBBOH ALY | &
B 2 Z A TId Positronium OFFay (b L IFHAERIER) BWHICHNTL 5, Z ZTIEZ D Positronium
Annihilation Rate ZFRMICE L DZ HNE T4, B, 207 —<idiF & AL 2T P2.97 Positronium
W DORRERFZE [ Positronium DFMOHE | THRRENTNWELLDTHS,

B.1 Selection Rule

MBELEESET C o, BT (x). HTH Au(z) ~NOTEHEZRATERT 5.

Co@)C™ = iy (x) (B.1)
CA,(x)Ct = —A,(2) (B.2)

COERIEY QED 0SSV T Y LI CAREL D, K. BT BETFOERENET of (p).
bi(p,s). di(p,s) T HEMCESIE L LIKDOL D125,

Cal(p)C™" = —a(p) (B.3)
Chi(p,s)Ct = di(p,s) (B.4)
Cdi(p,s)c™t = bi(p,s) (B.5)

7 0 HONTHH HREICHL T C DFAMEERD &S, Z 0REE
|ny) = af,(pr)al,(p2)---af (Pn)] O) (B.6)
LFEILDT,
Clny) = (=1)"In7) (B.7)

L5,
KIC. EEEfES)E: L, M 4 Spin S, S, DREEZFD Ps 2E2 5 &, JEHRHRABIRIC BT 522
D5k (MAERREFEARE L EHREEAREBOTEER) 2T

| LMv SSZ,P5> = Z | P1,S81,,P2,52, >< D1, 512, P2, 52, | LlaMlaslz;LQaMQaSQZ >
X( L1, My, 81,5 Lo, My, 52, | LM, (L1Ls),SS.;Ps) (B.8)

| P1, 512, P2, 522 > = bT(pl,Sl)dT(pQ,SQN 0 > (B-g)

&L Wb, ¥/ Summation IS 2WTIE p1, pa, 14, S24, L1, Lo, My, My IZDWTOMEZRL Tnd, Z
OXRNIELEHE T C 2/FHSE5 L

C | LM7 SS»’«’?PS> = ZC | P1,S81,,P2,52, >< D1, S1,;P2; 52, | LlaMlaslz;LQaMQaSQZ >
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X( Ly, My, s1,;La, Ma, s, | LM, (L1L2),SS.;Ps)

= > (=1)] p2, 52251, 512 ) D1y s123P2, 522 | Ly, My, s1.; Lo, My, sz, )
x( L1, My, s1.; Lo, M2, 52, | LM, (L1L2),SS,;Ps)

= Z(_1)| D1, 51, P2, 52, >< P2, 52,;P1, 51, | LQaMQaSQZ;LlaMlaslz >
x( Lg, Mg, 52,3 L1, My, s1. | LM, (L2L1),SS;Ps )

= Z(—l)L_Ll_L2+S| D1, S123P2, 522 )( P1, 8125 P2, S22 | L1, Mi, 8125 L2, Ma, sz, )
X< LlaMlaslz;LQ;MQ;SQZ | LM? (L1L2)7SSZ;PS > (BIO)

&b, ZZTOEIE, Mz L 5 F03HE . Clebsch-Goldan fRELDME
(Jodoy; iJi, | JI(JoJy) ) = (=00 dy,; Jods, | JJ.(J1J2) ) (B.11)

ERAVWTWS, ko TCL=00&& (L = Ly LPFNTHNT I, (—1)E-LimletS — ()5 b 7x
D FMTAERIHRIC 22 B DT,

C|L=0M=0,85.;Ps) = (-1)°| L=0M =0,5S.;Ps) (B.12)

b,

PAEEY. L =0,8=0 @ Singlet-Ps {ZFHUED Y I AL TE T, L =0,5 =1 O Triplet-Ps 1%
EREDYE T FET E N2 e 8bh 5,

KO FE 2 AT —Nid

singlet-Ps  — 2~
triplet-Ps  — 3~

Thb,

B.2 The Annihilation Rate of Singlet-Ps
FHIWIS MOBRY HRBALR (h=c=1) 25,

FiGURE B.1: Feynman diagram of 2 v decay

Figure B.1 OARZEHEIRIEZ M & T5. 20L& Z OREHEIRIES

— v _* ]ﬁ - kl +m *
M = Tgs)er Eu(kg,gg)mfu(kl’gl)e'}/uu(ﬂsp)

= v _k Il) - k2 +m *
TU(450)€7 vk 0n) (p— k2)2 —m?2 €tz ) €7 Ulp,5y) (B.13)

THExL6N 5,
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BRELMTIAIREZ SR, 7 20 5 R &< 2 0121d M2 23T 208N H 50, HRBIC > nW TR
BT - BETO Spin IOV TUEEHL . BRBONFICOVBTEME L 572 [M2= 13 MM %3k
DU &, (22 TARYIFERBIC OV TOFHELO CRELREE L QIR 2o i2h, SEikEs
WEIRER L HHGOHBEFTRT D, BREECHRV 45, £z Ensamble & L T2 THU Spin KE
D Ps EFABTHZLETET. ZhE2ZBEL TEHREL 20 L BUTSEEHLL 2 b DIXFEC EREZ T, )
HFIT DT D Spin ik

* — —
Zsu(kl,ﬂl)su(kl’gl) B Guv
o1
E er € = -

i (kgyo0)CV (R2,02) = TYuw
o2

THY. BT BETD Spin MOV TUIUTFOREREZHNS,
D Uy lUps,y) = (P+m)

Z%,sq)ﬂ(q,sq) = (¢—m)

Sq

INHEHWLZLITKY

— cky  p-ky 2m? 2m? m?2 m2 \?2
MZ = 26 (p + >+( + g B.14
M| { p-k1 p-ko p-k1 p-ko p-k1 p-keo ( )

L%, BHMIA do 1%

2

d®k; M2 »
1_[1 27m)32w; 4 (p- )2_m4(27r) 0*(k1+ ke —p—q) (B.15)
LHEZONBDT, k= (wi ki) (i =1,2) £RTZLICT e, HEMARE o ATOLIIckT L
MWT&ED,
o = /da
_ d3ky d3ks M2 \
- /(27T)32w1 27 32w2 4\/m (2m) 6 (k1+ka—p—20q)
= —a /d?’kd?’ Ykt ks —p—q)
wiwa/(p-q)? —mA

p-ky p-ki 2m? 2m2>_(m2 m? >2
X{(p-k1+p-k2>+(p-k1+p-kz Pk bkl (B.16)
o I BHIREERTH 5, Z Z TETMPHIEL T 5% (ERER) TEXDL L. p=(m,0). ¢= (m7,q)
LR BDT,

p-ki = mw , pg = my
b, Zh X0 BELTEREE
s — loﬂ/dwld() 20w we —m = my)
2 wiwam? By

11 2
x{(ﬂ+ﬂ>+2m(—+—>—(ﬁ+ﬁ> } (B.17)
w1 w2 w1 w2 w1 w2
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LB, 22T P OHEEITIL., wo=|q—ki| £705b. £/ Bl B=q/my TEE L7 Mo
KETH 5.,

ESITHGET IR RAVIER (v ~ 1) THH &M TEIDNEEHIC

o>
B

21585, HL LOXTIE k; OEHOE 2! 2Z L T 2 THISTEY ., ro=e?/(dmm) T HHME T LEL
L7,

51T, AAEHEE (Annihilation Rate) A, [JEEEHTHET L 115, RAEIKE (p-Ps) KT 5 Z 228
TELETHE p EHVT

g =

Ny = aBp = mro’p (B.18)

LFET L, BMMIC Ps AEERIC—HEZT H 255 MEL T, BIEE p & p = [¢1(0)]* (1 1 Ps
D 1Sy WREDOUEBRIE) 2L BL. ag & Bohr FE&L T,

1
0 =
O = o
&5, Do THAER N, 1T
e B
Ap =
B m(2a0)?
ate 1 mc?
= _— = - —
2(10 2 h
= 0.805 x 100 sec™? (B.19)

