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Chapter 1
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1.1 Shté

RaFd=vbiiFut & e ERKBIRTT A7 RHEREBIZRST2bDOTH D, pt 13
FLESTEHBRFTIERVOT, KFFRFLY bHEMARTH L, TOHEOHMS
D BRA IR BB ORI R L Ie o572 (1], ZEIZIE hyperfine structure [2] X Lamb shift
(3, 4] R°1S-2S EEOWUE [5] DL 572, QED ORGENITHOIL TE o, Fio, H2EHITE
icH SNz ad=r 2% L —F —fiRffi+ 2 2L 12 k0, BIEE a4 E—ank
RBITHON TS [l EHITIE, Sa2aF =T LB Ia2F =T L (p-et) ~0 H IR
BEZORR [N OX D70, VT P HIFREFEL WO | FERZ X 2B~ & R
TETW5,

DOIIZELIZ, ZOI2F=U b s LI a4 =0 LEBIZHKREZ R 72, 24
=YL KIad = U AERIIMETTITEZ S W8, 9], LR -T, BEFIZI =
F=U LEBIEHEIRTFIUT bR\, 22T, bhvbhii a4 =7 2087 < SA M
SNDE—=T v b eRTERET L L LT,

1.2 BEZFbNTF-EE

1.2.1 Mu-Mu (B ERIZFRER

ZZT. PSI T» Mu-Mu EB [7] #0725, Figure 1.1 ICZD AT br A —%
(MACS) O#IEXEZ RS, KIaA=T20AI 24V BHEL TTEE I EO
MWPC (Z#XBEHEGE) I Lo TS 5, BT 0.1 T OSSR NT b T
WHTe, ZOEEEE BROFEN 0D, £io, WO ESNTZHEFITES TS
S, MCP (A7 uFy V7L —]) THRIESNLD, EHIT, ZOBEFIRHEEL
THTL 2T ~#HE Csl hm U —A—=ZTHRiSn 5, A~ MME MWPC, MCP, Csl
DT ALV AR AL TV ATHEK SN D, MACS A7 ha A—X DT —# % Table
L1IZRT, WEDEZ A, Mu-Mu BRI 01T 0L X

Py < 8.3 x 107! (90% C.L.)
L7eoTWD,

1.2.2 BEEHRADI 4= LOREDBEDEER
L2 F =T LORYOBINT Ar T AT, 85 £ I%DAERTEN H > 72 [10].
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Table 1.1: MACS A7 ku XA —Z DT —X

ut B — A OEH® 26 MeV/c

pt B —LOEBEDOLENY 5%

pt B — LD 8 x 108 /s

MWPC 7R 73 %

ESENZEERR IRPSAIRS 80(2) %

MCP %h#% 64(2) %

Csl 777 & % 79(4) %

BZEh A~ Mu ftt 3.3 % (ASF pt Tkl )

BMAFENICAD Mu OFIE 5.0(2) x 1072 (AH pt iZxiL)




BZEWIII 24 = U LB EHT7DICE&R 7+ AN EFE ol HiEE R —% sl
JFENBER ST,

ERIAANTFARANES2AZDLOEZEADS|IEHL

R A= U A EROICEZEIHTERIISE T + A VE Wiz, Bexe Au, Al7R
EDZ =0y FT0.03%NAH pt 126l C) BREOKEEN GO (1], Z0LEHH
NIz 2 F =7 AF 20keV L FOZ R VX —%Ff o T,

B o A= AOPHIOBBNIBZIEEAL 72 W Tirbiv, 4+ 2%0HE (k-7
TRl OB o [12], L LHRIZEBOIREICEETH Y HH T 0T #L
i@@@7¢4w®ﬁ%%ﬁ<bt£%fine(Wmﬂ Pt C 4.7(6)%[14] (3iz
1bFE o7 ut ﬁLT}@WﬁéﬂﬁEﬂfwé LALERTEW 2t = ADEZE
R Z G DO @M, @i, (FRODRVERRE EZDTOOEEZEN ME L

ﬁétﬁﬁwﬁﬁbw
F-EIRIZ kwTiAE7¢4WﬁE\:ﬁ U ANEZERIZHTL 52 L0
Wy 7 7T ROREICHHATHZ N TE S,

NOE—ZRANFEI a4 LOEZE~ADFIEHL

X 2 —TI SiOg(Cab-o-sil EH5, %% 0.032g/cm?, FKiifE 400m? /g, Fifk Tnm) 23 H
BLARLN TV, &ETAS ut O 10%REDMHER LTV 5 [15],
SiOy NU X — (EH5) NTHO I 2 F =0 MMENBEIIRDO L B TH D,

Loyt BARUE—=OROFTIEE D, KIOFTO I 2 A =7 LAERKFKIT LT D Si0,
DOIFE[RIL T 61+ 3%TH D [16].

2. BIOFME FE THHL TRIOMDOEZEIHTL 5, ARENTZI 24 =7 2DOHN9IT+1%
MHTL 5 [17),

3. FUH LT — 7%LT%@%W%E&T\§¢ RSN D, EZEfoiTE R
2t =y NI EE K FEBL TS (18],

L2 A=Y AOKIIZBN TR X — I CTOILHNEE L 78> TL 5, SiOy(EH5) /3
U —OPEEERHUT 525 4100 em?/s TH S [19], Lo LIEBREKIZ Y I 2 —va v E
TIVDINT A—H —ZHUE T, B — LD stopping distribution 0% —7%7" v h OARE— I A3
HEZR->TL D, MHREBOEIZ ATV —0 I 7 a Gl L > Tnd,

S 2P DT F —DERIE 20~30%D DS X R B 5 [19], LAL 50 iR
C5UMNETH1ID1 2504 =47 v MZ X TELDARE—S(30E 9 O TIEMIZHS DX
LW, FCLHDOEELIOLHEL Y, ZhABRUF =2 HNLROREETH D,

Stopping distribution |3 % —7%7 > h DJEERE — A DEBIEDIEN VI L > THED
O HHRIC ST %, SEBV RO A 0 ITHNE S B BRI E W [19],

SiOy Ti& EH5 ISMZ & Degussa @ AEROSIL 300(k.£% 14nm) [18] THATHN TH
D EH5 & [FIFRE DR HEN MR ST, Merck Opti-Pur(% X 0.51g/cm?, K
FEIZ 600m? /g & EH5 & IIMED 72V 558 9 ) X° Cab-o-sil M5(# L 0.04g/cm?®, K EFHIT
200m?/g. Rift 14nm) 72 TH EHS L HFE D ED S RWHER GO TV TEESLR
EFETZ T CIE R a2 A =0 AAEREIT DI S 7200 [18, 19),

ALOZIZOWTHEETH —F v MZlkE o7 pt OWN 35 L UXN I 2 A =0 2E 4
fi U KR 3 B BRI OFEIRIZ 15 Z E MR STV 5 [16], Loy L EZEi~Hii L
e RT3 7 S TRy,



HATERFTIEIaA =T Al normal 2 24 =7 A% anomalous X =4 =7 A
D 2ODIREEI D, Anomalous X =4 = AIH A T2 NEEELEO AN % L flixFR
IRRREIZH D, TR [20] 12 L 2 E|IRTO I =24 =7 AT anomalous X = 4= ADH
BRI SN TAS ut @ 14.5 £ 1.3%DAERKFEN H D55, normal I = 4= ‘7.&753@%@”%%@
WDIXAE RN BR TRELRDINOTH D, ZORRTIIZ A7 T R ORI
Boum THY, Fx OHWD 50nm ORIEDX A7 E K TiE normal X =4 = 17.&?6{&
RN 72 < IR B ENCRIDOF NS HTE TRHIETE 2 b Lz, XA TESRIZHOWNWTH
BHERAOFIHUIZH E Y 22 I TV,

