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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 = (4rDt)" 2 Kl d7 (2.2)
— 2 — r .
7)dr T exp 1Dt

is the probability per unit area of finding a particle between 7 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= = (2.4)

11



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
r=da— &, and

% /dS((i)ﬁ(cT) (@ — @) - exp (—7614_1)? ’2) : (2.5)

The surface integration can be performed by noting that

’ —

R(t,7) =

ds(@) = a*sinfdfde,
|@— 7> = a*+ 2% — 2azcosf, and (2.6)

n(@)-(@—2) = |d—2|cosa=a—xcosb.

Figure 2.6: Geometry of muonium emission from a sphere.

R(t,7) = Za*D(xDt) " exp (M)

4Dt
2Dt ax ax
. _1 1 a2 ! h <—) N _1 <—) ’ ’
lx ( + e )sm 5Di) ¢ cosh 5D (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

R(t) = w—%% (%) l1 —2 (%) + (1 +2 (%)) exp (—g—i)} . (209)

12



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 t = 0 and the assumption of a perfectly absorbing
interface. As t grows without limit, R(¢) behaves as 3. 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 A R(Y) (2.10)

(@) [3_2a_zzt_ (1- 2 ) o (‘ (ﬁ)ﬂ

gives the desired result:

1
2

N[

Dt
P(t)=1-— erf!(?) +7
(2.11)
The error function erf(z) has the usual definition:
erflx) = 271'_%/ dt exp(—t?) (2.12)
0

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

P = /00 dtR(t) exp(—At)

- gﬁ l1 — B2+ (1+ )% exp (—%)} 7 (2.13)

_1
2

where (= (%)

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,Z)becomes, after integration over the surfaces (assumed infinite in

area),
o () s o (9] s

For and incident particle distribution of 5 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,%) = (2t)" (47 Dt)~

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

= (4nDt)"3d"'D [1 —exp (_f—;)] . (2.16)

1

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

13
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Figure 2.7: Geometry of muonium emission from a layer.

surface of the layer is then

P = /00 dtexp(—At)R(t)

) ) 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 r,

N — N

s = (mr’n)™! (2.18)
it is found that
D = c(nr*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
" 4d7r3p ( )
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 - cm™3. A particle radius of 3.5 x 10~7cm then leads to an estimate of

D =79cm? - s7! (2.22)
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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
s
/4 2mm

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

Beam

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 107
run2 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

15
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Figure 2.9: Target and the coordinate system

665

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

inside the target is 335&10_7 =6.73 x 107 7s.
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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
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Table 2.3: MAPMT(Hamamatsu Photonics H6586)
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Table 2.5: Sci-FiD DD OOOOOOOOOOODOOD imchOOODODOOODOOODOO
goobooogobod

| 00 [sec] | 0000 [inches] | Counts

30 2.5 2,913,575
30 0 2,002,572

30 2.0 2,643,271

30 15 2,878,330

30 1.0 1895,183(30000)

30 15 1842420(30000)

30 1.5 2,325(0 0 0O Osource 0 O)
30 15 2,073,860(30000)

30 0 2,164,095(30000)

30 0.5 1216,658(30000)

30 o 1,6%% FF%
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Table 2.6: CERATRON O CHANNELTRON OO0

CERATRON CHANNELTRON

oo 5x 107 Torr OO 5 x 107° Torr OO
ogoooon 4.0 kV 3.0 kV

0oQg 0.01 cps O O 0.05 cps O O

0000 (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
8 0.05 L
o 3
2 0.04 £
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OO0 CAGEOOUO0OO0OUOOODbOobooOoooboooboobbooboobboobooboogo
gobbooobboboooboogbbboooboboboooboboboooboboobood

Table 2.7: CAGE DO ODOO

Veage [V] OO0 [/ 10 sec |

0.0 40.0 k

0.0 8.2k

0.0 10.5 k
-2.0 7T
-2.0 1457
-3.0 454
-3.0 154
-3.0 173
-5.0 105
-5.0 14

OOOOCHANNELTRONOODOODOOUODOO Table28 00 O0O0DOOOOODOODO
gboboboogobobooogooobooo

Table 2.8: CHANNELTRON OO DO OODOODO

00000000000 [hours] OO0 [/100sec)] OO0 [ 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

gbobobboboogooobbbodooood 1opsbbobogoobobod
000000000 0000000O0Figure221 000 (0DO0O0C0OOO 20ns)0000
gooogd