L5,

B.3 The Annihilation Rate of Triplet-Ps

FRRCH S BARBALREMEHT 5.
Triplet-Ps ORZHGELIRIEE Figure B.2 ICHEA 6N/ B 6@V H 5., LEHGEUIRIEEZ M 2B &,

_ % k ]5 +m ]5 kl +m
M = egv(pz,sz)¢(k3,as) (ks p2§ m2¢(k2 03) (b1 — k)2 — ¢(k1 o1) U(p1,s1)

+e° V(p,, sQ)éf(k2 UQ)W%% gg)mi(kl,al)u(mm)

k ]5 +m ]5 k‘z +m
+e? U(ps, 52)¢(k1 o1) (k1 p2§ 2¢(k3 U's)( —a)2 — 2¢(k2 o2)U(p1,s1)

k ]5 +m ]5 k‘g +m "
+é’ U(pa, S2)¢(k1 o1) (k1 p2§2 mzﬁz((kz 0‘2)( —k3)2 — m2¢(k3,ﬂs)u(m,sl)

_ . k2 —po+m p—ks+m
+€3U(p2,sQ)¢(k2,g2)W¢(kl UI)W%«; o3)U(p1,s1)

k ]5 +m ]5 k‘z +m
+€ T (pa 50 (ks aﬂmml m)Wi(kg 02)U(p1,51) (B.20)

b, Biov 7Y gy EARRICL THIRED Spin IS WTUXEA{LL . KRB Wiz & 5 2
T IMP2 =13 MM EEHEL . o Wi

3

d*k; |M]? .
do = ]| 2m) 6% (k1 + ko + ks — py — B.21
v (2m)*2w; 41/ (p1 - p2)? — m4( )7 0% (k1 + k2 + k3 — p1 — p2) ( )
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AAAVAAVAVE'S

p, — " VVVVVV k,

p, ————(\\V VW Ky

NNV kg

p ——"VVVVVV k,

p, ———VVVVV K,

VYV K,

P, —————"VVVVV\

p, ———— NN\ K,

\VVVVVV g,

P, —————"VVVVV g,

FIGURE B.2: Feynman diagram of 3 v decay

RO, BT - BETEDICEILEL TWb R (EBRER) Tl

p1-ki =

DEIICHBICTLZ LN TCELDT

&b, ZZTHRREL T

a2,
47

EHOTREMmRE R T o L

Sarg?

Sarg?

3 (7 —9)

mw;

6 A dwl ‘/m_w1 dwg

y P1-p2 =

4¢3

2 3
2 — 20 — w:)?
IMPP = (mw1w2w3> 2w (m =)

=1

m(m — wi) dwy

wiw2 w2

>

m

(ijk):cyclic(123)

2

(

m — W

2
WiWg >

(B.22)

(B.23)

BEONSG, £72 o-PsICIE 3 ODRENEET 5 DT 2 ofELMmAEL o — %a CEIHZION S,
I k; OEHOR 3! 2EFL T LERE 6 TH L&

g =

4

9

(17"02

B

(m* - 9)
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b,
= DR ORISR \, MBI CHET L 95, FUMRIE (0-Ps) RTRT 5 2 LAVCE 2 BTEREE p % /1
W7

4
Ao = §oz(7r2—9)r02p (B.25)

YELZLNTED, Fiov s g v ToOER (B.18) AR (B.25) £V,

72 -9 mce® (72 —9
4 A, = 2a5—
a( 9m > P T ( 9m >

= 0.723x 107 sec™! (B.26)

Ao

AN RO EN D,
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Appendix C
Theory of Experiment

Z ZTCIESERRIC Positronium Hyperfine Structure ZWE T 5 720I1C 4B L b 2B HmEZ RS, £
WD S EERS IR RINE T HFETH 508, KT OB O W TY Z RIS AN BB 21T O M2
NHD5, BREANITNE & B - T< % Resonance Line Shape (FLIGHHER) 28T 5,

C.1 Spin Eigenstates of Positronium

Positronium (Ps) 38T+ BETOFRERETH L2, BT - BETD Spin 2FfE ¥ 5 &, Ground
State 1213 Spin-Triplet & Spin-Singlet DFEARENIEZZOSNDL, ThoE T2 HT

| S,m ) (C.1)
&9, Z 2T Spin-Triplet 1& S =1,m = £1,0, Spin-Singlet I S =0,m=0TdH 5,
Hamiltonian % Hy &9 5 &
Hp| 0,0) = Wy 0,0) (C.2)
Hol|1,m) = Wil l1,m) (C.3)

95 (m==%1,0). ZDZFE AW =W, — Wy %. Hyperfine Structure £ 5 5. AW =27hAv &L T
2D Av ZEEREIET 5, Llciho R FEROEAC LT Z offlk

Av = ioflch [g - %(% +2In2) + (’)(aQ)] (C.4)
= 2.03381 x 10> GHz
LB, MEOWMIITL DL, SHITEROBEEIHEZITO>Z LT
Av = io/lch [g - %(1—2 +2In2) + 2(121noz_1 ~0.6402 + (’)(a?’)]
= 2.033958 x 102 GHz
BN STNS,
C.2 Eigenstates on Static Magnetic Field
85 By = 2By DYEAET A B Hamiltonian Ho &
Ho = Ho—py-By—pu_-Bg (C.5)
b, HL
P+ = gpe+Sy = dupSy = %g/ﬂBU—!—
p- = gpe-S- = —g'upS- = —%g’ugo_
J = g( 1+ % ~0.328 (%)2 ) — 2(1.0011596 )
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THbd, 22T upld Bohr BETFLFHINSETH Y. o 1 Pauli T8ITH S, o =29 upBo /AW %
AT 5 & Hamiltonian IZIRDOERICEK S 5,

Ho = Hgy+ iAWx (crz_ - crz+) (C.6)

H0| 7/)S,m > = ES,m| wS,m >
BT ZRINX —EAREBE ZOEAMETHD | sm ) & Esm ZRDD L. LLFOLIITR5,

[ Y141) = [L,£1) , Eipn = Wi (C.7)

1
| P10) = \/T—yQ{‘ 0,0)+yl1,0)}

1
Eiog = 5{(W1+W0)+AW\/1+x2} =FE, (C.8)
1
| Y0,0) = \/H_—ZQ{\O,O>—Z|1,O>}
1
Eoo = 5{(W1+W0)—AW\/1+x2} =F_ (C.9)
=Lz zZT
1
y = ;{\/1+x2+1}
z = l{\/1—|—x2—1}
X
TH 5,
S=1TOm=0REL m=+1 REBOZIXNF -2 AE = E, — W, [FIROKIC72 5.
1
AE = 2thfy = 5{(W1+W0)+AW\/1+332—2W1}
= %AW{\/l—FxQ—l} (C.10)

£oT. for & 232X, AW. D%V Hyperfine Structure D305 Z L1725,

C.3 The Annihilation Rate on Static Magnetic Field

FRBLEFEIC BV TUE Selection Rule 12 ko THFDERMNEL S, p-Ps (S = 0) & 2y k. o-Ps
(S=1) 1 3y HiETH 5. p-Ps 26 2y ~DfiFEMHEFE (Annihilation Rate) % )\, &L TKT., Lot
7vartcoRik (B.19) &0,

1 5 c?
2
0.805 x 10" sec™! (C.11)

Ay =

L7b, [FERRICL T o-Ps 16 3y AN ERERIE KX (B.26) £ 1.

2 2_9
Ay = 22802 (I C.12
T ( 9m ( )

= 0.723 x 107 sec™!
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Tho,
RG> > T B KED Annihilation Rate Mg, (3. &I (C.7) (C.8) (C.9) V. RD¥RITR S,

Al = A1 = Ao
Mo = — =LA = At (C.13)
) T+ 2 P T 14,27 0,2 10,3
1 22
)\0,0 = A + A = )\00,2 + )\0073

1+2277 0 142277
T [0 ) DO DHRFEETET, 3y A% 29 ITHARTHHD2 21T

A10,3

< 1
A10,2

ETRIE R, £ Yoo ) 6D 3y b+ D L DT

00,3
> < 1
A00,2

YRR, Z0200KMEEEEL L5, THERR| vio ) DRIEL | too ) PRIIFAL boT
HY.