1.3 EERDMIAK

T, = oL T, ALOs, FATELUF, SiO, D REHAELZ, LT, 3=
F= AN EN RV ERE Y — R LT, T =T AT A AV EERALT,
FERONFIZTET, pSR A7 b A—X%#F|HL T, S a4 A VEERIZL - T
LA =T AOEREEHERT D, IRICEZEHZ #ﬁbf%f\;ﬁzﬁAﬁE@%%®
BEWETH, BEFOI 24 =0 LEFRIETHZOIT, RO 2T FEEZ A AT,

o IaF=ULPDIER 2 AU BHEL TTE S5+ MeV OE =R LX — 4%
SUFL—T 4T T AN 2T T ) — R B THEE NG R DR R Aa—
FhoETRHRET S,

o EX AU MAREEL TRV 10eV BE DR R /L X —FE 25 EL CTIME - X
WL, 2WEFHEEE CTHRET 5,

BEZEHZEWIC T 2 2 2 A= 0 AT3EED K 7 mm/psec & IFFIZENDO T,
=0y R BBV RIS R 2 A =T AR BIET D OITIERERIN 02 b, LTad o T
DFEIROWFFE ALY SNV a R HE | Ny 77T RIZHRD I ad v D A7 K
NWETR BN AR oA =T DINKD EBRFNONLH BN DAY MR RLZ D, EDOfEKT
T5HZ LI XY A RO,
FmZem b AR L F —EFORHIL, MESICNEREEZENHEONT . KER
[ELFITL Lﬁ/\ﬂié LHEFIRIN 0T,

1.4 ZOXEIZTDIT

Chapter 2 CREBIEESCHREMIC OV TR, PR ERSY Iab—ar bz
2%, Chapter 3 IZIIARFERRD Z L2 DWW Tak~7-, Chapter 4 ’C USR & v
“‘7‘4’ YT T 7 A=K A a =7 Otk B5% T 5, Chapter 5 IZITFERZ E L0
2o ZWZIT Chapter 6 THEIDOFEBRD KE IR T-, Fiz, Append1x S
R—PIL &2l L7,



Chapter 2

=B

2.1 E—LS5A4Y

412 KEK-MSL T35 5790 24RO F i L 24> £ —24 (Table 2.1 ) 2 FI ST
W,

Table 2.1: £l I =4 B —Afkk

5 faf ED I
R0 R )L — 3.1 MeV
WD 1) & 26 MeV/c
HEE)EOJR)N ) (FWHM) ~3 MeV /c
v — ADZERFIED Y (FWHM) ~60 mm
B — LNV AD JE K 20 Hz
B — 2L 2D R 50 nsec
KD (NEE 20mm D =1 Y A—& — i {]IKf) | ~65 /pulse
AR (i ~100 %

2.2 puSR AR A A—5—

KEK-MSL ® 7R —k ® puSR A7k 1a A —%— (Figure 2.2, Table 2.1) ZH[H S & T\
7272 e, Figure 2.2 DILKBUZRT L OIZHTISG . B F 16 RO FAF v I FL—
A —NFNEFNFICHBE SN I aF L AV VEREI L 5T a4 =7 AOERD T
x5,

2.3 IMREM

MRITBEOEREFN, BZEPICI 24 = ARIEHL T 5L 912, EIRTIER20 D
DO, RED/NESL REBORKE N D& MR LT, 7, BEOERTILI ¥—F >
FELTRIENTWD SiO ZiBEDER L LT 2720 OEYEXY —/7 » F L LT 2fH
B L7, —Dlf Cab-o-sil ® EH5 T, ZAUImEDOEBRIZLI HOI LGN TWS, H9H—D



Figure 2.1: u AR — b ® uSR A7 k1 A —Z —DfEk
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12 AEROSIL @ 300 T, ZAUFRBRAICEERL 72, BRI E HIZ Tnom THSH, BEDFE
BRIZ DUV TCIE Section 1.2.2 Tulh~7=,

FEEZERTEERVB AT =G I 24 =T ARIERT 52 E OB TN 5 AlyO
HA =y R ELTHWS Z LI LT, ZHud Baikalox @ CR125 % HE L 7=, ki 30nm
Tbhbd,

S OIZHRACERIE 2V | ERS L b @J: ’) fa?f*%?ﬁ) 2 Bk 722 B TR T A4
TeMnolzeDT, X AT RE =7y a5 Z &I LT, Zivld microdiamant ® DP558
ZHEL7, Kif£8E 50nm TH 5,

Flo, N2 I RAEDT-OIZIES 50pum O TV I iEE W5

2.3.1 AEROSIL®O1%E [21]

Fx OFAVD AEROSIL 300 &t mifE 300 & 30m? /g, — USRI F£ Tnm, HE 99.9% L
ETHS.
AEROSIL I KKKz K v filidk & T, SiCly + 2Hy 4+ Oy — SiO +4HC
kwoﬁmff%fwéoMbu%m%%b%ﬁw%@@tb%ﬂgw&%ﬁf%éo
Ykﬁ% FFERETH D . SHRIZHORB VA EEZIE-oCT D, L T, K 1[H
z%Lxc1o~3mm1&1mmmFm%a>;%tf%%ﬁﬁkbfw\

AETEISL E
ol i L= L
SEFPCEIL |3

= BEVIEE A
AEMCSIL G B

Sapr %

- kREPAm

B Mo G AERCSIL S L FO— A IRl - TR TRaNeF T Eo L
30 ; AERCHIL 380 & AEACEL 300043 45 & e H—

Figure 2.3: AEROSIL O — KL 1-RLBE 43 A7 iR

Figure 2.3 1% — R F-hi A IR Cd 5, AEROSIL 300 Tl oA OlE Tk < |
AE DRIANEILRE ST > T 5D,

AEROSIL O MIZBNTIT Y 7/ —vEE vu % 5 (Figure 24) N EETH D,
VI —NEOFR XY LY b I a =T AL KT HDOTY T ) IV ER S
FEON S 2 A= ML RT0,



Mz

U — o

O AEROSILAEOH T A — I T4 L gadeE ()

Figure 2.4: AEROSIL RinD> 7 / —/V i (F) & vmdd 5K ()

— R DEEEIT S T ) —VEOKER-EIZ LD, v T ) — VI R g &
BT 2.5 SiIOH/nm? TH 5, v 7 / —/VIERE (mmol/g) I LR mfE & 1T LB BIfR
Zd D, ETRKZFNE DOKGORAEITZEL[] P OWMBEEARKAFAL "I TH D (I 82% T
X AE L 55% Cld it 3%),

PRFYUERIIHAAIIEOOZNHY . BHOH L rX YU EGITKE RUSL
T =N HERD,

=Si—-0-Si= = 2=8SiOH

ZORISIZ X0 I T T ) = ERERS m < 72 %, AEROSIL 200(84dnd&Hr)
72 6 85 3 BT 1.8 % SiOH/nm?, 1 AT T 2.65 # SiOH/nm? Th 5,

2.3.2 HFATEUE, ALO3/\9 5 —DEE

EATEY RS = TR 50nm Th 5, RiFEIAIE Figure 2.5 D@ Y Th 5, 99%I%
100nm LA F ORI ZFF > T\ b, EOMOPEIT D> TV,
AlyO3 /30 & — TR 30nm, HE 99.98%., LbFEmfE 125m? /g TH .

2.3.3 Diffusion of Muonium inside Silica powder

Overview.

In this section we derive an expression for the rate at which an ensemble of muonium
atoms, formed in fine silica powder, can escape the powder particles and move in an
interstitial vacuum.
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In the following section we estimate the rate at which an ensemble of thermal muonium
atoms may escape a thin powder layer.
Motion of Muonium atoms in spherical silica particles.

The starting point for the following calculations is an expression for the rate at which
particles appear at an absorbing interface per unit area, per unit time,

R(t) = —=D(n- VW) (2.1)
where 71 is a unit vector normal to the surface and
W (7)dF = (drDt) "2 Rl dF (2.2)
r)d7 = (47 exp 1D i

is the probability per unit area of finding a particle between " and 7"+ dr” after movement
by random walk from 7= 0 at ¢ = 0. The boundary condition W = 0 applies to equation
(2.2) at an absorbing interface. The diffusion coefficient is defined here as

(2.3)

for a particle undergoing n independent displacements of mean square distance (y?) per
unit time. An equivalent definition in terms of the mean speed ¢ and the mean free path
s is

D=2 (2.4)
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Consider now a sphere of radius a, whose surface is the absorbing interface, and find
R(t,Z) for a particle starting its random motion at & at ¢ = 0. Then W = 0 when
¥=da— &, and

R(t,7) = % / ds(@)i(d@) - (@ — 7) - exp (—%) . (2.5)

The surface integration can be performed by noting that

ds(@) = a?sinfdode,

|@— 7> = a*+ 2® — 2axcosf,and (2.6)
n(@) - (@—2) = |d—7|cosa=a—xcosb.