O0000O000O0O000O000oO0O0b0b0Do00obbbO00obObO0OOoD CHANNEL-
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Table 29: DO ODODOOODOOODOODOOO

Viens [V] zrens mm] ¢l0mm 00000 [/500] ¢6mm OO0 000 [/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%)

O00 Veage=1kVOUOOOOOLENSOOOODOO z=100mmO000000O
00000000000 2000000000 6mmO000000000000 80%0 0O
0000000000000 00004%Co0o0o00oooo0)obooooooooo
gboobooogobod

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

gooo

2.9 DAQ

2.9.1 MSL DAQ SYSTEM
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Chapter 3

HRERE

3.1 oogoood

3.1.1 MSLOOODO

gobbbooogobooooobobooogboboogsemibbdgoonooood
O000500mg0000000000000000O0O0O00 37.3ecm?0000
OOoooobooboobD MSLO pOD00OO00OD0OOO00O0ODOODOODODODOOO
gbggboggbodgbbooboooboobouodboobooobooboban
gbogobbogoggbogbboobooobooboooboobbooboon
gbogobgbboogboooobboboobbuoobboooboobbooboon
gboboboogoboboooobobbbouooooooobobbouooobboooon

SiO. - AEROSIL

000000000000Si0,0 AEROSILOOOO0O0O000000000000000
00000000000000000000000 75umO0000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
00000000000000000000000000

0000000000000000000000000000000000

00000000000000000000000000000000000000
000000000000000000000000000000000000 (Figure
31000)

Diamond
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(Figure 3.2000)
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gbb40mgh0gooboobobbooooobbboooooobobooooooon
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Figure 3.1: 0000 AEROSIL OO OO AEROSIL

Figure 3.2:. OO0 D00O0ODOO0ODOOO0OO0ODOOODOOOO
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00000000000000000000000000000 1Terr00000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
000000000000000000000000000000000000 (Figure
33000)

Ve

Figure 3.3: OO0 OOOODODOO EHS

00000000 ALOsODODOODOoboboooooo

3.2 UUOooboogoood

gbobobooogbobooooobbboooogn
000000000000000000000 3.500000029Mev/cO 200 mg/cm?
00000000000 ROODOOO pO 00000 ADOUDOOR = Ap*S00A =
0.0015200000000000000000 26Mev/c00000000O0 136 mg/cm? 0
goo
OO000b0o0oobooboboboooboooboobbOobooooobo pSROOOODO
O0000000000000000 ( Figure 3.4 )0
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Chapter 4

HRERERERN

4.1 pSR

gbobbboogobbbouooooboboaon

gobobboogogood

pt00oooo

000000000
0000000000000000000
0000000000000000000

Do

pt0000000 e 0000000000000 ODO0O0OOOOOO /(22

d’r Gym;,
dcos@dr 19273

[3 — 22 + P, cos 02z — 1)]2? (4.1)

oob0O GeOOOODOOOOOOmMm,0p0000P,00000600000000000
x0et0000000000000O00O0 000000000000

p,O000O000OO
P,=(1— M)sin(wt + §) + M sin(w't + 0") (4.2)
00000000000000000000000000owtrooooooooooa
OO0000o0obOoboOooobooo GoOOOOOODOOOODOObOODOODbDOobDOoD
60MHzOOOOOOOOOOOOOOOOO0O0OO0O00000000000 eq(4.2)00
0000000000000 000000000000000000000O000 pta

00000000 (@O00 05MHz)0D0O0O0OO0OOOO0DODOO0OOOOOO
eq(4.1)0000000000O0O0DOOOOODOODOOOO

/n(r,t)dQFdV (4.3)
O0O0n(r,t) 00000 00000000

n(r,t) = n(r) x exp (—t/Tdecay) (4.4)
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gooboooggno

U = ((1—M)asin(wt +9)+b) x exp(—t/Tdecay)
D = ((1— M)csin(wt +9) +d) x exp(—t/Tdecay)
(4.5)

gooboooggno

OO000000bO0bOO00O0bO0o0obO0oDbbO0Oo0boooDoooOonD AsymdO
gooo

D-U
A = 4.6
sym=2"1 (4.6)
eq(4.5) 000000000000
Asin(wt +0) + B
A = 4.7
sy Csin(wt 4+ 6) + 1 (4.7)
O00oo00ooooooooooooooooooooooonoo
w,0,A, B, C
Os00000000
(1-=M)(c—a)
A = 4.8
b+d (48)
b—d
B = —— 4.9
b+d (4.9)
(1—-M)(a+c)
C = 4.10
b+d (4.10)