A
21422 <« | L2 —(2742)

Ao
LRBIENDNE, hEEHT L
NN
By > Vopdo AW 91895 Tesla (C.14)
Ap — Ao G'1iB

&b, BERTIE I ZZEL T 0.8 Tesla DREEHH D Magnetron 2T 20T, Z 0%&MfEimEL
TWa, 2 ok, £ (C.10) 1

1
AE ~ ZAwgﬂ (C.15)

B,

LU OB OBAZT T, | 141 ) 226D 3y HIBEICIIMUIER SR 2N TER Y, Zh
ZEYBRL 7201 | 1,41 ) 2 Microwave IC& > T |10 ) R | o0 ) ICBBIE. 3y fiROBERE L2 HD
I¥LD,

C.4 States Translation by Microwave
Microwave IZ & 285% By = £Bicoswt &3 < KD Hamiltonian H(t) ZIRDERICEKELT 5.

H(t) = Ho+H(t)
1
H(t) = —-py -Bi—p_ By = 5g’,uBBlcoswt (s —0.™) (C.16)

Z DRDIREZ Schrodinger KR TH 5 Z L 2R IIF S 2T T | y(t) )g &KL . Schrodinger KR
I T B,

e u))s = MOV )s (©17)
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&5,
MEFRERRERONTEAT S,

[ sm(®) )s = exp(t) Ysm(®)); (C13)
Zh &y
L)) = HO 90 ), (€19)
Mi(t) = exp(—Tt) H(1) exp(tt)

CRTZELMTESL,
| (t) ), & | sm ) DREREETRT,

[ 9() ), = > Com®)] Ysm )
S,m

ZhERNK (C19) ITRAL . DS (Y, | ZNT TR e ROWH HTERNEH 5,

d

ih=Cran(t) = Y Csm(t) exp(—"—=21) (Yrn [H(8)] dsm )
S,m

CCECHBBOZ LRI 2ZATERL, ERICIIFRENRZ 20T, AR L Z oo RN frhy
mx k9.

L d L1
ZhECL,n(t) = —ih (5)\L,n)CL,n(t)
Esm—ErLn
+ 3 Com(t) exp(—22—ZE8t) (Y [H(1)] sm ) (C.20)

S,m

T Z O RN D ERATINETR (o [H (t)] thsm ) ZFIFL THE D,
A (C.7) (C.8) (C.9) £V, LAFAFHHTE 5,

1 1
MO boo) = 5 gt/ mpBrcoswt (ar_—ar+){| 0,0) — 2| 1,o>}
1 1
= ﬁ\/H_Zzg’uBBlcoswt“ 1,-1)—-1]1,1 >}
1 1
H ()| o) = = g'upBicoswt (0~ — o) {| 0,0)+y| 1,0 >}
5 2 /1 +y2
1,
N gyuBl%coswt{|1,—1>~—|1,1>}
V2/1+32
1
H @) 1) = 5g’,uBBlcoswt (02~ —0xT)[1,1)
1
= —ﬁg’,uBBlcoswt\ 0,0)
1
H @) 1,1 ) = 5g’,uBBlcoswt (02~ —0oa")[1,-1)
1
= ﬁg’,uBBlcoswt\ 0,0)
DEXY. ATHIZESR (prn [H (1)] sm ) EROBRITR D,
1 1
/ _ = / .
(10 [H' (O] Y101 ) = 7% mg g Bicoswt (C.21)
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1

(Yoo [H'(t)| Y141 ) = :FE \/1:——,229/M331COSWt (C.22)
(i ('O Y1,-1) = (Yo [H'(®)]%oo) = 0 (C.23)
(Ysm [H' () Ysm) = 0 (C.24)

230 (C.20) &Y &2 ToRMZE(LERLRT 2,
d 1

£Coolt) = —3X00C00(t) — alzH)C1a(t) + alz )C1.1 (1) (C.25)
Leno(t) = —gAoCrolt) = By 10w (0) + By 1101 (1) (C.26)
%aﬂw . —%%Cmﬁ%ﬂﬁ@Jthﬂ+W@Jthﬂ (C.27)
%ChJ@ - —%%Chﬂﬂ—aWaﬂﬁw@—ﬁﬂyﬂﬁp@ (C.28)

BL 22T alz,t). By, t) IUATFTORTHEZLN S,

(2,1) L ! ' 11 By cos wt exp( 1_E_t)
oz, = o s Wt ex -
Zh\/ﬁ /—1+229/LB 1 b Zh
1 1 Wiy —E4
t) = —————¢ upB 5wt t
5(% ) ih\/ﬁ 1+y29 Hup b1 cosw exp( ih )

$TE 2 CHBCBMAE AT 5 1201 < DI OIEREAT S,
E3CE | 1/)17:‘:1 > "o | 1,/)1,0 > L LI | 1,/)0,0 > NDEFNTFNDOEBBICKT HELELIT,

[{( P10 [H/(O)] Y121 )]
E+ - W1

|( o0 [H' ()] P1,41 )]
Wi —FE_

X =

Y =

EBL, INBEENTN | Y1) — | Yro) & | Va1 ) — | oo ) PEBIC KD BBIRIFE AT
EMMTED, Microwave IC L SBHTIIE BN LY KELS BRI LIDFARNEILWHIDTH B,

D% Wi —E_ (10 [H' ()] Y141 )|
v Ey — Wi [(too [H' (@) 1,41 )]

g 1pBoy ¢ pupBicoswt V2y1+ 22
gusBoz  Vay/1+y? ¢'ppbicoswt
y V1+2?

N

\/1+x2+1} =y

Il
S|~ wl|
—

£ 5T By =0.8 Tesla ® & &

— = ~ 9.1
v Y 9.176

25, WoT | Y141 ) — | 1o ) OBBIRIEN X ~ 107 DL E |41 ) — | oo ) DEBIRIES
Y ~ 1072 &720, BEDVAEEICHRTHo/NS L, BATLHZ 208 ige 25, ELiC Y ~1071 &
L7223 X ~100 8225, ZORPUE BIFOEE) & 1T,

LAE XY Microwave IZ L 2BHOFMAEL L T, X < 1 BFASH., ZHITEBELEL T | oo ) N
DEBBIIEEL I, Microwave DRGGOKRKE S B ITERPEZ 6N 5,
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ISR O =ABME BB OBICE T2 Ik V., BEIC L 2 HIRH L FFHLIRTEVH S5 b En 5
MZD 5 BIEHIKFIEZ RS, Zhic kb

iv e’i(wgl —w)t

By,t) = 7
1
V = ————qupB
2\/5\/@9 KB D1
fwor = Ey—-Wy
eI d 5,
PE220EBuck 0. #55FR (C.25) (C.26) (C.27) (C.28) IZLAT O & D1c2 b,
d 1
Eco,o(t) = —500,0(75) (C.29)
d 1 |72
ZC10(t) = —5C10(t) = o o {cl,l(t)—cl,_l(t)} (C.30)
d 1 |72
ECM(L‘) = —5)\0CY1,1(LL)—%el(wgl_w)it Cl,o(t) (031)
d 1 V —i(wo1—w)t
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C.5 Resonance Line Shape
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Appendix D

Transmission Lines and Waveguides

D.1 Classification of Wave Solutions

In this section, we will consider the distribution of the electromagnetic field in transmission lines and
waveguides. The transmission lines and waveguides analyzed in this section are all characterized by
having axial uniformity. Their cross-sectional shape and electrical properties do not vary along the axis,
which is chosen as the z axis.