Figure 2.6: Geometry of muonium emission from a sphere.

(2 2
R(t,7) = gaQD(th)_% exp ((‘ZTT”))

2Dt ax ax
. _1 1 a2 ! <—) N _1 <—) ’ '
[:1: ( + ) sinh 5pi) ¢ cosh 5Di (2.7)

Now assume that the particle ensemble is initially distributed uniformly through the

sphere with a constant density of % = ﬁ, in order to preserve the probabilistic normal-

ization of equation (2.7). Then, integrating over the volume of the sphere,
R(t) = 3a_3/ dza?R(t, ©), (2.8)
0

which is the rate at which particles appear at the surface of the sphere, given a uniform
distribution at t = 0. This may be evaluated using the exponential form for the hyperbolic
functions, although the procedure is quite tedious. The result obtained is

27 @) (@) (H)] e

12
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As time approaches zero, R(t) grows as t_%, which is a result of the non-zero particle
density at the surface of the sphere at ¢ = 0 and the assumption of a perfectly absorbing
interface. As t grows without limit, R(t) behaves as t~2. It is now possible to calculate
the probability that a particle has passed through the surface by time ¢ (assuming it will
not decay). Evaluating

P(t) = /0 t dt'R(t') (2.10)

gives the desired result:
Dt\*
P(t)=1—erf [(?)

The error function erf(z) has the usual definition:

erflx) = 272 /096 dt exp(—t?) (2.12)

Another useful result includes the decay of particle of mean lifetime A\~!, so that the
probability of it passing through the surface before decaying is

P - / T ALR(E) exp(— M)

_ gg [1—52—1—(1—1—5)26}@ (—%)} (2.13)

_1
2

where 3 = (%)

Motion of Muonium atoms in fine powder layers.

The procedure is essentially identical to that of the previous section, with only the geom-
etry and the parameter D requiring modification. Equations (2.2) and (2.7) apply, and
the expression for R(t,)becomes, after integration over the surfaces (assumed infinite in
area),

R(t, @) = (2t)"\(4xDt)" [q; - exp (-4”5—;) 4 (d—x) - exp (—%)} L (2.14)

For and incident particle distribution of % per unit thickness at ¢t = 0, the rate of emission
can be integrated over x to give the effective rate from the entire volume:

R(t) = / dx%R(t,f) (2.15)

— (4nDt)"3d7'D [1 — exp (_4d—;t)] . (2.16)

1

The probability that a particle, decaying at a rate of A s™', will reach one particular

13



Figure 2.7: Geometry of muonium emission from a layer.

surface of the layer is then

P = /OO dt exp(—At)R(t)

G fm ) e

where % comes from the neglect of the second surface.

In order to estimate this value numerically, some reasonable assumptions must be made
for the value of D.

Using a formula for the mean free path s of a point particle (a muonium atom) moving
freely in a uniform random collection of n/cm? stationary spheres (silica particles) of
radius 7,

N = N

s = (mr*n)! (2.18)
it is found that
D = ¢(mr*n)~? (2.19)

The average number density n can be written in terms of the density of silicon dioxide,
p, and the density of the silica powder used in the layer, p’, as

30
= 2.20
47r3p ( )
so that
4
p=(df)r (2.21)
9 o

The mean thermal velocity ¢ is 7.37 x 10°cm - s~! for muonium at room temperature. The
density of silica powder used in the experiment was p’ = 0.04g - cm™3, whereas for bulk
silica it is p = 2.2g - em™2. A particle radius of 3.5 x 10~7cm then leads to an estimate of

D =79cm? - s (2.22)

14



Simulation of the diffusion of Muonium inside Silica

The diffusion of Muonium atoms inside a silica powder target was simulated using a monte
carlo program.

A group of 3500 stopped Muonium atoms with a random distribution, were generated
inside a 2 x 60 x 50 mm target . The beam projected on the target was taken to have
a circular shape with a lcm radius (see figure). The thickness of the target (2mm) was
taken as such to make the program have a realistic run time. The stopped Muonium

A

Silica Target

| < -

50mm
Beam
s

/42mm

Figure 2.8: Side view of the geometry of the target used in the simulation

atoms were then subjected to a random walk motion in 3 dimensions inside the target,
with the only interaction being the collisions of Mu atoms with Silica molecules (interac-
tions between the Mu atoms are unlikely, thus were not considered). The most important
parameter of the simulation was the diffusion constant D. All other parameters, time
and space steps ( the time and distance between consecutive collisions), depend explicitly
upon the diffusion coefficient. The muonium decay time of 2.2us, was included in the
simulation. Most of the stopped Mu atoms diffused and decayed inside the powder with
only a portion making it to the surface (the upper surface leading to the vacuum region).
This portion is the yield of the muonium. This yield depend largely on the choice of the
diffusion coefficient.

The simulation was conducted for two values of the diffusion coefficient more or less consis-
tent with the results of previous experiments. The emerging Mu atoms were histogramed
depending on their initial position in the x direction inside the powder . We notice that
only the Mu atoms close to the surface emerge into the vacuum region and all other either
decay inside the target or make it to the lower surface, which is not of interest to us. Also,
to determine how much time the Mu atoms spend inside the target before emerging to
the vacuum, five runs for D = 90 ¢cm?/s were conducted and the average time computed.
The results are compiled in the following table.

Run emerging mean time(s)
runl 154 6.66 x 10~7
run?2 132 7.51 x 1077
run3 135 6.61 x 1077
run4 129 6.32 x 1077
runb 115 6.58 x 1077
total 665 33.68 x 1077
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Target

beam

y

Figure 2.9: Target and the coordinate system

This give an average of emerging Mu atoms of —2>>~ = 3.8%, and the average time spent

inside the target is 3356810_ =6.73 x 1077

3500><5

2.3.4 ZBEHIFE

Si0(EH5, AEROSIL300), AlyOs, # A 7E 2 K| 452 DN HOWTEBRIAHE A 5 18%
WTEEZHEL 7=, EH5,AEROSIL,ALOs ICBWTIL, B ATDT )V hlr— A% ff
W, X ATERIZOWNWTUIT VIR T/HhIWEREZRYEL T, T2l X WITHh 2 KD
ZEILE o THEFHEL T,

Table 2.2: Powder properties

diameter | purity density used mesh

powder (nm) (%) (g/cm?®) | (mesh/inch)
AEROSIL 300 7 99.9 | 4.2 x 1072 60

5102 CABOT EH5 7| 99.8|33x1072 60
Al,Os3 BAIKOWSKI Baikalox CR125 30 99.98 | 6.2 x 1072 100
Diamond | microdiamant DP558 50 4.5 x 1071 250

2.3.5 ZERIODT Ak

HOEMWLD/NSL G 725D 0EEY, ZNEHWTHSODOT A2 LT, %D
TELHONSDELITNEN, Si0s 2 ALOs IXEENN/NE BN DIZEBIZ VDT,
FRVRENZ 5D W02 52, X ATEY RIFEEDRREIELLT VO T WIRENZ 550
2525222,

Flo, X—F v "BV ST DOiEE ST A L THhiz, BWREHE 52720
B BERENTZD L TAER, TN KD EEEICHEAITHITAN NI 91 L,bzbh
Tco Flev—4 ) —R 7 TR BZESI X BTN MERW X S IcBbivT-,
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2.4 EZ°HE

2.4.1 &5t

—————————Vacuum Chamber #fR&E] —

. HEEHA= T .
s—4y bAD : ’ BT E—ETINER

e FIYUXRUITRAE
7 ute—L
o /
Figure 2.10:

Vacuum Chamber O#EI&[X % Figure 2.10 (2~ L 72, MEIIBGEZEZZTT7 LI =
L, uSR A7 bu 2A—Z —DHROREIZEDLE TG L 72, (Figure 2.2 &) v —
LAFHE, M Ty h—if, BEXOFREIZEDRHNTWS, E—AARNRITT 47 L —
H—TOHEEZBZE—LELV DL REDIC L, £/2, Ty I —FIIViKAEEX
’C’Cé“%ﬂf FRESEVELZOPLNEIZ—T v MO HTELI 2 —F =7 LOFREEN