gooo
0000 C>10000A4symO0000 Asin(wt+9)+B0000000000000
AOMOOOODOOOOODOOO

000000000 SiOx(Aerosi)D0 000000000 O0OO0OOOOOOOODOO
oo 1lmmOO00000000O0O00 rumnd0oognoooooboooooog
0000 099%000000000000000 (figd.1)

goobooogd

6.04(37) x 1072 SiO4(Aerosil)
A={9834)x 102 0DOO (4.11)
1.92(4) x 107 0000

gooo

00000000 SiO(EHs) 00 0000000000000 00oooooooo
000000000000 (figd2) D000 run0O0 p, 0000D0O0OODOODOODODOO
O000eq48) 000000000000 DOODOODOOOOOO MOOOODODOODOO
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8.05(1.40) x 102 SiO,(EH5)
A=<8.02(4) x 1072 Diamond (4.12)
1.45(3) x 1071 Alfoil
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Table 5.2: DO OODOOOOOOOODOO

SiO, (EH5) 8.0 +2.6%
000000 23+24%

51



Chapter 6

L] [

6.1 U000

OO00000000oooon SiO, 0 AEROSIL3000 Cab-O-Sil0 EHS OO OO DOOO
O microdiamant 0 DP5580 0000 OOOOOO ALOsO0O0O00OOOOOOOOODO
gooboooggoo

Sio. 0000000 MmmI0O0O000OOO00O0OOOO0OO0OOOODODOOOODOO
gboggbboobogobogoboobbuobuoobbooboooobboooboo
gooogboubogoogbougbobobooobodooooobbooooon
gboggboggbodgbogobboobbobbodbobobbuoobbooooban
gbobobbouogobbboooooboboogoboboooon

gboboboogoosmmibboogooboboogoobbbooogooobon
O0O000000Omicrodiamant 000000 2onmO0 0000000000000
gboggboggbodgbogobouoobbobboobbobbuoobbooooban
gbobouboggogbogooboooboooboooboooboobobbogn
gobobobooggbooood

OO0 ALO;s OO0 30nmO0000000D0O0ODOOOO0ODOODOODOODOODOOD
gbobouogboogooobogobooobogobobbbogbbogbbobn
gbobobougobobbooogobobooogbbouoooobboboooon

gbobobbouogoobbobooooobobbooougobbobbbodd nmdonoo
gboggboogbogoobobobuogbboobuoobobobooobooboan
gbobboooobobooooobobbuoooobouoooboboobood

6.2 UUOOooon

goog8bbouougoobedbbbuod 44pemdggbobbboooonon
goobobogbobogdoboobbobbuoobbuoobbobooooboooon
gobobbooogbbbooooobobboooaoo

6.3 LUOO

gobbooobbobooobboooobboooobbooobobobooobobood
gbooubodgbobogdobodbdobbuooooboooboooboooboon

52



gobuogobogoboooboabuoobboobbbboodobboobooonba
gobbogobboobbboooobbooooobboooobobooobobood
gboboboboggbbdoooobbuoooobboooobbuoooobboooboboon
gbooogbogbboobobobbboobboobb20bboobboobogn
gbobobooggbbooooobobboooan

6.4 uSR

godgobogobodgobogoboobboobobobobboobbooogn
gbobobooogobbooooobobooogoood

6.5 Sci-FiOOOOOnO

gbggbobouogboboobbobbuogbboobbouooooobooboon
gbodgugboobuogboogbbobbuooboooboobobobboonooo
gbobouogboogbooobougoogbboobooboobobooboobogan
OO000D0O0D00 CAGEODODOODOOoboooooobobooobooooooooo

gboboboggbbobooobbbooobbooobbboobbobboogboboon
OO000000O000O0bO0oDbOO0O0Sei-FiOD300o0o0oobo0ob0oooobooboogoo
gooboooggoo

OO000O00b0 CAGEODOOOODOOODbOOUODOOoOOobOobooobooooooo
goobooggoo

OO0000O00000DO0bO0ob00obooboobooboooobooogoOSed-Fig 2o
gooudgbobouggdoobboogubbboobbooboobbuoobooon
gboboboogooood

OO0 Sei-Fi0ODO0OO0OO0oO0o0o0oOoobOoooobooooobooboboooooo
goboboogoooobbobooobboooon