First, the Maxwell’s equations are

vV-D = p, (D.1a)
OB

_ D.1

VxFE TR (D.1b)

V-B = 0, (D.1c)
oD

= Jj+—=. D.1

V xH J+8t (D.1d)

Since sources of current and charge are not considered, and it is assumed that the time-dependence of
the field is e™“?, Eq.(D.1b) and (D.1d) can be rewritten as

VxE = —iuwH, (D.2a)
VxH = iwkE . (D.2b)

Here we have used the relations D = ¢E and B = pH. Using Eq.(D.1a), (D.1c) and identity
VxVxA=VV-A-V?4, (D.3)
we can derive the equation for £ and H

V2E+kE=0, (D.4a)
V2H +k2H =0 . (D.4b)

Those are called the Helmholtz equations. In the above expressions, k = pew?. Since these equations
are separable, it is possible to find solutions of the form f(2)g(x,y). The z dependence can be assumed
to be eF*2 We will consider only the waves which propagate in the positive z direction and the z
dependence is assumed to be the form of e~%*#. Then the Helmholtz equations will be in the form

Vi2E + (k3 —k*)E =0, (D.5a)

ViPH + (k3 —k*)H=0. (D.5b)
Here note that because of the assumed z dependence e~ %% V, = —ik? and then

V=V+V, =V, —ikz, (D.6)

86



where Z is the unit vector along the z axis and Vj is the transverse part of the gradient operator. Let

E = ee ™ peeih® (D.7a)
H = he * 4 p e k> (D.7b)
where e, e,, h¢, h, are all the functions of z, y, and e;, hy are the transverse vector fields and e, h,

are the vector field along the z axis. With these expressions, Eq.(D.1a), (D.1c), (D.2a) and (D.2b) can
be reduced to

Vi X e = —ipwh, , (D.8a)

z x (Ve +iket) = iuwhy | (D.8b)
Vi X hy = tewe,, , (D.8¢)

z X (Mh, + ikhy) = —ieey | (D.8d)
V- hy = ikh, | (D.8e)

N -er = tke, . (D.8f)

For a large variety of transmission lines and waveguides of practical interest, it turns out that all the
boundary conditions can be satisfied by fields that do not have all components present. Specifically, for
transmission lines, the solution of interest is a TEM (trensverse electromagnetic) wave with transverse
components only, whereas for waveguides, solutions of TE (transverse electric) and TM (transverse
magnetic) waves are possible. Because of widespread occurrence of such field solutions, the following

classification of solutions is of particular interest.

1. Transverse electromagnetic (TEM) waves. For TEM waves, E, = H, = 0. The electric field
may be found from the transverse gradient of a scalar function @(x,y), which is a function of the

transverse coordinates only and is a solution of the two-dimensional Laplace equation.

2. Transverse electric (TE), or H, modes. These solutions have E, = 0, but H, # 0. All the field
components may be derived from the axial component H, of magnetic field.

3. Transverse magnetic (TM), or E, modes. These solutions have H, = 0, but E, # 0. The field
components may be derived from FE,.

In some cases it will be found that a TE or TM mode by itself will not satisfy all the boundary
conditions. However, in such cases linear conbinations of TE and TM modes may be used, since such
linear combinations always provides a complete and general solution.

The appropriate equations to be solved to obtain TEM, TE, or TM modes will be derived below by
placing E, and H,, E,, or H,, respectively, equal to zero in the reduced Maxwell’s equations (D.8a) —
(D.8f).

D.1.1 TEM Waves

For TEM waves e, = h, = 0, so Egs.(D.8) reduce to

Vixe = 0, (D.9a)
kzxe = pwhy, (D.9b)
Vixh = 0, (D.9¢)
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kz x ht = —€et, (ng)
Vioh = 0, (D.9e)
Vicee = 0. (D.9f)

Eq.(D.9a) is just the condition that permits e; to be expressed as the gradient of a scalar potential.
Hence let
er = -V P(x,y) . (D.10)

Using Eq.(D.9f), we can show that @(x,y) is a solution of the two-dimensional Laplace equation,
Vi2b(z,y) =0 . (D.11)
The electric field is then given by
E(z,y,2) = Ey(z,y,2) = —N&(x, y)e ** . (D.12)
But this field must also be a solution of the Helmholtz equation
V?E +kiE, =0 . (D.13)
Since V =V, — ik% and then V2 = V% — k2, combining Eq.(D.12) with Eq.(D.13), we can derive
ViVi?® + (k2 — k*)®] =0 . (D.14)
This shows that k = +k¢ for TEM waves because of Eq.(D.11). The magnetic field may be found from

Eq.(D.9b), thus

+ ‘;—”ht =3 xe = +Zohy (D.15)
0

where Z; is the wave impedance discussed below. In this expression, the positive sign corresponds to

the wave which propagates in the 4z direction, and the negative sign to the wave propagates in the —z

1
ZO:\/E, Vo= —= /%, (D.16)
€ Zo H

where Y is called as admittance corresponding to Zj.

direction. Since k% = pew?,

For TEM waves, the impedance Zj is defined by
Zyg=—=——=. (D.17)

Hence for the waves which propagate in the +z direction

E. B,
-t _ g D.18
H, H, (D-18)

whereas for the waves which propagate in the —z direction

E, E,
_r__ Y __7 . D.19
o (D.19)
In summary, for TEM waves, first find a scalar potential @ which is a solution of two-dimensional
Laplace equation

V2d(x,y) =0 (D.20)
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and satisfies the proper boundary conditions. The fields are then given by

E = E; = ejeThoz — _\ypeFikoz (D.21a)
H = H,; = hyeT*0* = Y3 x egeTihoz | (D.21b)

where e~"*0% represents a wave propagating in the +z direction and et?0* a wave propagating in the

—z direction.

D.1.2 TE Waves

For transverse electric (TE) waves, setting e, = 0 in the Egs.(D.8), we can obtain

Vi X ey = —iuwh, , (D.22a)
kzZ X e = pwhy (D.22b)
Vixh =0, (D.22¢)
5 x Vi, + ik2 x hy = —ieey | (D.22d)
Vi - hy = ikh. (D.22e)
Ve =0. (D.22f)
The magnetic field H satisfies the Helmholtz equation
V2H +kiH =0. (D.23)
Separating the above into transverse and axial parts and replacing V2 by V% — k2 yeild
Vith. +~v*h, =0, (D.24a)
Vilhe +7°he =0 . (D.24b)
where v = k2 — k%. The transverse curl of Eq.(D.22c) gives
Vi x (W x hy) =V, - hy — Vi%hy =0 . (D.25)
Using Eq.(D.22¢) and Eq.(D.24b), we can derive the equation
ik
hi = ——=Vih. . (D.26)
Y
To find e; in terms of h;, we take the vector product of Eq.(D.22b) with 2 to obtain
kzx (2xe)=k[(2-e)2— (2-2)er] = —ker = pwz X hy (D.27)
or L
e = —%z« x hy = =20 Zo% x b . (D.28)

k
The factor ?OZO has the dimensions of an impedance, and is called the wave impedance of TE, or H,

modes. It will be designated by the symbol Zj, so that

Zp = IZ—OZO . (D.29)
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The remaining equations in the set Eqs.(D.22) do not yield any new result; so the solution for TE waves

may be summarized as follows:

Vih, +9*h. =0, (D.30a)
hy = —%Vthz : (D.30b)
¥
[ —Zhg’ X ht s (DSOC)
where )
Y=k -k and Z,= ?OZ0 : (D.31)

D.1.3 TM Waves

For transverse magnetic (TM) waves, setting h, = 0 in the Eqs.(D.8), we can obtain

Vixe =0, (D.32a)

zZx Ve, +ikz X ey = ipwhy | (D.32b)
V; X hy = iewe, | (D.32¢)

kz X hy = —eey (D.32d)
Voh =0, (D.32e)

Ve = tke, . (D.32f)

The TM modes may be considered as the dual of the TE modes in that the roles of electric and magnetic
fields are interchanged. We can obtain the set of equations simillar to Egs.(D.30) in the same way that
we derived Egs.(D.30). And the equations for the TM waves are

Ve, +9%. =0, (D.33a)
ik
e = ——=Vie. (D.33b)
Y
ht = —}/62’ X et , (DSBC)
where
2 2 2 1 ko

The factor Yy has the dimensions of an admittance, and is called the wave admittance of TM waves.
The dual nature of TE nad TM waves is exhibited by the relation

InZe=Zy . (D.35)

D.2 Coaxial Line

In this section, we discuss the fields in a transmission line, especially in a coaxial line. A transmis-
sion line consists of two or more parallel conductors. Initially, it will be assumed that the conductors
are perfectly conducting and that the medium surrounding the conductors is perfect dielectric, which
permittivity and permeability are e and p respectively. The effect of small losses will be considerd later.

