SN KREZZ2MTIER Y R b

Kyushu University Institutional Repository

TERBICEITZRERFEHERI A AV OIXRIL
XF—2ARY MNUEHAIY AT A

Elk, St

https://hdl. handle. net/2324/5068252

HAERIE#R : Kyushu University, 2022, E+ (I%) , FEEFEL
N—=2 3

HEFIBAMR



TRRAICRFICREFFERI 2420
IRILF—ART MLEFAIY R T s

(2 o
JUMHR AR
AT K

Sedih T R L — B LA
2022 4 8 H



HR

- O R = 2= 1
L 7 7i L == OO R OO ORI 1
LD R S 2 7 T 7 A e 1

112 FHEHBRI A VY 7 B I T = e 5

12 FHRR S 2 A DI oo 9
1.2.1 RTE AT A oot 11

13 BB E DFHEAEF oo 14
14 BRI FVF—3 24 VEHIDEITITE oo, 16
1.5 B B Y e 19
1.6 ARG SCDREIR ..o 20
2% Full Absorption Muon Energy Spectrometer: FAMES......... 22
2.1 I et 22
2.1.1 T T RF D T F LB e 22

212 T T e 24

22 MBI FAUF—Z a4 VRIS AT ADORESE e, 25
221 BRHERD B Y B T 7 e 25

222 R B R e 30

223 FFHIELE e, 32

224  HAEBET - BETFOSNANT Yy TOMH o 34

BT R = = 35
3.1 DT AL =3 VTR s 35
32 IR BRI e, 36
33 FUILAL VT VAL RY MW T B AE-E BT, 38
3.4 NOrmal MOAE FRBIT. ..., 38
341 FHBEET - BBE T DI e, 39

342 BEHBRIERIHIE oo, 41

3.5 Degrading mode BT ........oovovieeeeeeeeeeeeeeeeeeeeeeee e 42
351 FHBRET R T DI e, 42

3.52  FORIST IZ & % Unfolding fBHT......ovovoeveeeeeeeeeeeeeeeeeeen, 43



EaE
4.1
4.2

5.1
5.2

53

54

BO6E

6.1
6.2

6.3

BTE

7.2

RERFERI IAVOIRILF—ARYT MILEHEL e 46
FEBRZEE e 46
FHTHART D FEHEER D ZETE ..o 48
RERIERR » B ——————————— 51
IR BT e, 51
INOTMAL TOAE BT et eeeee e 55
521 FHARET - BBET DI e 55
522 BEHIBDERAIE oo 59
Degrading mode fHT..........oovveeeeeeeeeeeeeeeeeeeee et 61
531  FHBET c BBEF DI e, 61
532  FORIST 12 X % Unfolding AT ..o 66
e = SOOI 71
5.4.1 BFONTZART FIVDREEE oo, 71
542  PARMA & DI oo 76
543  EEDFEERIEE DI oo 78
BEAICBIF3BERI 2 AYDIRILEF—ARY NLEHAL........... 80
BETHIZRAE e 80
BT et 82
6.2.1  Normal mode fHT........oooeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee s 82
6.2.2 Degrading mode AT .........o.ovoiiiieeeeeeeeeeeeeeeee e 86
IR« ZBZ oot eeeeeeeeeeeeeean 91
2 2 ()3 93
B et 93
BB DT oo 94

................................................................................................................. 96



52

b

CDETIE, FROFEMCES FTOERICOVWTERS, FTHENTFLECE
WT I aAdvPEHSINTOLHE L. FHERI 247770324 VIick?
PEARY 7 P T =IO WTHRITRZ R Z BT 5, Hitv T, FHR S 2
F v OFAMEPHE TO O I EDIEREN 2 NE 2 B BEDOFR 1 LA E
F23 24D ZNX =27 MLEHIORMERZW S I L, 202 EIRT 5
72ODOMEHNZRT, F, HRTIEAR LOERIZOWTIERS,