&bzb*li”( RELTHDH, FIMEITF—7 v FTIhEL o7 =203 kiF T b

WZHITTh D, ZNENORIIIA TRV ST T D, ¥—F v aeZ—7 v |
ﬂmﬁgmu%if{gﬁfwiéio . WENZIZ Y =7 v b 218 53720 DO -
Thbd,

25 A—4FYbAE

2 =27 MR, N F T DOAENRKENS 30EE R DX OIICEHRF L, Ny xS
(IR ES 75um DB T b »if%z fviz, (Figure 2.11)

2.6 /S\é L\

FHRICFIT A7 5 FFEOM (60,100,150,250,400 Mesh/inch) & W TS 7/ 870 55
WEBWWEL | ZNVTEBRIIHME 5o THhiz, TNENOME ZZEI DM T 5S> ThIZkE
BLWBIEA Y EL ST D2 EOTE BIL. SiOy(EH5, AEROSIL) A8 60Mesh /inch

Al,O3 28 100Mesh/inch, % A 7 R A 250Mesh/inch Th o7z, 7o, 52 & TED
WEEEREL, BRIz,
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Figure 2.11: #—%7 v b &

Table 2.3: MAPMT (Hamamatsu Photonics H6586)

=TT 16(4x4)
T bialkali

ESES 20%
P 3.3x10°

7/ —F B (T rEb)  InA
J A N—7 1%

7T 1.3

AT —F & 12

2.7 Sci-Fi kF Xa—7

2.71 +FSyFx2y

BT R — S R SR OBLE X & Figure 2.12 12789, ZOKR K 2a—7 A HRIC
k0. IaF4=0 AREBEEFOEMRE S OEREARET 5, BEFOBREIL. O
I EEIZBINTE O FL— gy 77 AN—T L AL >TITH, BETH
Ty ANR—F Rl 2L FITEL DUV A E MAPMT (=L F 7 J — R bEFHEE)
WXV ERESICE#HL T, TDC 2@ L CRlEEEIC XD,

TEOT U AFEAO TG 53.5mm, 100.5mm O EISEDL D, KFEDT LA
TIZERO0TMm D7 7 A /3—N _EIZWATWD, ERIZIIEWHIOT L A TlX, 771
NR— A KT 2% —DODOHENNE L., FIZLTMAPMT ®—2DF ¥ XVITEZEED,
ZOX DR 1. Amm OFE 15 KAFNDLDOTT L A BROIEIE 21.0mm TH 5, FEAIND
EUVMAIOT L A Tlid, 2EOMEDS 42 4mm, —D2OOEDIEN 2.8mm, 77 A /3— 8 KT
DR 15 KA TS, BIERBEESDET3I0ARKDT 7 £ 3—D N MAPMT I H#5
b, Sc-FiDRERTOL T TNV EHRT 5720, BE VTFORIT 477 A= 7
VIRVAVZ St STAY

2.7.2 I

Sci-Fi 7 U A XRERICFEES 2 2 L2k 0 | KW & Of A 30 Bl ko7, BEF (Figure
21N IET NI =T DD BIELTEY . RDITRT 7 A AOREEIL 0.5mm 1EE 72, Sci-Fi
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Geometry

Defining .
BOLIAT&r - 42
SRR CHA30

4.6
—-'——-—

e

Sei-Fi

Array ~a ,
CHits| 2! o

| B35
;‘
56— o - — !
0
Mu z
E Tar gst

Figure 2.12: ~ 7 v 1 —RlEX

Table 2.4: Sci-Fi(Kuraray SCSF-78M)

[ERES 0.7mm
=& ~3m
T4+ M ~60
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Figure 2.13: BEFMEX

& MAPMT OB =TT = AU R A& 31T T Sci-Fi 2 EEL . #h & MAPMT
NSV AT K0 EHE L 7=, Sci-Fi & MAPMT OfH:£kIT table.2.3 , 2.4 I[C &L 7=,

2.7.3 Sci-Fi {3 R0k RIKF 4

Fx DEBRTIL Sci-Fi & i, 18 9em OREFEIZ AN THW A MLER H 5, [BEIRE R -
72FEFEOREE T Sci-Fix i L0 M b 7200 PERE1T7/2 > 7=, Ak ADC
ZHWT, 77 AN—DRIZELS REOEACZHRDONEEL WD, 2 2 TIEEBHED
TeOF X 7Y —R (VSr) & A7 —F =% HWT, BEEOMBERGMEEZT A ML
72 EBRX% Figure 2.14 12”7,

FerBN DT AN, KEBRTHW?=Z Sci-FilxZ 718, SCSF-78M T& %, Sci-Fi v—
MI, 77 AN BIZRoTEBY, FRBIZI12ARDT 7 A X—=RWATND, 72720 .
TANDBPTIANTNTL o7, BEoEHSIZTZ 7 AN—%MITL7ZE XOEITK
A=K IVDF—F —TEZHZENMBI TS, discriminator @ threshold 1Z-50mV |2
[EEL . width 1% 50nsec & L 7=, PMTIZHMT 7= HV O K& SILE0803 5 - TR,

Sci-Fi D> — R &, 2O MEE 90 EIZRo7oF £ T T HE55 D =284 22
fb&d7z, Sci-Fio—F%& PMTICHEL, KD —HaeT oyX 7Y —RZiT VD=,

FERA R 25ITRT, RN 1 AT ETIE., BEDRICHTRBIIE TREN R
SRV, — . Wl AMEREREZ 05 A FIZTDHE 77 ANRXN—DNBELEZZT Tk
NN EEL RN &b 00D, RERTIE, bob bR FERO/ NIV ITL A F
PLEIC72 5 X 912 Sci-Fi # /& L 7=,
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Universal Ei#x

(
. =
Pehse 2
( (
Sci-Fi

Checking
Source °Sr)

903r

Cookie

PMT

Figure 2.14: Sci-Fi fntZh=: o dh KGO T A k

Table 2.5: Sci-Fifm&ZhR O M REFMT A b, BN inch (272> TWADIE, =/3—

YL FEAE R T 729,
| e [sec] | #h=RF4¢ [inches] | Counts |

30 2.5 2,913,575

30 00 2,992,572

30 2.0 2,643,271

30 1.5 2,878,330

30 10 1,805,183(3 KB )

30 1.5 1,842,420(3 AHfrin7z)

30 1.5 2,325t WAL . source 72 L)
30 15 2,073.860(3 AFILE)

30 o0 2,164,995(3 A ffriviz)

30 05 1,216,658(3 APL7Z)

30 00 1,6**,***
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2.7.4 MAPMT DO%1 (Discriminator Threshold DR E)

AFEBRTIL Sci-Fi 7> 6 O3 & MAPMT (Multi-Anode PMT) ¢3%1F, discriminator % i L
TTDCIZ AT %, £Z T, discriminator @ threshold Z#& ET HLENHY . ZD 7=
DOIZIE Sci-Fin b DIEBOWEE MBS 22 < TUXR B R0,

Figure 2.151Z Sci-Fi 6 DYt %a MAPMT T 72 & EDEFORE SO0 H%E T,
T ADC OF v > /L ThY | pulse height & EAREIRICH D (Z 2 THW=DIX charge
sensitive 72 ADC 7208, [ 5 DN F ¥ —VIZ L bW EAETAUL . pulse height &
HIRED),

PM I Ch an n el: A06
40000
I N ADC.LRS.2249 M.
52000 5 5 Cate width 80 nsec
: : Source Sr90
r : : Operation HV fTOOO vV
: : ADC Subaddress 1
30000 =gl i M TS I e
25000 = R """"""""""""""" """"""""""""""" """""""""""""""
20000 = Ao """"""""""""""" """"""""""""""" """""""""""""""
15000 =g """"""""""""""" """"""""""""""" """""""""""""""
10000 = f g """"""""""""""" """"""""""""""" """""""""""""""
5000 | T — — S
0 | \ | | \ | ’\W%MMHIW a1 I H | |
0 200 400 600 800 1000
ADC channel

Figure 2.15: MAPMT Of5 %

ZDOe AN T AT, EWmCSNWE —2N"H 5D, DFD, NSV AR S
KTnb, ZOE =7 OIERIZOWNTIL, BONDRG#BHDH, —2iF, 72 A F—7F
T, 77 A= DONNIERDOT ) — R TR BFHOT /) —RIZ Ao T=HED{E Z0°
= ZEDENIHTHD, 1EDT, BFN T 7 ARN—DF LN SEENTZE Z A% 8l
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L7E EDEFNEKR, EWIHFibdH D, MITOFETHERLNDEY . KEBROT —X D
MEMTIX 7 7 A b — 27 & Rl T D