A coaxial line has the cross section illustrated in F1G. D.1, which consists of two cylindrical conductors.
These conductors have the same axis. The radius of the inner conductor is a and that of the outer one

is b.
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Outer Conductor

Di€lectric
Inner Conductor

FIGURE D.1: Cross section of coaxial line.

For transmission lines, the wave of most interest is the TEM wave, but there also exist TE and TM
waves, so we will analyze the latter two waves in the coaxial line here in addition to the former. However,
deeper discussions are given for TEg; and TMy; modes because of their importance.

D.2.1 TEM Wave in Coaxial Line

First we should find a solution of 2-dimensional Laplace equation
Vi =0. (D.36)

In cylindrical coordinates 7, ¢, z, above expression is written as

1&(8@) 1 9%

s o) TEae =0 (D-37)

The potential function @ is independent of the angular coordinate ¢ since the cross sectional shape of
the coaxial line does not depend on . So the 2-dimensional Laplace equation becomes

10 od

@ =Cilogr+ Cs . (D39)

Integrate this equation twice gives

Since the boundary conditions are @ = Vj at » = a and @ = 0 at » = b, imposing these conditions gives

Vo
C, = ——— D.40
YT Toglafh) (D-40a)
Vo log b
Co — _ D.40b
2 10g(a/b) ) ( )
and then log(r/b)
og(r
b=Vy——+. D.41
" log(a/) (D41
The electric and magnetic fields of a TEM mode propagating in the +z direction are given by Egs.(D.21)
and are
od ., Vo i
E—=—5"" —ikoz G —ikoz D.42
“or° " log(b/a) ‘ ’ ( )
Yoo
H=Y, =p———e 'NOZ D.42b
R S T O R (D-42b)
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FI1GURE D.2: The electric and magnetic fields of TEM wave in coaxial line

where Yj is the admittance of the dielectric between the two conductors and is equal to y/€/u. The
electric and magnetic fields are both illustrated in F1G. D.2. The potential between the two conductors

is obviously Vj; so the voltage wave V' associated with the electric field is
V = Vpe oz

The current density J on the inner conductor is

Yo "
J=iix Hepx He=3200 ko
alog(b/a)
and the total current Iy, apart from the factor e~ 0% is
Yo% /2“ _ 2%V
" alog(bja) Jy T log(b/a)

The current wave I associated with the magnetic field is therefore
I = Ige o= .

The characteristic impedance Z. of a 2-conductor transmission line is defined by

Vo
o= —,
Iy
and in the case of coaxial line
7o b
Z.=—log—,
2 a
where
1 %
Zyg=—=4/—.
0 Y c

D.2.2 TE Waves in Coaxial Line

(D.43)

(D.44)

(D.45)

(D.46)

(D.47)

(D.48)

(D.49)

For TE waves, the equations to be solved are Eqs.(D.30). It will be useful to replace h, by a scalar
function v, which can be used not only for TE modes, but also for TM modes. Then Egs.(D.30) can be

rewritten as

VY +97 =0,
ik
ht:__Qvtwa
gl
k7
e = 52
gl
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The boundary condition to be imposed is

0y
on

where 7 is the unit vector perpendicular to the surface of the conductor. For the coaxial line we are now

=0 on the surface of the conductors, (D.51)

discussing, taking cylindrical coordinates, this boundary condition become below;

o
= = . D. 2
o 0 at r=ua, b (D.52)

Now remainding promlem is to have the solution of Eq.(D.50a) which satisfies the boundary condition
(D.52). In cylindrical coordinates, Eq.(D.50a) is

18(81/)>+1821/)

"or
we separate v into r-dependent and ¢-dependent parts so that
U(r, ) = R(r)2(e) (D.54)

then Eq.(D.53) becomes
r?d*R rdR 1 d*¢

L= = D.55
Rarr Rar VT T g (D-55)
Setting this equation to be m?, we can derive the equations for R and &.
d’R 1dR 5 m?
e Tt ~____ JR=0 D.56
dr? +7‘dr+(ry 7‘2> ’ ( 2)
2
]
P _ —m?® . (D.56b)
dp?

First, We can easily solve Eq.(D.56b) and the solutions for @ are
QSm(‘p) = leeimcp + Cm2€_imw s (D57)

where C,1 and C,,2 are constants. Since ¢ must have the same value at ¢ = 0 and ¢ = 27, m must
be integers; m = 0,+1, 42, ---. However we should take only zero and positive m because negative m
are already included in Eq.(D.57) for positive m. For simplicity, we shall take only ™. Next, we will
solve Eq.(D.56a). Replacing r by x/v, we can rewrite Eq.(D.56a) as

d’R 1dR m?

—_— + —— 1-—|R=0. D.58

dx? + x dx + ( x2 > ( )
This is Bessel’s differential equation, and the solution can be expressed with the linear combination of

Bessel function J,,,(z) and Neumann function Y,,(x), such as
R (z) = Apdm(z) + By Y () (D.59)
where A, and By, are constants. From above all, we can derive the mth solution for Eq.(D.53);

Y (7, ¢) = [AmIm (1) + B Yo (7)™ . (D.60)

0
Imposing the boundary condition that % =0 at r = a, we can have
r

Rou(x) = H Im () Yo ()

" Tna) Y 0a) (D-61)
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FIGURE D.3: Graphs of g(x) and () for TE waves. Here vyr and ya are set to be z and 5, respectively.

d
where ' means e and H,, is the amplitude of magnetic field. More because of the boundary condition
at r = b, if nth zero point of R} (z) is 3,,(ya), vb should be equal to 3., (va). Here 5, (va) should

be, of course, a function of vya. This is that v can not be chosen arbitrarily, but should be decied so

/
mn

/
mn’

that v satisfies the equation vb = (va). Denoting v decided in such way as k we could derive the

(m,n)th solution for TE waves,

Jm(k;'nnr) _ Ym(k;'nnr) eimcp
T (K@) Y (Kna) '

mn

wmn (’/‘, QO) - Hmn (D62)

The other field components, e; and h;, can be derived from Egs.(D.50).
There appears the most remarkable property of TE waves; there exists a cutoff freqency. There is the
relation among ko, k and k/,,,, that is
(k;,

mn

)2 =k —k*. (D.63)

Here k should be a pure real number, otherwise the wave can not propagate or decays with the distance

from the point at which it is excited. From this, since k% = pew?, the cutoff frequency wy,, of the

(m,n)-mode can be calculated;

k2 = k(% - (k;nn)Q >0 )

1
= W > —K,, . (D.64)

\/E mn

Since he lowest order wave is TEy; mode, when the frequency w is less then wpi, the TE mode can not
be excited in the coaxial line.