93



L] [

O0000o00ob0o0O0o0000o0b000000b00Ob0UODKERK-MSL OOOOoooOo
gbggbboobogooooboboooboobboooobooobooboban
gobobbouoggbbbouoooobboboooaoo

000 CERATRON O CHANNELTRON ODOOOOODOODODOOODOOODOOOO
OO00000D00D0000D0O0 CARRACKOOOODOOOoOOooDoooboooooo
obooobooboboobobooboboboboobooboooboboboRr2KkO0OOODO
gbggboogbuogobogbobuoobbooboooboobooobooan
gbggboogboobogoboobuoobboobuooboboooobobbooooan
gboggbogboogoooboobboboboooboobbooboboobobon
goo

gogdgbbobobobbbobbbbobobubooooooobobobobobobn
gobbouogoobooooobobog

54



Bibliography

1] K. Jungmann et al., The Future of Muon Physics, Splinger-Verlag, (1982).

[\

F. G. Miriam et al., Phys. Rev. Lett. 49, 993 (1982).

[1]
2]
[3] C.J. Oram et al., Phys. Rev. Lett. 52, 910 (1984).
[4]

4] A. Badertscher et al., Phys. Rev. Lett. 52, 914 (1984);

K. A. Woodle et al., Phys. Rev. A 41, 93 (1990).

t

S. Chu et al., Phys. Rev. Lett. 60, 101 (1988).

D
S 2 2

K. Nagamine et al., Phys. Rev. Lett. 74, 4811 (1995).

\]

L.Willmann et al., Phys. Rev. Lett. 82, 49 (1999).

— o/ — —

D. L. Morgan, Jr., and V. W. Hughes, Phys. Rev. D 2, 1389 (1970);
Phys. Rev. A 7, 1811 (1973).

G. Feinberg and S. Weinberg, Phys. Rev. 123, 1439 (1961).

V. W. Hughes et al., Phys. Rev. A 5 ,63(1960).

11] P. R. Bolton et al., Phys. Rev. Lett. 47 ,1441(1981).

12] A. P. Mills, Jr. et al. ,Phys. Rev. Lett. 56 ,1463(1986).

13] A. Matsushita,K.Nagamine ,Chem. Phys. Lett. 253 ,407(1996).
A. Matsushita,K.Nagamine ,Phys. Lett. A 244 |174(1998).

G. A. Beer et al. , Phys. Rev. Lett. 57 ,671(1986).

]
|
]
]
]
]
]
6] R. F. Kiefl et al. , Phys. Rev. B 26 ,2432(1982).
| G. M. Marshall et al. , Phys. Lett. 65A ;351(1978).
| K. A. Woodle et al. ,Z. Phys. D 9 ,59(1988).
| A. C. Janissen et al., Phys. Rev. A 42 [161(1990).
| E. Holzschuh et al. ,Phys. Rev. A 25 [1272(1982).
2] 00000000000 AEROSILOOOODO No.17(1999).
22] W. Fetscher, H.-J. Gerber et al Phys. Rev. D 54 ,251(1996).
]

gobobooooobb ooonb 2.1.2.

55



Appendix A
Jooooodd

Jobdob=00b0b0o0btoobtooobogooud

pilot experiment to search for the muonium-antimuonium conversion

000000=00000000000 (Mu=ute)— (Mu=p"et) 0000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
00000000000000000000

000000000MeO0O0 - 000000000000000000000000
0000 13eVOOODO00000000000000000000000000000
000000000000000000000000000000000000

000000000000 0000wSROO00O0O00000000000000O
0160000000000000000000000000000000000000
0000000000 -xt0000000 -MeO00OO00 -00000000 -000
00000 -000000 (000:000000000000)00000,70000
0000000000 0 MuOOOOOOOOO00 Bhabha 00000000000
00O0Me«00000000000000000000000000000000000
00000000000000000000000 MuDODOO MeDODODODOOO0O000O
000000000000000000000000000000 00000000
00000000000Mu=MuODOODOOO0000kSROOO0O0O000000000O
000000000000000000000000 »*00000000000000
000000000 wecd000000000000000000000000000
000000000 00000000000MuO0000000000000 Myl
000000000MeO00000 wSROOOO0OO0O00O000O00000000000O
00MwODODODOO000 S0, 000000 mmO00000000000000000
00000 MyODODOOOOOOOO0O0O0O0000000000