Bl ADC OF v > R/L 72 DT pulse height & OIEMEARBIFRIT DD A2, AERT
@ discriminator @ threshold (X, 4> 2 Aa—7CRZEFEAZH L ICIELT-, A a A
a—7TEEERDLE . B2k IGT 5 L b DB WIEENEN S, TORWEEO
BB L FT0mV ERETHY | threshold 1L Z DA LA L THLL 7=,

2.7.5 ZEERANZfT-o=>Zal—>3ay

FROBE TOBRESREFMTH7-0ICROY 2 2L — 3 & ERANCIT 72,

Figure 2.16 13RI T I 2 AU BHEL 72855 TH Y | Figure 2171 TEZEHTI =4
= AMEREEL 72A T EAREND 300K D~ 7 AT 2 LSAAT R 2t =T AW
SNDEREL T2, R TORRESRE BEZEP TORBEREOHIT 21 & LTz, 4D T
BN & e L7 7 A N—D (Fr o xb) OFFTHY | Folde — 20 Fiflln &
Z T\ (Appendix B.2 &),

Figure 2.18 1%, BIEEDOT L A FE ST ¥ o RNV BiB L TZBEFNZEOT L A DE D
Fr L EBBLENERLIEEA RN T ATHD, ERITIENT COREIZL DG
FTHY . I EZPICHH SN TOrLOREBEICEL 20 THD, HBT15H 15 F v
VRV TIIEZERTORREEIC K A1E BB ENTF TORREIC X A1E 5% ERl>Tn b
R CRINTZEZERTORED 96, ZOMHEBIZ A>T 560D 82%IC ﬁéo;ﬂ
IZxtL . ERR TR SN TAZF CORED Z OFEIRA~OIR AT EZEF TORREDK 1/5 T
b5,

[FREIC L CTETOF v > LT D7z - T Figure 2.16, Figure 2.17 O KHRO A FOFER
IZOWTEBETDE, ZOI T T 47 L —hE1.6/sec THY . BEZEHTHEEL CTT
LA DNEAFIZAST=H DD 55 60%% S/N=TTWETHZ LN TE D EFHMEEN S,
RIC—HET =4 & LolcbT 5L, EERNLOREL 14X 105 A X MUETE D,

DOV Ial—yalryTiEBEFDOY S TFL—ra Ty ANR—TDOT —1 ZEK
EHFRIZAIL TN D

2.7.6 FEERRZEIC{T-o=YIal—3av

KRBT, 8Ty I —DNBESERE - W T 4 T — hOFHED DY I 2 b —
VarvEfiofk, JaA=U AIT T =Sy PRTHRES Y, =57y MET R
% (2 S 0.1um) & E L E — 26803 10mm 12 L7, Sci-Fi 7L A O fEIL, EBoE
BERICICLTHD, BT L ADF v RVinD, REBMNEEZ A A—V 7 LD
D7 Figure 2.1972, FWHM I 5.78mm, # 7> 7 4 v 7 L — MIAS 2 241 L T
0.4%27p 7=,

2.8 (EEEBEFHRHER

RaA=TAD pt BRETLE . pt OV EREISTWE e BRIV ESND, TO
:EZ‘/I/ﬂF % Figure 2.20 ® X 51T fcﬁo“(b‘éo D e” HEFEATIE - IRL ., 2%

BHEEE THRINT 2, 2 RETHEGEE 2L CERATRON (EMS-6081B) % ff 5 7
,Ef§r9tﬁ\‘TXFw)9i<bV®&ﬁ»9tk&)CHANNEUHKDJM&E)%ﬁﬁﬁLto
CERATRON &, CHANNELTRON O#§#:% Table 2.6 ICDOHTH<,
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“InTargetS.hgt’
I 'OutTarget8.hst’ -------
1000 | |
P e R AR
3 wol e |
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! ; ; : L L ] ! i
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Table 2.6: CERATRON & CHANNELTRON D %§%E

CERATRON CHANNELTRON

H2EE 5x 107° Torr LLF 5 x 107° Torr LA F
i R FUIN R 4.0 kV 3.0 kV
AR 0.01 cps LA'F 0.05 cps LA
E74% (e 1keV) ~ 80 % ~ 80 %
> 009 F
g 0.08 most probable energy: 1.9eV
2 0.07 mean kinetic energy: 13.5eV
F 0.06
S 0.05 |
S 0.04 £
0.03 F
0.02 |
0.01 |
0 Olll|||||||||||]1|1:|||1||1|||||||| P

5 10 15 20 25 30 35 40 45 50
Ekln [eV]

Figure 2.20: KB F DT R)LF—A~T hL
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2.8.1 EE

BERE X % Figure 2.21 (2779, CAGE 121% 100V %725 %, LENS & CHANNELTRON
@ TOP IZIX+1000V 5T 5, CAGE IXE£E 120um @ BeCu A H 7z, LENS (%1
A OEM 72> TR, =7y MIEWSHOJEHIL CAGE L [T BeCu #RCHEH %
< o=, Z® LENS 22\ TiE Section 2.8.3 T d 5, £7-. CAGE OFxix2>
boT, 1oDIF e” ZNNE - PORSHELBE . 2001F pt BAEL TTE D et 8 ¥ —
T NROBEICY =D L 2IRETET-TEHTOT, TNaPhiEIEBEThsd, D 2K
B OTFVF —IF Figure 2.22 DX H 12725 T 5% [23],

10mMm

b2oop|

W
Z im

>

<

140+ ENDDS Y AMP,
CHANNEL TRON
1204 4869
TOP 5 ]
o SCri.
100+ | — [
LENS |
80+ TDC

Figure 2.21: [K#HE T DR H#s

2.8.2 BRHEFDOTAE

ZIT, ML 2WRETFEZ BRI 2D CAGE DT A MZOWTHhR%, Z0O7 A
kN OREREIX % Figure 2.23 (2789, 2O X X T AT UM EFRE TR L TMEAL | #4
B & T, CERATRON THRIEL X9 W HbiFThod, ZDL & CAGED
WLE OV Th o, £72. CAGE DB EADT~EFTOE | V7 FARRL DD
D,

CAGE OF A |k OfE R4 Table 2.7 (05739, TR Z L 7 27004 0.69 A OEWiE
filiz, LanL ., EIRICEEMZ > T\ 720, BRIEIZLEL 2 o7z, Z OfERD)
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5. CAGE 0FEEZ FIF TV T FL—RMIFR>TWWN, X —THL v b L
DITDLEZNZ ENgnd, . BEIVIAATL BN WNWHT-0EA9 b5,

Table 2.7: CAGE 7 A I

Voace [V] V—K [/ 10 sec |

0.0 40.0 k

0.0 8.2k

0.0 10.5 k
- 2.0 LY
- 2.0 1457
-3.0 454
-3.0 154
-3.0 173
-5.0 105
-5.0 14

HSX 2. CHANNELTRON % —27 #1L > k% Table 2.8 |Z753, B L & Hlox —
THLY "R TWAZ LN 5D,

Table 2.8: CHANNELTRON O4 —27 B> |

HEIEZ T T DO [hours | L — bk [/ 100 sec] EZEE [ x107° Torr |

1.6 255 1.0
1.6 247 1.0
3.1 63 1.0
3.1 o8 1.0
3.6 52 1.0

ZZFETHE, AHLEIEOT v K& A L0356 10us E W IHFEFIZENEDOTH o7
7o AREBRIZITHE S 720, £ 2T, Figure 2.21 OFEIE (7 > K ¥ A 58 20ns) TOT A
FbIT o7,