TE01 Mode
Here we will analize the details of TEqg; wave. The solution for this wave is

Yo1(r, ¢) = Ho¥rk,, (1) (D.65)
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FiGURE D.4: Electric and magnetic field of TEy; mode in coaxial line.

where
Jolkr)  Yolkyr)
T, (1) = _ , D.66
e (") = T a) Yk a) (D-66)

In cylindrical coordinates,

B 10
V= e o D.67
t Tar + <pr Ao’ ( )

so, from Egs.(D.50),
ik H,

h = ik Mgt (1), (D.68a)

k01 01

ikZy H,

e = —wﬁwﬁm (r) . (D.68b)

—ikz

Since the z dependence is e , when we take the phase factor of h, as coskz, that of h; and e; are

both —sin kz. So we can derive the distribution of electromagnetic field of TEg; mode in coaxial line;

hy, = ZHpYrg,,(r)coskz , (D.69a)
ikHoy _, .
hy = -+ 3 Urg,, (r)sinkz (D.69b)
01
ik Zn H
e = —@Zkhimﬂlr}Em(r)sinkz. (D.69c)
01

The graphs of ¥o(z) and 9{(z) for this mode are illustrated in F1c. D.3, in which it is set that x = r
and vya = 5. From this graph, we can roughly illustrate the field distribution, and this is in Fig. D 4.

D.2.3 TM Waves in Coaxial Line

For TM waves, the equations to be solved are Egs.(D.33);

Ve, +%. =0, (D.70a)
ik

e = —fy—QVtez , (D.70b)

ht = }/52’ X et . (D?OC)

The general solution for e, is the same as that for h, of TE modes, so we can use Eq.(D.60) for e.. But
the boundary condition may be change;

Ym(r)=0 at r=a, b. (D.71)
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FIGURE D.5: Graphs of ¢ (z) and ¢} (x) for TM waves. Here yr and va are set to be  and 5, respectively.

First, since 1, (a) = 0, we can have

Im () B Yo ()
Jm(ya)  Yn(va)] '

where F,, is the amplitude of electric field. More because of the boundary condition at r = b, if nth zero

R,.(x) = Ep,

(D.72)

point of Ry, is Bmn(ya), vb shoud be equal to B, (ya). Being similar to the case of TE modes, this is
that v can not be chosen arbitrarily, but should be decided so that « satisfies the equation vb = B, (va).

Denoting such « as ky,y, we could derive the (m,n)th solution for TM waves,

Jm(kmnr) Ym(kmnr) ;
mn\T :Emn - e D.
Ymnlr: ) TonUern®) Yo (nt) | © (D7)

The other field components, h; and e;, can be derived from Eqs.(D.70).
Similar to the case of TE waves, there exists a cutoff frequency. The cutoff frequency can be calcurated

in the same way we derived that for TE waves;

1
Wmn > —kmn . (D74)

NGz

Since the lowest order wave is TMg; mode, the wave that have less frequency than wgp; can not be excited

in the coaxial line.
TM01 Mode

Here we will analyze the details of TMy; wave. The solution for this wave is

Yo1(r, ¢) = Eo1%rwm,, (1) (D.75)

where
Jo(korr)  Yo(koir)
v = — . D.76
Moy (1) Johora) ~ Yo(kora) (D.76)
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FiGURE D.6: Electric and magnetic field of TMg; mode in coaxial line.

The other field components are as below;

ikE,

o = B0 o), (D.77a)
ko1
kY, E

he = @ZkkT‘”%Mm(r). (D.77b)

Since the z dependence is e~ ***

, when we take the phase factor of e, as coskz, that of e; and h; are
—sin kz and sin kz, respectively. So we can derive the distribution of electromagnetic field of TEy; mode

in coaxial line;

e; = Z2En%rm,,(r)coskz , (D.78a)
ikE
hy = —lef—mW%Mgl (r)sinkz , (D.78Db)
01
kY. E, .
et = Q)ZkTOlg/"i“Mm(r) sinkz . (D.78c¢)

The graphs of 9o(x) and ¥ (z) for this mode are illustrated in F1G. D.5, in which it is set that z = ~r
and vya = 5. From this graph, we can roughly illustrate the field distribution, and this is in Fi1G. D.6.

D.3 Rectangular Waveguide

Hollow-pipe waveguides do not support a TEM wave. In hollow-pipe waveguides the waves are of the
TE and TM variety. The waveguide with a rectangular cross section in the most widely used one. The
rectangular waveguide with a cross section as illustrated in FiG. D.7 is an example of a waveguiding
device that will not support a TEM wave. Consegently, it turns out that unique voltage and current
waves do not exist, and analysis of the waveguide properties has to be carried out as a field problem
rather than as a distributed-parameter-circuit problem.

The equations for TE waves and TM waves are Eqgs.(D.30) and Eqs.(D.33), respectively. For rectan-
gular waveguide, it is much easier than for coaxial line to soluve those equations, because we can take
rectangular coordinates in this case, and more, because the boundary conditions to be imposed are much

simple.
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FiGURE D.7: Cross sectional shape of rectangular waveguide

D.3.1 TE Waves in Rectangular Waveguide

For TE waves in rectangular waveguide, the equations to be soluved are Egs.(D.30), same as in coaxial

line;
Vih, +9*h. =0, (D.79a)
ik
hy = —;—QVthz , (D.79h)
ey = —Zhg’ X ht s (D790)
where )
Y¥=k2—-k and Z,= ?OZO : (D.80)

Taking rectangular coordinates, we can easily derive the solution for h.;
h, = (Aj cos kyx + Agsink,x)(Bi coskyy + Basinkyy) . (D.81)
where k, and k, must satisfy the relation
-k —k;=0. (D.82)

The boundary conditions to be imposed are

Oh: _ 0 at =0, a, (D.83a)
ox
Oh =0 at y=0,0b. (D.83b)
dy
These conditions show that
A2 =0 and BQ =0 y (D84)
and
b, = T (D.85a)
a
ky, = % . (D.85b)

98



where m and n are non-negative integers. Above all, we have the solution for a TE mode;

cos n_;ry , (D.86)

mmT
h, = H,,, cos

this is called as TE,,,, mode. The other field components are as followings;

immkpnHmn . mmx nmy
hy = I 5 sin cos —=
WYrn a b

_inmkopnHomn, mrr . NIy
5 cos sin —=, (D.87a)
Vi a b
INTKmn Znmn Hmn mrxr ., My
e = T 5 cos sin —=
DY a b

_g imﬂ'kngQh,mnHmn sin mnx oS nmy ) (D87b)
Vimn @ b

Substituting Eqgs.(D.85) into the relation Eq.(D.82), we have

m2n?  nip?

2 _ 1.2
kmn - kO - a2 - pz

(D.88)

this shows that, similar to the case of coaxial line, there exists a cutoff frequency. The cutoff frequency

1
1 m2n?  nr?\?
Wemn = \/[E ( 0,2 + b2 > . (D89)

If a > b, the lowest mode is TEg;. Further more, we can define a cutoff wavelength A, corresponding

We,mn for mn-th mode is

to wemn;

2 2
)\c mn — 71- = ab ’ (DQO)
’ \/ﬁwc,mn \/m

The exsitence of cutoff frequency and corresponding cutoff wavelength means that not all waves but

waves that have larger frequency, or less wavelength, than the cutoff does propagate in a waveguide, and
the other waves exponentially vanish with the distance from the point waves are excited. The wavelength

of mn-th mode in a waveguide can be written as following, using lambdac .y, and \g = 27/ko,

A = 2 Ao (D.91)

kmn \/ 1- )‘g/Ag,mn ,

this shows that wavelength in a waveguide is longer than that in free space.