1.1 AR E=

VAR, BRI CIRMEI ANV F —HROTFHR I 2 4 Vv PIEHINTw 5, Z
ODEE LT, S 247574 EFHBICK 2LEBETANL 2DV 7 F L5 —KDE}
iz Fons,

1.1.1 FEEI2AIZT7«

S a2 v BICEED 3 CFE O R TR D FERMAEM T TH D R TR
IANF—=DOBT GeV ZHZ 2 L) BRI R VX —FIHE TIALAML T
5, 2NN 2 A VIFZFNF =L TWEHICRIRS L5 720, Z DI,
EAWEEY % Zm T 28, BEYOREA L EEIIRE L TRET %, 2o OWE
ZHHA LTI a4 v oiffE, RekTmzifxs 2 Lic k), MGy o NSz i
BT EDPHE EETEIOREMIZI AT T 7 4 EMEN TV B[1], DR
SE. 1955 fEICA — A B 7Y 7D E.P.George 538 A A — 3 27—l & % Hw
TIaA v ZeHIL, Py 2 VHICET 2 EHOIES 2L 722 L 6aF - 7



2] E 512, 1970 FEITlE Alvarez 53 LY 7 P DX H D Khafre EOET I v R
AT 2 FE R L[3]. 2 D%, NEBICBERIOZ A2 2 2 KRE I DA W &
ZHOPIZ LT, 22477 7 4 3BUE, HIBRBERE T TE, AR AE, i
in Ok I IBADIA 5 Tn b, KIETIZZ OREHZHENT 5,

HhERFF 5> 2 T D i A

HIERBIED ST CRL L LA EINT VS 2 2425 7 4 ofliE, KILWNED A
A=YV T THD, 1995 FDOHD TKEOICE > TKIUNTTD S 2477 7 403
REINTLLR4], EHT =2 IZHAD KIN[5-10]721F TR, 32— v DKl
[11-16]ICB W THHIREIN TV 5,

XRR[16]TlE. HF o2, EEMEED I 24 79 7 4 it 217w, ZOHED
BN ARZBG % 2 LT, Figure 1.1 ISR T I I, TNEFTOMBPHELD B
REBITHWMEODPEFET LI 2SI L, 20134E 6 H 4 H., EEME
O KERL VI L L 1 (KINDOARZDIE) 226 L)L 2 (BREDOEXE
) 12l E EiFoi, 6 H 13 HIZIXZ7<D@ENDBETH LY bDIEB> T3
EEZONDERMES N, 6 H 14 H 5 KERERINSFEETH 10 H
FOMRBEIIC S 24 77 7 4 B2 AT\V», BEES ORI 2 IS L 728k %
Figure 1.2 29, ZDFEHR. KIGEH A U 7@ ORI L K28l S 17z 6
Hl6HE 6 H30 Hic~ 7' ~<HfiD LA ZIRE T2 2 IR Lz, £72, EHKD
SEHZ-6 H17HE 7H 2 Hicid~ 7 <UHA28200~300 m ML, EFIRGE
RS T3 Z EDHER S N,

ZDEHICI2aA T I 74 CRKIND= 7l E ) DIRER~ V> DE) & % 1]
ftd22LIHEETH %,



density (g cm™)
|
1875 ; 1.95

elevation (m)

Satsuma-Iwojima volcano

I |
0 1000 2000
horizontal distance (m)

Figure 1.1 Muographic image of Satsuma-Iwojima volcano. The arrow indicates the low-

density bubbly magma.
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Figure 1.2 Time sequential muographic images taken during the 2013 Satsuma-Iwojima

eruption.
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Figure 1.3 Results of the analysis of the nuclear emulsion films.
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Figure 1.5 Measured cross sections of SEUs induced by negative and positive muons as a

function of momentum.
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Figure 1.11 Muon spectrum measured by experiments. The fluxes are multiplied by p?,

where p is the momentum in GeV/c [32-36].
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Figure 1.12 Energy spectrum of stopping muons in Blackmore’s detector. A 40 MeV muon
has a range of about 10 cm in scintillator, but higher energies are possible for muons at

larger angles. The FLUKA curve is a simulation of the stopping muon energy spectrum.
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Figure 2.1 Plastic scintillators processed into various shapes. They emit violet to blue

fluorescence when irradiated with ultraviolet light [43].
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Figure 2.2 Structural drawing of the photomultiplier tube.
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(a) Center Detector