0000000000000000000000000000000000000
000

00000000000000000000000 (*?Ne)0000000O0

56



o7



Appendix B
Joooooodo

doboooboobtoobuoobouobon

gobuogggbboooobbbooobboooobbooooobboooboboon
=0dbugdgbbogobbogobbougboobboobogobooobogn
gboggboogbogobogboboobboboobooobooobooboon
gboggbboobobobbobboooboobboobuoooboooobobon
ALO;0D000D0DO0OD0DO0DO0O0OO0OOSIO, D000 boobOoboboboooboooooo
gboggboogbodgbbobuogbooobuooboobobooobooboban
gobodogbdgbboobuoobobuoooboobuooboobooobooboboan
gooboooggno

OOoo0oDoob0oboobbop 0000 pSROOOOOOOODOODODODODOD
gbggbboobogoboobobbouogbbodbuoobuooobobooboan
gbogobgbooboooboogboobobbuodbboobboobooboban
gbggbboobogbobbogboboboobboobuooooobooboban
goo

e JO0IUIUODDOODOODLDDOODDOOODLDO MeVODOOODDOOOODO
gbooboggbbooooooo

e JOODODOODODOODODO 10eVOUDODODOODODODOODODODODO
goobooogooo

gobobogdgbb looggobobooggoo2.00obobooobobooodds.
gbobobooogbobooooobbboooogn

gbodbobobobuobdobuobob4009gboboboobobooobooban

o8



accel eration
el ectrodes

frsrenresrennannad R

scintillation

fiber array ?i\\\\\\\*

target ——& &
T

‘e
‘e
.

B.1 0O0000O0OOO

OO000o00O0bO0O0b0bO0bO0oobo0obUo ALGsUOobOobboooboooooooo
OO00000DbO0000ob0goooDbOoD Ssio,0oogo

goboboogbboooobbooooobbooobbbooobboboooboboon
goboboo200gbooboggoon

Oooboooogogo 1ooooooooobooboowo pt0bobooooon
O5%0000000000000000000'0000000000000O0000O0
gobbooobboooooboogobbboooobobooooboboooboboood
gbobobooggbobooooobobboooogo

OOoOooOog Sio,0bboobooboboouoooobbooobobooobooobooooDo
gbogbuobogbboobuoobbooboboobuooboboboooboobood
OO00OooDooooooobooosio,0boboboobbobooboobooboboboo
0000000000000 00000000000O00oDoOe0ODO0DOo0n
0000000000000 0009%% 0000000000000 00000O0O0O0O
000000000000000000000000000000% 000000000
0000000000000 000000Sio,000ooooo00g (mmO)00O0O
gobouogobogobbbogbboouooobboobbuoobboobbooooba
0000000000000 000000000000000%200000 7nmO00
o000 M4mO 00onogobogobogbobogbbooboobooobogn
gboggbbogbogbogoboobboobodobobooboboboobobon
gbggboogbogbboobobooobboodboobooobooboan
OO000bO0o0o0obooboobooooooooooogsio,bobooooboboboo
OOo00go sio,0000ogon

AlLO;0000000 Bnmm) 00000000 0ALO;O0O0O00OCOCOOOODOOO
guoodggbbooobbobobibbggdguouiuouoooouooooono
goboggboobobbogbbobbuoobboodboobouobooboan
00000000030 ALO;0000000000000O0O0O0O0O0OO0OOOOOO
goboboogooboooon

'Phys.Lett.A 244,174(1998)
2Phys.Rev.Let. 57,671(1986) 0 Phys.Rev.A 42,161(1990)
3Phys.Rev.B 26,2432(1982)

99



gbobboogbboooobbooooobbooooobboooobobooobooon
gbooggboogbogbobobbuoobbobbodbbobbuoobbooooban
Oobooo0bobobobobobobbobobobobDobOo0Ond anomalous
muonium* 000 0000000000000 00000O000O00DOO00000O00O0
gboggboggbogboooboobuoobboobuoobobuoobbooooan
gbobobooogoobooooobobboooon

gboggbboobogobosobubuouobogbboobbougboogod
guogdboobobobboboboododuoguoguoooooooooooon
goo

beam

000000000000 0000000000000000' 000000000
0000000000000 (¢/em?)0000000000O00O0O0OOOOOOOOO
gbbooooggoboogoaog