~NFF X XN T T T A TOREORER., +5372F15% 15 572901215 CHANNEL-
TRON @ TOP & END OROEEL 1900 V UL EIZTRETH DL ZENmh o7,

Flo, BEZ LT 2T 72— SV ARIEFEICE LR D LN ol AR
1.7 x 107°Torr ® & =, TOP , END MO -4 2000 V, 2500 VIZTHET 72 —s31

AIXENZEIAI Lus , 10us Fev 7z,

ZOFERNG . AERTIIFEGEE T 7 X — IV ZAOBFE EARL— a0 DT 7 A
Fa—=U TRERIND,

283 vIalL—I3yv

Figure 221 DX 92T F A MU= b WERT Uy V23R L | B0 Z KD,
RSN DHETOKE RFES >7-, CAGE ¥ —7 v F%’EEODEE%E X 5 mm IZEREL .
CAGE OFEJEIX 100V & L7, ETOU#MGEHEEL T, T4 —F v hEREAND Y A
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T THTL A3 aFd =T DI 2 F U DNAREL - SZ2HE L, 20L& % CAGE
NTHRET 52D1X 3% Th -7z, DI, =F/LF —% Figure 2.22 THMI /o, HE
DOHFMT—kEE L=, N T, D CAGE OFUZ A->T-H D& WIS L L T, LENS
DONLERELEE B2 CHE L -, TOfER%E Table 2.9 12789, LENS ON7LE T T oA
% Figure 2.21 ® z THRL =,

Table 2.9: [KHEE DT I 21— 3 OFER

Viens [V]  zrens [mm] @10 mm (2 ASFEF[/500] ¢6 mm (Z A5+ [/500]

1000 90 189 89 (18%)
1000 100 199 94 (19%)
1000 120 156 86 (17%)
1000 140 156 85 (17%)
2000 100 275 147 (30%)
2000 120 244 121 (24%)
3000 100 345 163 (33%)

EEIX Voage = 1LkV 275D T, LENS OffEE L T 2 =100 mm 23\ BIE AV
ZENGM D, T D 2 WREFEEEILEL 6mm TR TE . & 72338 80% 72D
T, BZEHRAD I a4 =0 AHBEEZ AR(AFN I 24K L) ERETHE, V7T
VDA R — i,

65[/pulse] x 20[Hz| x 0.04 x 0.53 x 0.19 x 0.8 ~ 4[cps]

LB,

2.9 DAQ

2.9.1 MSL DAQ SYSTEM

DAQ D 27 LI KEK-MSL u AR —F Db D& I ZDOE FFHL 72 (Figure 2.24 &
), D ACCIX 68030 F v 7 ZFEATE AV Ea—X—D X 570 T, BifExdH 50
L7 ms 7 AL TEFIE, ZRIZELE T CAMAC €Y 2 — L Ofilifiz4T 5, 7 ns
A% Linux OS DR 7 47 A< LRSS D, interrupt register | ACC 2 TDC %
e A A I T HHZDHHDOT, interrupt signal A HSH 5 & ACCIE TDC % # 24T

X, Z0bHE TDCEYILT DL Y rT T L3N TND,

2.9.2 FZvYUDER

MAPMT &7 4 77 A= T AU Z =Dy 7T a7 o At 312, Multi
hit TDC(LeCroy TDC2277 full scale 32us 1bin 1ns) T 31ch X T4 H L7z, TDC @
common start [ > 71—,V Z|ZED ., interrupt signal 1L v 71—/ A5 1ms 5
LEELOEFBHL -,

N7 ZIXRIED Sci-Fi E%BED Sci-Fi &L T 4 77 A= T A0 Z—D )T =
ATV REFTTATEDZE THKRLTL, EEOFT7 T A THOT v s Z
LT ETT 477 A= T AT F—LHIE - REENENDOAL T A% L 5
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ki cker

Dual Gate 4ch Logic Lecr oy
Gener at or 1500 Fan in Model 222

Fan out Dual

N- TMLO2Techno Gat e Gener at or
—-@ @) »®@ O O > @)
| T T T T T T T T T T T T T T T T T
| 3925 3976 I nterrupt |
| |scsl 68030 Regi st er |
I Crate Acc C- TS 209 |
: Controller | | === ====-=|= o / v :
| Q %) o @)
| A A |
[ lem e me b mmm=m- |
l |
-  e—— |

di screm nat er
N m Ecl O 3|1ch
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comstart @ O @«—/——O
si gnal
31ch
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Figure 2.24: DAQ ¥ A7 ARIK[X]
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TEOHRTRIEREBREDaAA L VT Al o, AT ADF — R MIbnsiZ L.
TAT7 A= T A7 22— Sci-FildRAl STV Rh oD TT 477 A= TH
7 H—& Sci-Fi ® TDC OFHDFED AT sV E B TAH 78y b & -53ns 2 & o7z,
Sci-Fi D& F ¥ RV OF R Z @ T- b DI FMAE B2 DE L TA A=V T LT,
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Chapter 3
AREER

3.1.1 MSLIZHEWT

Ny 77T 90 REDTDDIEARES —57 > F ThHE S 50um O7 /L JIFEIZHEDLET,
MIIE S 500mg 552 Ll Lz, ¥ —% v AKX —OHEET 37.3em? TH 5,
FEEOERBRBGTH D MSL O p AR — ML, JEWHETENELS . £728 2o hiF
BL TV O EROBENIEFICRED -T2, ZTOLEOHRSVITEFICEHL WL O
oty T, VELEDEDTERELY 7 v M EEZECHAL - HBICHZES X &
oD L X RN T DIRENZ Ko THB ANV | BZE5| X DR THERD T 5 22
ROKABLZD T H T L= L 5 RIRREIC2 0 BERL CLEI 2R bH o7z,

SiO2 - AEROSIL

FPTHDIC ST ARIL, SiO, D AEROSIL Th b, L2l ., BHERDEENHR Ny
YT DTN FEICERENTEZD . BTN AN T.5um EEN S T2 20 S OfRE
NN XTImO B RICEN BN TE /2 L CRRL7-, T2 CTHEMLET VI
e X —27 RNV =SB0 X —F v ALK =D TIZX LU AT ZH -
LCLREZES LR ES<HEEND L DIk oT,

LU EZER| & OEFRETH —RAR 7 OIRENN BEZ2 @2 a0 s ARl 7=,

FZ TRy F U TITHWVRR T D THIWEDIFEXD EDE LT, SHICF—ARKR
T P CTHARBEMZ T2 ZA I ELHEEZFIK ZENTELHL I oT-, (Figure
3.1 M, )

Diamond

WICHE AT EY FIKRE 5D IRz, AT EL FIiZ AEROSILIZHA, BEN K&
WL SRS EH S5 LT TN T o7, LnL SiOy & 5o 72t b & 1
DELSMD I ENTE L, BZEGIE TR AN, BEHEKT L 2 <ot
(Figure 3.2 2, )

SiO. - EH5

SiOy @ EHS 1T FFCHEEN /N E < 500mg 85 EHE FINEH O~ JIc¥iz>TLE )
72Ol 400mg FREERE D Z L2 LTz, L L ENTHHRISD 5D L TOTIEFITANLS
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Figure 3.1: p&Z)L 7= AEROSIL & Afv 7= AEROSIL

Figure 3.2: kL 72X A T R ERNTZX A TESR
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ToTo, AL EKRD Z EIXTE 0, B E 0B, £ 1Torr H72 0 THEHF
D ERRKAERRENRITH T, REZDIC M EROREN S S EBL X 9 2fkke
ERVBMITANTLEo7, HEIZWP S EEEFEET 5708 H =HRL 2230V
H o EL VT, BROEAE En -0 —4 v FTE—LAE Y THZ LIl T2
e —LN YT D8RO E —7 y NOBEIIIHE Y Zknzn& Bbivd, (Figure
3.35M, )

e

Figure 3.3: £ — A% Y4 T/~ EH5

F B OEA F AlLO; 72 55 SIS 6N o7,

3.2 TAUL—F—DHE

T AT L= = E TN ImE NS 2 LI LT

LaF v E—LDL » DIERRRAID b EE) E D 3.5 FTHHIL | 29Mev/c T 200 mg/cm?
Thd, I TLr V% R, EH&EL p, WHlEEEZ ALT5L, R=Ap*5 T, A=
0.00152 TH Y | SEIHVSE — ADEB)E) 26Mev/c 72D T, L 2 P1F 136 mg/cm? &
2%,

FT AT N EANTICT 47— =l —L% 4T, ZN%& uSR TR Z &
T, T 47 L= —Oifi# %17 -7 ( Figure 3.4 ),