Plastic Scintillator
(19 cm x 19 cm x 20 cm)

Photomultiplier Tube

(b) Top Detector

Plastic Scintillator
(20cm x 20 cm x 1 cm)

Photomultiplier Tube l

(c) Bottom Detector

Plastic Scintillator
(60 cm x 60 cm x 2 cm)

Photomultiplier Tube

|

]

Figure 2.3 (a), (b), and (c) show overview diagrams of the Top, Center, and Bottom
detectors, respectively. All detectors consist of a plastic scintillator and a photomultiplier
tube.
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¥ 5 Top Detector

Lead Block

Center Detector

Bottom Detector

Figure 2.4 Schematic view of FAMES. FAMES comprises three PSs to measure the

kinetic energy of low-energy muons while removing background events.

Bottom detector

Figure 2.5 A photo of actual measurement. The platform is equipped with wheels and is

portable.
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Figure 2.6 Spectrum of cosmic rays calculated by PARMA. The yellow, blue, red, and

green lines indicate positive muons, negative muons, electrons, and positrons, respectively.
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Figure 2.7 Conceptual diagram of the discriminator. When the analog pulse exceeds a
certain value as shown in the upper figure, a logic pulse is output as shown in the lower
figure. This value of V,, is called the threshold.
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Figure 2.9 Events of low-energy muons, events of decay electrons when muons stop, and

integration time of the signal.

34



93 MRAT TR

B3=
BRI FiE

ZDFETIE, FAMES %z M\ 725HHIF R Ot TR IS O W TEHIHT 5,

F9 ., AFHHORER & KT 2 2012, FHBEA R FILFHIE TV PARMA &
SRS E T 2 — B PHITS ZflAatbE/r I oL —ya v FEE2RAEL 2,
FEOT RHIFSE R 6 7 v ¥ L af v TV A4 Ry P RIBRET 2 FEIT LTl
N5, ZDHROMENIZIMZHOZWEE LMZHOIGAETTENRLZ 2D, %2
NEFNFTCEHHT 3, 2 2T, $hz HoZz Wil %2 Normal mode 511, #17% F v
25l % Degrading mode Rl EFES Z & T2, ZNZETNOFHICE T, 2
F v L FHEBE T - BE ORI O W TR, BHSIER ORI D W EDR
95,

3.1 >Xalb—Y3rVFE

IV N2 FHMS 24 VIBIT52 2L —va vy AT AT F
HRS 2 A VDI R NF =ML L TGREDFHEE T — ¥ 2R TRL b DD
I NTVS, BlZIE hD I 24 v 79y 7 2BBEORPL=E0X % &2 H
WTTPHIT % 2 EDITE B[46, 47108, 206 Z AN OG- EREEY 7 £
EH T 2R IE KA MAFIC L 2HIEDSHEL 22, ZOflicd, 11 FO TR
H RGN PRILEIC LS 7 7y 7 AZLOHEIERT 5 2 EBHRTES T,
INoBHHFICL > THiEZ ¥ RIE R S v, 22T, BITWET LTINS D
ffilEZER 9 5 Z £ DYA[HE 7% PHITS-based analytical radiation model in the atmosphere
(PARMA) [25,26] ETNVICE > TRtRINL I a2 A v D2 VX =gz Hw 3,
PARMA (3 K& D @t £ CHLD JAA 722 BRI 2 TR ERKRoe vy 7 A 0m
PIal—vavERiT) LT MINETVDORIX=FZREL, TV T AT