Finally we give the phase and group velocity of the mn-th wave. The phase velocity vp mn of mn-th
mode is given by

Upmn = )\—OC y (D92)

where c is the light velocity in the medium that fill inside the waveguide, so ¢ = 1/,/pe. This vp ymyn may
be derived from v, = w/kyyn. The group velocity vg m»n of the mn-th mode is
Ao
c

Vgmn =
g, )\mn

(D.93)

This is given by vy = dw/dkmn = (dkmp/dw) ™ .
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D.3.2 TM Waves in Rectangular Waveguide

For TM waves, the equations to be solved are Egs.(D.33);

Ve, +7%. =0, (D.94a)
ik
e = —fy—QVtez : (D.94b)
ht = _Y52 X et , (D94C)
where
2 2 2 1 ko

Imposing the boundary conditions for e, those are

e:=0 at =0, a, (D.96a)
e;:=0 at y=0,0, (D.96b)

we can find the solution for TM waves;

72 sin % . (D.97)

e, = Epypsin

This is called as TM,,,,, mode. The other field components are as followings;

imakpnEmn mrr ., My
e = —IF 5 cos sin —2
a‘ern a b
intkypnEmn . mTT nmy
—§ 5 sin cos —=, (D.98a)
bme'll a b
Tk Ye mnEmn . mmx  nwy
e = —aT > sin cos ——
bme'll a b
imakyn Y E mnxr . NTw
TR cos sin Y (D.98b)
a‘ern a b

Simillar to TE waves, there exists cutoff frequency, and the relation among k, ko, m and n is the same
as that for TE modes. Also are cutoff frequency, cutoff wavelength and wavelength in a waveguide for

TM modes the same as those for TE modes.
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Appendix E
Transmission Line with Small Loss

Practical transmission lines always have some loss caused by the finite conductivity of the conductors
and also loss that may be present in the dielectric material surrounding the conductors. Consider first the
case when the conductors are surrounded by a dielectric with permittivity € = ¢ — j¢” but the conductors
are still considered to be perfect. The presence of a lossy dielectric does not affect the solution for the
scalar potential @. Consequently, the field solution is formally the same as for the ideal line, except that
ko and Yy are replaced by k = ko(el. — je’)/? and Y = Yo(€!. — je’)'/2, where the dielectric constant

€ = €. — jei! = €/eg. For small losses such that €/ < €/, the propagation constant is

. . el 1/2 . ek
o= ek = @) Pho(1-5E) T~ ) Rt 5 (1)
Thus
6;,’/{}0
B = (€)%K (E.3)

where « is the attenuation constant and ( is the phase constant. The wave consequently attenuates
according to e~ as it propagates in the +Z direction.

It will be instructive to derive the above expression for a by means of a perturbation method that
is widely used in the evaluation of the attenuation, or damping, factor for a low-loss physical system.
This method is based on the assumption that the introduction of a small loss does not substantially
perturb the field from its loss-free value. The known field distribution for the loss-free case is then used
to evaluate the loss in the system, and from this the attenuation constant can be calculated. In the

present case, if €// = 0, the loss-free solution is

E = —N®e " H = YixE (E.4)
where k = (¢.)"/?kqg and Y = (¢..)1/2Y,. When €” is small but not zero, the imaginary part of e, that is,
€”, is equivalent to a conductivity

o = we' = wegel . (E.5)

A conductivity o results in a shunt current J = o E between the two onductors. The power loss per unit
length of line is
we//

1
P = —/J~J*dS - /E~E*dS (E.6)
20 S 2 S

where the integration is over the cross section of the line, and the loss-free solution for E is used to
carry out the evaluation of Pj. Since loss is present, the power propagated along the line must decrease
according to a factor e 2%%. The rate of decrease of power propagated along the line equals the power

(e}

loss. If the power at z = 0 is Py, then at z it is P = Pye~2**. Consequently,

oP

-5, = b= 2aPye ?** = 2aP (E.7)
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which states that the power loss at any plane z is directly proportional to the total power P present at

this plane. The power propagated along the line is given by

P

lRe/ExH*.z«ds
2 S

Y
ZRe/E><(%><E*)~2dS = —/E~E*dS. (E.8)
2 S 2 S

Hence the attenuation « is given by

P o we” e’

— - = JR— = _ = S — E.
“ 2P 2y 2o (el )12 Mootz (E-9)

which is the same as the expression (E.2). For this example the perturbation method does not offer any
advantage. However, often the field solution for the lossy case is very difficult to find, in which case the
perturbation method is extremely useful and simple to carry out by comparsion with other methods.
The case of transmission lines with conductors having finite conductivity is an important example of
this, and is discussed below.

If the conductors of a transmission line have a finite conductivity, they exhibit a surface impedance

14
Zm = E.10
- (E.10)

where 6, = (2/wpc)/? is the skin depth. At the surface the electric field must have a tangential
component equal to Z,,Js, where J; is the surface current density. Therefore it is apparent that an axial
component of electric field must be present, and consequently the field is no longer that of a TEM wave.
The axial component of electric field gives rise to a component of the Poynting vector directed into the
conductor, and this accounts for the power loss in the conductor. Generally, it is very difficult to find the
exact solution for the fields when the conductors have finite conductivity. However, since |Z,,| is very
small compared with Zj, the axial component of electriv field is also very small relative to the transverse
components. Thus the field is very nearly that of the TEM mode in the loss-free case. The perturbation
method outlined earlier may be used to evaluate the attenuation caused by finite conductivity.

The current density J; is taken equal to n x H, where n is the unit outward normal to the conductor
surface and H is the loss-free magnetic field. The power loss in the surface impedance per unit length

of line is

2
= B (axH) - (nx HY) dl
2 S1+S2

= fim H. H*dl (E.11)
2 S1+S2

1
P = —Resz J,-Jdl
S1+8S2

where R, = 1/0d; is the high-frequency surface resistance, and
(nxH) - (nxH*) = n-Hx(nxH")
= n[(HH*)n—(Hn)H*] = H-H* (E.12)
since n - H = 0 for the infinite-cinductivity case. The integration is taken around the periphery S; 4+ S
of the two conductors. The attenuation constant arising from conductor loss is thus
P Rmfsl+52H~H*dl

2P~ 2Z[H - H*dS (E.13)

o =
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where the power propagated along the line is given by
1 1
Re§/ExH*-2dS = §Z/H-H*d5 (E.14)

and Z is the intrinsic impedance of the medium; that is, Z = (u1/€)'/2.
When both dielectric and conductor losses are present, the attenuation constant is the sum of the

attenuation constants arising from each cause, provided both attenuation constants are small.
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Appendix F

S-Matrix of Reflector

KR O R HEB L OEELREL RO BICHTZ> T, RO LI SITHREAT S,
ap \ _ [ P pi2 af
ay P21 P22 aj

al+ a2+

al- az-

FIGURE F.1: S-Matrix
ZZTC. af HIRETHY . WEEORHEAS Y —F v 2% Z, &L T,

1

+ — ] —

0 = —Viy = VZolix (i=1,2) (F.1)
N

eET B, /o, Maxwelleq &0 pig =po1 THD, EHIT, SITH BT HEALT loss 2372T U,
IXVX —RFEL D SATHIE Unitary TH S, ZDOI752 FHNT, STV EHANT H - 728550 G
RERD LD,

FEEREHE. WS 2 %7 BN THB Y . RENERIIZERE & SiC IS Tnhd, £, Input ]

DAXY ZD SAITH%E
( P11 P12 )
Pij =
P12 P22
95L&, Outputfllo=ax 7 %o SAITHNE

P22 P12
P12 P11

i, W, KEOKRS%E L. WHE n (n=1,2) TD microwave DFEE % k, . WMEEHE o, £ T 5
. FZITO ST ENE N

e—alreiklr 0 1 , e—ag(L—z) eikg(L—z) 0 1
1 0 10

LFT 5. e 2HHOWHERO S1T5% pi; £ T 5.
LAEIC BT 1ATHOEATH Z RONIE, ThDBRFRGO S175e 05, AL, ZZTHEREZET D
DL, FTHFHEPEBOITH DD L D ITIETERNI L TH L, 22D SITH| Ay, B OEBATHIO
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SRR ERT L

A11 A12 « Bll BlQ
A12 AQQ BlQ BQQ
1 ( Aq1 + B11 (A2, — Aj1 Ag) Ai12Bi2 )
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DEIWCD, T, HOFHEMBICT L7012, Input flloa X7 ¥ D SITF%E Ay . ThIMto
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CMEELT 5,
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Bia  Baa L+ poaphy e 202e2ikz
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ploprze” (@1 tez)itkithe) p11 — phye 22e? 2 (pl) — pripm) )

ZoEIIIBLL, Eq(F.2) THEASNTWDS A, By, OFEDRIFFEGD S178ri; 725, Gld al =0
THDH05 . Power DRFREFERITZTNTH

R = |rul*= [A11|? + [Bu|* — Ao By — A%, B},
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1+ |A11|?|B11|? — A2z By — A5, By
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Appendix G

Principle of Magnetron Oscillator

G.1 Floquet’s Theorem

In an infinite periodec structure, the field of Bloch wave repeats at every terminal plane except for a
propagation factor e7¢, where d is the length of an unit cell. Since the choice of location of a terminal
plane within an unit cell is arbitrary, we see that the field at any point in an unit cell will take on exactly
the same value at a similar point in any other unit cell except for a propagation factor e~ from one
cell to the next. Thus, if the field in the unit cell between 0 > 2z > d is f(x,y, ), the field in the unit
cell in the region d > z > 2d must be

e_’Ydf(xa Y,z — d) .
Consequently, the field in a periodic structure is described by a solution of the form

f(xayvz) = e_’yzfp(x’yvz) ’ (Gl)

where f,(z,y,z) is a periodic function of z with period d; for example,

fp('xay7z + Tld) = fp('xay7z) .