B.2 0000O0OO0OO0OO0OOOO

B.21 OO00O0OOO

000000000000 0b00O0DnD figB.10 figB2000000000O0O0O00OOOO
gboobobodoogobbbouoobbobooooobbboooad
gobobboogbbogoobbooooobbooooobbooooobooonooon
0000000000000 0000000000000000000000OMAPMT(O
OOoo0o0ooboooooobboooooouoboOoooooTDCOODODOUODOoODOO
gboboboogoobobod somm9yrmmUO0000000000000000O0
fig B30 OODODO 0/ mmIDOO000000OO0O0OO0OO0OO0OO0ODOODOODOOODOODO
OOo000o0o0o4000000000000000O0 MAPMTOOOOOOOODOOODO
gobbooooobl 14mm00d0 le000000O0ODO0O0O000g 224mm0ggd
gboboogbooogooogobbobod 48mmiidooonbn 28mmddoogn
O000D0O0 1le00D000DO0O00DbDO0ObODOO 3200b000DO0ODO MAPMTO
0000000000000D000000000 3%0000

B.22 0O0000O0O0OO

000000000 DOO00DbOO00DbO00Db0o0DbO0obOOoOobOOoOobOooog
4Phys.Rev.A 25,1272(1982)

60



fiber scinti.

97

50

Figure B.1: DO0O0OO0O; 000000000000

44. 8
#15 #0

fiber scinti.

Figure B2: OO0 0O0O0O0DOO0ODO0ODOO0ODO0OOO#ODOODDOOODOODO

61



22.4 44.8

50

80

Figure B3: DODODOODOOODOO0ODOO0ODOO0ODOOO mm0O

figB40 000000000000 000000OfgB5000000000000
00000000000000 300Kk Maxwel 0000000000000 0000O
0000000000000000000000009100000000000000
000000000000000000000000000000000000000
0fig.B.20 000

figB.60000000008000DODNONONODNONONDNDNONNDONDNONONOOOD
0000000000000000000000000000000000000000
0000000000000 0000000000000000 7000 1500000
0000000000000000000000000000000000000000
000000000000000000000000000082%0000000000
000000000000000000000000000000000 1/50000

000000000000000000 figB4, igB50000000000000
0000000D000000000000 16/see00000000000000000
000000000000 60%0 $/N=7000000000000000000000
0000000000000000000000014x10°0000000000

00000000000000000000000000000000000000
00000000000

B.3 UO0O0O0O0OO0OOOOOO

gboggboogbodgbbobogbobuoobboogbobobbouoobooboan
gboggboogbogbobobbuoooboobuoobboooboobooboban

62



| - - ]
..DDDmD. ]
s O 1] -

,DDDDD. B
...DDDDD

,DDD_H_D \

.DDDDD

DDDDD _

DDDDDH

s O[]

o 10

o []

- O]

ADJJD J8Ino

14

12

10

inner array

Figure B4: OO0O0OO0ODOODOOOOOODOOODOODODOODOOODOOODOODOO

goooood

O] [d-
oLl jOe
oo 0 - ]
oo ] 0= -
cooQOQ ] s - - :
DDDDDDDDDD .
coooooOQl] JOe - - 1
coooooOOQ [ ]Oo -
DDDDDDDDDDDDD N
DDDDDDDDDDDDDD
DDDDDDDDDDDDDDD\
= = s 00000000010
DDDDDDDDDDDDD
DDDDDDDDDDDDD
e e e e 270,900 0000

ADJJD J8Ino

14

12

10

inner array

Figure B5: OO0ODOO0OOODOOOOOODOOODOODODOODOOODOOODOODOO

goooood

63



10000

I‘InTargetS.hlst’
'OutTarget8.hst’ -------

1000 ]

wF E

count

10 F P

1 1 1 1 1 1 1 1 I
0 2 4 6 8 10 12 14 16
Quter Scintiinumber]

Figure B.6: OO OOOOO8SOODO0ODOODUOODLOODbOODbDOODbLOODOOn
gooboooggno

gbogboggbodgbogobbuoobbobbodbbobboobbooooban
goobooood

OooobooboooobuoobboobooobOo wevooooooobboo
O00000000000000000 1kkeVOOOOOOOODOOOOOOOO (EMT)O
0000 [figB7 0000000000000 000OO0O0O00OOOO0DO0OOOODOO
gobobobouggbbbougooboboooobboooon

O0000000000000000000000000000000 30%0000 TOF
0 10(2nsec0 0000000 1kVOOOOOOOODOODOOOOOOM%0O00000
0000000000000 00000D000O0O0O04%00000000000000
00000 10/sec0 0000000000000 O0OOOOODOODOOOOOOOODO

64



Figure B.7: DO OOOOOOO
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