35



93 MRAT TR

PIal—varvhRLIKERIZARY PV EEIETELZETILERSDTWVWS, > 8
2= a OB BETS T I FIELEM T B ISNLFERT -5 1
FoTHTITHEFINTE D, TN L > T 20km RiEDEEDOKLAH DEEDY
FrCEA e 2 b7, B N4 Ay, Saty, B BES BXO
KT DFHRARY PILEHEETE S, PARMA 2T 2 &, 135012% < Dt
B2 BEETA2EYTALBY S 2L —3 a v L ASEDOREECTEBA R Y
ML RHICEIHETRECTH 5,

S5, YT alb—va VITIFRSE BN T2 — N Particle and Heavy lon
Transport code System (PHITS) [44]% F\ 27z, Z4uid, (2T TR COKTEEA 4 v
DG E & Ok Tk ZEHE T 2N T 2L —y a3y a—FTdHh %, PHITS I3,
HAE it Zebse i 23l & 7 o T REEEREBFAEMN I eER, W= L X
— AR ZERRE . TUMRE 22 & L L TR S iz, 2 nlldbicd | B L2ADT
ZEHT. FHIMIZEIZEBAFEREAE. Chalmers T.REKR, CEA (7 7 » R) (IEAIH) & PHITS
FrFE I B 2 L AMFZE 2 i L T %, JRFORN T, 7 5 ToAntst
VE =D ERR D AT LRFERIA e v 8 — | el TS 4 — | J-PARC
vy =L THFEEZED TS, Z OF I IES L H OGS L
VAR, G2 P E oL < BT 7 & OMIZEFH TR DA DIBEIA
B EORIETE L | WA b o TWw B,

PHITS &, BB DIGEZIET 2 L LN A ERERREZEE T 5 72012,
B BTN 2FEL T 5, AENFTCIE. BLIFREDFHEICIZE T & B OHEAE
HETFIL[48]%, ZHRLFXF—A T 7Y v 7ICIF Landau-Vavilov 0%, 7—0 v
BGELIZ 1 Moliere BERICHED { Lynch Da[49]1% #IR L 72,

Z® PARMA & PHITS ZH T, FEHREDOFHZ T 72 R E R USEED & 24
Y77y 7 AEHL, TNEMRHBICART T I 2L —varvEiTok,

3.2 TXIF—KIF

Gl AT LIk o THE OGN AN 7 0%, ADCDF ¥V FIVEFEFH1 6 L
INF =BT 2,

Center &35

3TN 2 2L — a3 YRR K > TEH L 72 Center B HER~ D 5T
FV ¥ —34f % Figure 3.1 IZ/"T, Center BRHHERANS 24 Y DIAN T 2, H 25—

36



93 MRAT TR

EDIZFNF =P EIcZ 3 ERTEMA 0 AR>S AT 5 2 24 )3 Center i
%%Eﬁb%@%ﬁ®\%ﬁ%ﬁ?ﬁb%@%oﬂ@mahkm7ﬂ%V@6%ﬁ
K2 VOFEEMETLTED, SaFVyPEHBELIKOLZZRLE =28 75
MeV TH % Z LD3bh %, KitlllTld, TOFEEN TV LM E ADC DT RS
N MW ZETRIPEIEXZEH L, Center BiHHZR D = 2L ¥ —EIEZ21T9

102

10-3

10

Counting Rate [/s]

105

106

0 10 20 30 40 50 60 70 80 90 100
Deposit Energy in Center Detector [MeV]

Figure 3.1 Counting rate as a function of deposit energy in Center detector. The rate

drops sharply as muons begin to penetrate above 75 MeV.
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Figure 3.2 Counting rate as a function of energy deposited in Top PS. The minimum

ionization peak is approximately 2.83 MeV.
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Figure 3.3 Simulated AE-E distribution of cosmic-ray muon, electrons, and positrons. If
other events are observed in the low-energy region, they can be regarded as random

coincidences of electrical noises.
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Figure 3.4 Detection efficiency curve of the normal mode of FAMES. The clear cutoff

energy, 75 MeV, is determined by the minimum energy to penetrate Center PS, which is
20-cm high.
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Figure 3.5 Detection efficiency when a 5 cm lead is placed between the Top and Center
detectors and 120 MeV muons are injected from the top of the Top detector at a zenith

angle of 0 degree.
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Figure 4.1 D-building in Kyushu university Chikushi campus. The building is located at
130.5°E, 33.5°N, and 39 m above sea level.