The possibility of expressing the field in a periodic structure in the form given by Eq.(G.1) is often
referred to as Floquet’s theorem. From Eq.(G.1) we can see that the field at z + d is related to the field

at z as follows:
[y, z4d) = e 7D f (e, 2+ d)
= e (2,y,2)

= e f(zy.2),

which has the correct repetitive properties of a Bloch wave.
Any periodic function such as fy(z,y, z) can be expanded into an infinite Fourier series;

folay,2) = Y fpnlzy)e 2 (G2)

n=—oo

2mimz/d

where f, »(z,y) is a function of x and y. Multiplying both side by e and integrating over a unit

cell, i.e., from 0 to d, we may have an expression;

1 ¢ ,
fomlw3) = 5 [ dz fy@ g )etmimrs (@3)

because of the complete orthogonality of exponential functions; i.e.,

d
/dZ e—27‘ri(n—m)z/d = db,m -
0
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Anode Block

Interaction Space Cathode

(a) Cross sectional shape of magnetron. (b) Seen from the side of mag-
netron.

FicURE G.1: A multicavity magnetron. A magnetron is consist of cathode, anode, coaxial line output
and several cavities. permanent magnet is used to produce a strong magnetic field normal to the cross

section.

The field in a periodic structure can be represented as

o0
Z fp n(x’ y)e—iﬁz—%rinz/d

flx,y,2) =
= Y fomlmye e, (G.4)

where v = i8 and §,, = 8+ 2nw/d. Each term of this expansion is called as a spatial harmonic and has
a propagation phase constant 3,. The corresponding phase velocity of n-th spatial harmonic is

w w

o = Bn B+ 2nw/d’ (G:5)

where we have supposed the time-dependence of the field is e®*

dw  (dB.\T' [(dB\ '
Vgn = % = (%> = (@) = Vg (GG)

and is the same for all harmonics.

. The group velocity of the n-th harmonic

is

G.2 Magnetron Oscillator

This section is devoted to a qualitative description of the magnetron oscillator. The basic structute of
a magnetron is a number of resonator arranged in a cylindrical pattern around a cylindrical cathode, as
shown in F1G. G.1. A permanent magnet is used to produce a strong magnetic field normal to the cross
section. The cathode is kept at a high negative voltage —V, and the anode at GND level. Electrons
emitted from the cathode are accelerated toward the anode block, but the presence of the magnetic field
By produce a Lorentz force —ev, B in the azimuthal direction which causes the electron trajectory to be
deflected in the same direction.
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If the cathode radius is @ and the anode radius is b, the potential at any radius r is

log(r/b)
Vir)=-Vo,—————=, G.7
(r) Tog(a/b) (G.7)
where we neglected the small perturbation of the field caused by the non-ideal cylindrical configuration

of of the anode. The velocity of an electron at this radius is given by
o(r) = [~2V ()] (G.8)

where n = e/m.. The electron can execute circular motion at the radius r around the cathode if the
outward centrifugal force m.v?/r and the radial electric field force —eE,. = —eV, /[rlog(a/b)] are exactly
balanced by the inward magnetic force ev(r)By. For circular motion at radius r, we therefore have

mev? _ eV,
r rlog(a/b)

=evBy , (G.9)

or since v = w,r, where w, is the electron’s angular velocity,

;
2 — pBowe — = 0. G.10
e TR0 T W og(a/b) (G-10)

For later reference, we solve Eq.(G.10) for the cahode-anode accelerating voltage V;

vV, = (LMQ log %) (‘% - Bo> . (G.11)

This value of V, will permit an electron to execute circular motion at a radius r and with an angular
frequency w, under the magnetic field By.

If now there exists an ac electromagnetic field that propagates in the azimuthal direction with a
phase velocity equal to the electron velocity w,r, strong interaction between the field and the circulating
electron cloud can take place.

The multicavity magnetron has a periodic structure in the azimuthal, or ¢, direction. If there are N
cavities, the period in ¢ is 27 /N. According to Floquet’s theorem, each field component can be expanded

in the following form;

P(r, ¢) = i e PO by, (1) = i Yn(r)ePOm2mNG (G.12)

n=—oo n=—oo

where the period p = 27/N and

N 27 /N ]
Ya(r)= o= [ dé (r,@)e? ™7 . (G.13)
27 0
But since the structure closes on itself,
Y(r, 2mw) = (r,0) . (G.14)

The only possible values of 3 that will make 273 equal to a multiple of 27 are
Bm =m, where m =0, +1, £2,--- . (G.15)

With the value of 3 specified, a corresponding frequency w can be specified, say w,,, which is the resonant
frequency for the m-th mode. Thus a typical field component will have the form

i (r, @)™t = Yy (r)eT NS (G.16)

n=—oo
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The phase velocity in the azimuthal direction ¢ for the n-th spatial harmonic of the m-th resonant mode
is
W T

MmN (G.17)

Upmn =

at the radius r; that is, angular phase velocity is wp,/(m + nN).

The usual mode employed in a magnetron oscillator is the 7m-mode, that is, the phase change between
adjacent cavities is 7 radian. Each cavity with its input gap acts as a short-circuited transmission line of
a quarter wavelength long, and hence has a maximum electric across the gap. For the m-mode the field
is oppositely directed at adjacent cavities, and (3,,¢ = m¢ must be equal to 7 for a change in ¢ equal to
one period 27/N. Hence m = N/2, and the phase velocity for the n-th spatial haemonic becomes

2wn/aT

’U;DJ’LN/Z N(1+2n) (G 8)

In order to obtain interaction between the electron cloud and one of the spatial harmonics at a

particular radius r, we must choose V, so that

2wN/2

m . (G.lg)

wer = v(r) = Vppunj2 , OF We =

The required voltage V, to obtain syncronism between the electron cloud and the ac field may be found
from Eq.(G.11). If we choose a value of » midway between the cathode and anode, thet is, r = (a4 b)/2,
and note that in typical magnetrons b — a is not so large that log(b/a) ~ 2(b — a)/(a + b), we obtain

Wy b2 —a? W
Vo= —— By — —— = G.20
m+nN 2 ( O n(m+nN) > ( )
in general, and
2wny2 b2 —a? 2wN)2
- By — —N/2 G.21
Ve N(1+42n) 2 7 N1+ 2n) (G:21)

for the m-mode, where m = N/2.

From a physical viewpoint the syncronism between the electron cloud and the n-th spatial harmonic of
the ac field implies that those electrons located in the field where Fy4 acts to slow down the electrons will
give up their energy to the field. As the electrons slow down, they move radially outward and eventually
are intercepted by the anode. Electrons that are accelerated by the ac field move in toward the cathode
until they get into a proper phase relationship such as to give up their energy to the field. When the
latter happens, they begin to slow down and spiral out toward the anode. Thus the only electrons that
are lost from the interaction space are those that have given up a net amount of their energy to the ac
field.
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