O, =T v b EBWRETT 47V —F —%2Ex T, TOEEFHADN T
N—TRLHZELIC LT, T I—D0bT 47— =2 AKX DT EICLoTH—
Fo BN EDI IITRZ D%, Figure 3.5 % —% v s ODALEOTNMNS . £7- Figure
BEIZAENVETHIELL X —F y =7 DEIONHRLIZBDTH D,

bbb OFERTIZY —5 v hOFRHLL TE—2BRHELILEDLLITT 47 L —
B —% LTV ZD X 7T 47V —& —X7 /L T 300pm(81mg/cm?) & 72 o7z,

3.3 Sci-Fiskk Ra—7
F X T =R K DBMEBOIET A N EiToleb &, EECE—22HLT7 7

A Fa—= T 2iTolc, Fa—=U RO ERFHEVICY =T v b A0 Rl
NE=L—=SNTDT, MELT o ZBllaL iz,
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Figure 3.4: uSRIZE D7 ML —FDZEAL

The target peak position [mm]
4
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Figure 3.5: #—7 v F &'—7 OfL{&
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The height of the target peak
[ count / spill ]

.1

O.08f

0.06} -

O.04p

O.0Zf

150 200 250 300 350 400 450 500
Thickness of degrader [micron]

Figure 3.6: AV THIKILL 72X —7 v FOE—7 OFE &

3.4 KZREE

E— A& HTHNCEZEIE Wb 2 A, BZEMOBEZERIIN 1 x107* Torr £ TLEL
AN SR AT ISy
LR 20O THEEL Y CHANNELTRON (2EEEZ N Thz, Ay ra—7F
ThHDLE . =T EBRIFFIZELL 2D T 7 X =9 2% 10 ps BLEFIW TV,
ZhIZ kY., AElE CHANNELTRON Off A FiikL 7=,
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Chapter 4
FETEER

4.1 uSR
FeaN I ad =0 DEREMHRL 127 EZ =T,

LTo XS ERZB<,

r ut ORRENLE,
M : a2t =7 AR

U E—A RO TFL—E—Dh T Nk
D : E—ATFHEO U FL—E—Dh T K

pt DAL THT et O3 AF — | AESMITIROKX TR SN D, [22]

d’r Gym?, )
Toos0de — 19273 3 =224 P,cosf(2x — 1) (4.1)
ZIZTGRIET L A TER. muiﬂ@ HE, P, (3R, 013w 187 b OFf B
zlid et OFFBG L RRT RV F — ﬁ?éﬁ@m?»% DHTH D,

P AE VEERIZ LY
P,=(1— M)sin(wt + 0) + M sin(w't + ") (4.2)

DEITEHT D, F1HEHII=2AF=TUL2ZBHEL T2t ITLD DT, F 2HIZ
RaF =T AIEDHDTH D, K356 DL TIE, J=24= WA@E%®%ﬁﬁiﬁ
60MHz (272 %, ZAUTFRA O SFRETIZ AL S TR A 20, oi@m@m®%
QIEIZ0IZRDHE NI ZETHDH, Lo TIaA=oranNAERENTE 24T ut I
IR 2% 7 F v (FREEGK 0.5MHz) 235 &\ 5 ZiRO LB B S 5,

eq(4.1) & A7 ha A—2 —OELEIZ DY CHENT 5,

/n(’r, t)d*rdv (4.3)

ZZTo(r ) 3ET 5 pt OBEETH Y |

n(r,t) = n(r) x exp (—t/Tdecay) (4.4)
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U = ((1-M)asin(wt+0)+ b) x exp(—t/Taccay)
D = ((1 - M)csin(wt + )+ d) x exp(—t/Tdecay)
(4.5)

DX ITEKIN D,

WIZ LR TROY Fo—2—D a7 NEOT v AR Y —& L TEH Asym % 7€
#7975,

D-U
A = 4.
=D TU (4.6)
eq(4.5) AL CTHLAHET H L
_ Asin(wt+96)+ B
Asym = Csin(wt +96)+ 1 (4.7)
E%, ZOBBTT =457 4y T D, T4y hRT A—=F =T
w757A7370
DEDTHD, LIZL
(1-=M)(c—a)
A = 4.
b+d (4:8)
_b—d
_ (I=M)(a+o)
C = b d (4.10)

T,
FEEIZ O > 1THY, AsymiE, 1FZX Asin(wt +6) + BO X HIZ5DHFE D, ZOREME
AL M OBABEEKIZ > T D,

LLIRIZZ =7 > B3 SiOg(Aerosil), T/V I T2 EZNENRIDIZL TEW LD LT
NI (JBEE Imm) OF —# %77, ZHUH O run TET 47 L —F —%ffio T,
WG pt 2 9%, X —5y RNTIED TS, (figd.1)

RiIgIZZNZN .
6.04(37) x 1072 SiOg(Aerosil)
A=1¢983(4)x 1072 TNIF (4.11)
1.92(4) x 1071 T IR
ERD,

WIZH =4 > 8% SiOo(EH5), XA TELV R, NUF =L S MEOT NI T4 A&
Lizk &7 —F %79, (figd2) 26O run T py 38904 —5 > M &2 2EHRIT
THEY eq(4.8) DX H 7RI AL L 2200, IRIEIZIE Y M OB E 72 %,
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Figure 4.1: SiOq(Aerosil), 7/VIF, TV IO uSR > 7 F /v

Si0:(Aerosil)
; 7 Y | ‘ l‘ i
0 :F'"\f'i'[\“% ) :H?JJHI% lw_; wfw” :l
u.1£ M\;"l;"%l'l'j’f’; mwmlw % ,\H
02 B ‘
Rl TR TR 57 8
time| us}
Si0,(EHS5)
asgrzmetry 23mg/cm?

0.3 M
0.2F

0.1f

8
time(us)

Diamond
asymmetry 27mg/ cmE
0.4
0.3}
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0.1
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34 5 6

8
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8
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Figure 4.2: SiO5(EH5), Diamond, Alfoil ® pSR + 7 /L
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RiIgIZZNZh .
8.05(1.40) x 1072 SiO,(EH5)

A=<8.02(4) x 1072 Diamond (4.12)
1.45(3) x 101 Alfoil

LB,

UbLOTF —2%2 b 5T a4 =0 L EROMHRE T2,

4.2 Sci-Fiskk Xa—7

4.2.1 EA

Z OENTCIE, MHEEROMEREE R a4 =7 AERERE RO, BHEEIIOMEREE LT, (L&
REE « T U/ F U BN af T A« MAPMT 27 v 2 h—27 ZRdi-, (&R
BEIE. KIF23 @B L 7= BB & B D Sci-Fi DF v o Rt . Z—4 w kb Ol 3
HLA—7 v MR EOREDESIZAZ DN >TEDT,

B2 SN 2B 2 A =0 AOBIFERE B> TR A ML & RS Z &I
FoTHELND, A 24 =T NI FEEK 7 mm/s EBNDOT, #F—7 v F BB
& ZATIE, B AT MVITZED AR % (Figure 4.3),

300 =

250 =

200 =

150 =

100 —

50 —

1 1 1 1 1 1 1
0 2000 4000 0000 8000 10000

(nsec)

Figure 4.3: #—7%7 v ;26 2mm BEL 72T CO X 24 =7 AORREREOY I 21— 3
> (back ground (3 fEfH)

By FERTRBE, ad=y ARHTOL OTI I b A~ F Lz
A EES
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o, BTV T 034 =7y BTV E (50um), SiOy /XU & — (EH5), &
ATE RN —OIFHETHD, ZIH32DT7 NI T_XTT 47 L —4% —3 300um
DHLDOTHD,

Figure 4.4 1% Sci-Fi DR{BED 1F v kWL BHD TDC A7 L ThbH, YD —
I3 2N HATT D ETCBEAMN R ) A ATHDH, £ T, LLFTIX Figure 4.4 ®
2000 ns D& Z AERRDIFE R E T D,

4.2.2 tHEHEF/OMERE
FI2SA VBB TR 0T UOADEA

Sci-Fi D& TF v ANDEL Yy NEeT 4 T3 A= T AT =DK%y hOTXTOM
HHOET TDC DEDEZ L >Teb DD X N7 T L) Figure 4.5(a) Th D, Z DO
5 53ns ZHNMINE 10ns TaA T Ak D I LT,