Detector position
(5th floor of 5-story building)

w Ggg'§lL
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wooe

Figure 4.2 The place of measurement.
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Table 4.1 Measurement condition for low-energy muon spectra
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Degrading §---m--m77mmmmmrmm o ee o mnos ToonooooooToooTToogniooooioooooooos
; 20 1 280-400 ©  2019/01/05-2019/01/18 134
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Figure 4.3 Changes in cosmic ray intensity during the measurements in normal mode.
(2018/10/26 ~ 2018/11/08)
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Figure 4.4 Changes in cosmic ray intensity during the measurements in degrading mode
with Scm-thickness lead block. (2019/07/08 ~ 2019/07/26)
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Oulu Neutron Monitor
5 2019/61/865 ©60:80 - 2019/01/19 008:80 UT, Resolution: 68 mins, Average CR: 6676,.84
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Figure 4.5 Changes in cosmic ray intensity during the measurements in degrading mode
with 20cm-thickness lead block. (2019/01/05~2019/01/19)
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Figure 5.1 Deposit energy distribution to Center detector obtained by the Normal mode
measurement. The number of events is shown on the vertical axis and the ADC channel

number on the horizontal axis.
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Figure 5.2 Deposit energy distribution of sum for muon, electron and positron to Center
detector calculated by PHITS.
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Figure 5.3 Energy distribution to the Top detector obtained by the Normal mode
measurement. The number of events is shown on the vertical axis and the ADC channel

number on the horizontal axis.
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Figure 5.4 Energy distribution to the Top detector calculated by PHITS for muon, electron,

and positron injections simulating the detector system.
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Figure 5.5 Two-dimensional histogram for Top and Center detectors. The x-axis shows the
energy given to the Center detector, the y-axis shows the energy given to the Top detector, and the

z-axis shows the number of events.
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Figure 5.6 Simulated AE-E distribution of CR muon, CR electrons and positrons. If other events
are observed in the low-energy region, they can be regarded as random coincidences of electrical

noises.
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Figure 5.7 (a) Energy distribution to the Top detector in the region of deposit energy of 40-
50 MeV in Center detector. (b)Gaussian fitting of electron/positron and muon components,
respectively. The blue dotted line is the Gaussian distribution fitting electron and positron,
the green dotted line is the Gaussian distribution fitting muon component, and the red solid

line is the sum of each.
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Figure 5.8 Comparison of the muon fluxes derived in this study with those calculated by

PARMA. Error bars indicate statistical errors.
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Figure 5.9 Two-dimensional histogram of experiment for Top and Center detectors using the 5-

cm lead degrader. Almost all cosmic-ray electrons and positrons are absorbed in the degrader.
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Figure 5.10 Two-dimensional histogram of simulated data for Top and Center detectors using
the 5-cm lead degrader by PHITS.
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Figure 5.11 Two-dimensional histogram of experiment data for Top and Center detectors using

the 20-cm lead degrader. Almost all cosmic-ray electrons and positrons are absorbed in the

degrader.
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Figure 5.12 Two-dimensional histogram of simulated data for Top and Center detectors using

the 20-cm lead degrader.
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Figure 5.13 The absolute intensity of muons; Io(vij), in a unit of s 'sr 'cm™2, as a function
of zenith angle compares with the accepted formula of cos?(0) [24] distribution and the
calculated distribution from PARMA [25]. The red and blue markers represent the
measured muon intensity from a measurement in the prefabricated hut and on the top floor
of a building, respectively. The black dash line represents the cosine formula distribution
according to the empirical formula of the cosmic-ray muon intensity at sea level in Eq.
(1.2). The solid green line and orange line represents an absolute intensity of muons
together with electrons and only muons, respectively, calculated from the cosmic-ray muon
spectra of PARMA.
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Figure 5.14 Two-dimensional response functions of the degradation calculated using
PHITS for (a) 5- and (b) 20-cm lead degraders. Owing to Coulomb scattering, the 20-cm

lead response has a wider region of full-absorption events.
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Figure 5.15 Relationship between incident muon energy and cumulative probability

distribution when (a) 5 cm lead is used and (b) 20 cm lead is used.
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Figure 5.16 Comparison of the muon fluxes derived in this study using 5-cm and 20-cm
thickness lead block with those calculated by PARMA. Error bars indicate statistical errors.
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Figure 5.17 The relationship between the magnitude of the window function and the rate

of change during the experiment with 5 cm of lead.
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Figure 5.18 The relationship between the magnitude of the window function and the rate

of change during the experiment with 20 cm of lead.
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Figure 5.19 Energy spectrum of decay electron from muon.
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Table 5.3 Comparison of muon fluxes obtained by PARMA model and experiment.

Energy [MeV] Pb thickness | C/E
045 | Oem o1 |
BT Oem 30927 ]
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= T
TH @ O PbOcm
2x10% + (3 O Pb b5cm
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0 | | | |
0 100 200 300 400 500

Energy [MeV]

Figure 5.20 Comparison of the measured spectra with those predicted by the analytical
model, PARMA. Red, yellow, and green circles represent the measurement results without
lead, 5-cm-thick lead, and 20-cm-thick lead, respectively.
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Figure 5.21 Muon spectrum measured by FAMES, and other experiments. The fluxes are

multiplied by p?, where p is the momentum in GeV/c [32-36)].
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Table 6.1 Measurement condition for low-energy muon spectra

Degrader . Measurable | Measurement
Mode f f Measurement date f
; thickness [cm] | energy [MeV] ; ; time [day]
Normal | ; | 75 L 2018/0420—2018/0430 | 104
’ 5 L 100-180 | 2017/07/24—2019/08/04 | 113
Degradmg ‘""""""""'"'.""""""""""'T """""""""""""""""" o
| 20 . 280-400 | 2017/09/26-2017/10/16 | 12.2
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Figure 6.1 Changes in cosmic ray intensity during the measurements in normal mode.
(2018/04/20 ~ 2018/04/30)
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Figure 6.2 Changes in cosmic ray intensity during the measurements in degrading mode
with Scm-thickness lead block. (2019/07/24 ~ 2019/08/04)
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Figure 6.3 Changes in cosmic ray intensity during the measurements in degrading mode
with 20cm-thickness lead block. (2017/09/26~2017/10/06)
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Figure 6.4 Two-dimensional histogram for Top and Center detectors to distinguish muons from

electrons, positrons, and protons using the AE-E method at 1st floor.
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Figure 6.5 Two-dimensional histogram for Top and Center detectors. The x-axis shows the
energy given to the Center detector, the y-axis shows the energy given to the Top detector,

and the z-axis shows the number of events.
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Figure 6.6 Two-dimensional histogram of experiment for Top and Center detectors using the 5-

cm lead degrader. Almost all cosmic-ray electrons and positrons are absorbed in the degrader at 1st

floor.
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Figure 6.8 Two-dimensional histogram of experiment for Top and Center detectors using the 20-

cm lead degrader. Almost all cosmic-ray electrons and positrons are absorbed in the degrader at 1st

floor.
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Figure 6.10 The results of the experiment on the 5th floor are shown in blue and the results
on the 1st floor are shown in red. The results for 5 cm lead and 20 cm lead are represented
by circles and squares, respectively. PARMA is shown as a black line, and PARMA on the

first floor of Building D, as calculated by PHITS, is shown as a black dotted line.
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