ARk

A~ M front, back O Sci-Fi &7 4 77 A= Ty Z—0 N VT vaf s vr
VALKV LT, F2. BRITOFT v o xR EomE XX b r H EZO8E Z o
7=bd L LTz, Figure 4.6 IX front, back DfLEHLED A X vy X —T oy N ThHDH, F
IRV DN S D DN E—7 v hThH, HF—7 v FTDOA XY L — i Table 4.1
DX ol

Table 4.1: A X bl —h

B —7 > |k SV AE A2 L — | [/pulse]

7L 3% (50pm) 314500 0.30
Si0, (EH5) 313000 0.24
FATEVR 343237 0.23

J0OXs—%

ZZT, MAPMT ®Z7 g ZX b =215\ TR T, Figure 4.7 (Z=2 A 7 AN
RIFFIZ 2 DL B Z s 7e & EDEDT ¥ FNVBEGZDEEZE AN T AILTIEHLDOTH
%o AEMEAL 72 MAPMT 136ERED 4 X 4 ITHEENTWLDT, Z7ua A M—70dH
%L Figure 4.7 D 1 & 428D, LAL, 1LIZOWTIHY G > F vy o 2V D8R %
BOT2A X EBNR0H D, 41OV TIEENIT R, 1FEAE 7 A =27 L EHS5T
LW, ZoOF =212 BHL, front TXIFEAEZ B A =717 A . back TIED 72
DdoT-Z L1275, FEBE. back O Sci-Fi #5500 BTN TW=D T, FRNEK
THAH9, ADEBDOEIEITEN T v 7 D3REE DT, /oA =7 TSIFERITH
R oT,

Lyl)ya—3y
DA LTUADE Y hRNE =N AX YNy I LT, BbroEY—Fy hOHRLT
DX =7 "L OEiE A A=V LT, TNEFNDOX—7 v R T 2z2=0mm H7-Y
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Figure 4.6: AF¥ ¥y Z—7 v |k
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WZHE =T FRRZTWD, ZNENDE —5 v NEVIZIEBRT 5 &0 2O CMEIT SEEE
DB =4y NOFIMEZFBL TV, ZOBRHEHROLY Ja— ar i RbDDHE-0H, K
RRAA=TARA=VDE =7 v VD EER + TV T T7 4 b Liz (Figure 4.8),
ZOLEDOEERAET o =28 mm (T/VIE) LieoTz, YIalb—va itk kD
ALY Va—var b L<—H L TW5D (p.25 D Figure 2.19 &),

4.2.3 BFEAXRI KL

BHZERIZEAAS 2 A= AN T D L MEIC K > T 24> OFEORE A7 h LR
HEoTHRZA D, #—7 vy MElE DL, FEFanE iz b, #—7 v M&Rin oD LR
Nz R o5&, NP RIS, Figure 4.9, 4.10 1 3ENEiv, ¥ —7 > Mk e &
TFNEIR DI AT M TH D, ZNERZET TR, Xy 7770 RO a4
FREED A7 ML Lz 720,

FIT.SIOy EXATELVRDT —HETNVIFEOT =X TE LT LIZEIDEL TH
72o BUBILIZERAID 1.2 us TITo T2, TDF T 7% Figure 4.11, 412 IZ7°F, ZhE R
5HéEL SOy TIEY 7 FNEDO IR TR R b, XA TEY R TIERZ 2,

FREICBI & HA L7726 O Figure 4.13, 4.14 TH 5, V7 FIVEBOZEETE YL TR
L. TOEBTHAISNTZI 24 =T LOEN 5D,

FrT AR I 2l —valr Dzl BZERICHTE I a4 =T L0E
HBHEMEET DL Table 4.2 DX 9T/ o7, SiOx(EHS) D& &0 X —5 v MMEKOD G| &
BRI RVDIEI a4 =0 ANEZEIIH TS5, RN EREEESD A=K 5
IR A0 A5 Bbd, B2EFETIT Table 43D X 9124 —4 » FETO AR EEE
BOBEMEL —7y NHOTING, L2 =0 AOBEEF~OBEEZFHEL 7=, fEK
Ofetn% HE L ChHuEZ NS 2 & HENED T 2B onb, Thudy 7 VHE
WA A TWDTDEA 9,

Table 4.2: BZEHPA~DOE 24 =7 LJHHIER

STIANERD F—Fy NERD F—F v NCIEE o7 i T

=27y =D 57 =D 57 *F L CTORHER (%)
SiO, (EH5) 4494147 ~725+282 8.0+2.6
B ATEYR 3154308 130+137 2.3+2.4

Table 4.3: SiOy(EH5) O % —7%" » b b 5 L 72 i ==

X —5y Mk o7 pt i
TEIG (mm))  AREEER DT (1/ psec) XL TR (%)

—4 < z<10 0.013£0.0059 0.02840.0082
—4 <z <12 0.010£0.0057 0.022£0.0081
—4<z<14 0.0070£0.0056 0.016+0.0081
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Chapter 5
TS

5.1 upSR
SiOy(Aerosil BEOEHS), 7V IF X ATELS NP TOI a4 =0 LEREfERL T,

5.2 {KRE

R M BRI AR EBR CIIE I CEN S o 2O L 2o, LA L., T A b
DEEMETIX 2RETFZITRIRTT-ODr —I08 ) ELHNTWD Z & ITMRTxT-,

5.3 Sci-Fi kk xa—7
AEFERL 72 Sci-Fi RN Aa—7OMeEx F Lo dH L&, Table 5.1 DX HiZ72 o7z,

Table 5.1: Sci-Fi /8 K 22 —7 OERE

A FL—hk  0.30 /pulse (Al foil)
LY Ja—vary o=28mm (Al foil)
JaARN—7 ~ 3%

54 ETEADEBI A =D LB

X =l MZIEF 572 24T HEZE~DE o 4 =7 LRI Table 5.2 @ X
INTTp o7,

Table 5.2: BEZEHFADEI o 4 =7 AR

SiO, (EH5) 8.0 £2.6%
X ATER  2.34+24%
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Chapter 6
k&

6.1 MREN

AR DFEBRTHWZ/3T & —I% Si0, X AEROSIL300 & Cab-O-Sil ® EH5, # A 7€ K
X microdiamant ® DP558 T 7=, Bl D% E AL O3 25D 2N TE o720
FEFITRAETH T,

SiOx X E B 6 LRI Tnm EFD/NE X, REBDO K é VX872 Dy o728 . a k-
BTNV E IR OONHL S, F—F v bRV X =2V A Y —%ikb Rl b ok
I%ﬁ%é&%ﬁotoit@ﬁ&*?yF®Eﬁ%MEL\&~5yF®%%@ot%
SEELTHDOE—DDOFTHD, HEEZESIZORPITHOREN L 72L& 5125<
S ERBTHZLEEZETITNIE S LTV LS 0 B 720,

ZATEY FIFRAES0nm & & THMNRKRENSTZOTI a4 =7 ABRJERL T 7
Hol- b b5, microdiamant fEOFL TR 25nm DX A T7TE R HY . ZH 5

WCTUEEE RIS D E E4 5, L LRBBITIEFICEMR 7O FICAND Z LR
T%ﬁﬁoto%%&éﬂ\&éwﬁgﬂ @B@w@klﬁﬁﬁ%%éﬁ\%%%%
DZEDTEHHMTIED D,

F72 AlLOs TR 30nm EHIFF CEHARESITIED D, FLEERFITITIEETHTHZ &
DHERENTWHDT, HZE #f%%ﬁiﬁféf%%o FIEHHFICANLT L B
HL5DRTV, BE— ALY THEINGEONRN-oTZ LITEFITESETH D,

ZOMOFEEDO TR H LI L D RND | EOWE HRIZD nm HALD /)N
SHRLDIEFICADIZLL, ELWCEET WL DL b Lt Hm TN EBESTZ 2N T
Xhhot, bodk LK BEHIMOFEEON G FIZ AT b LivZewn,

6.2 TA4TL—5—
T IS HEOE =L X AL T6HA, 7T/ IR440um 27T 4 7L —F —L L THNT

Wiz, ZDDEH 2D TERNWT — X522 SAMEDTLESTZ, bolt BBt
WMBILT 4T V= —AXT 4 BT HIRETH T,

6.3 EZEE
SO DOIFERTIEZETH D, titiﬁotf/7 MFIMNoT2EWNH TN OE D,
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