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91.8 Auger Electrons
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Q1.9 Neutron Sources
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91.9.1 Spontaneous Fission
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91.9.2 Nuclear Reactions
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91.9.2 Nuclear Reactions
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91.9.2 Nuclear Reactions
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§1.10 Source Activity Units
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91.11 The Radioactive Decay Law
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91.11.1 Fluctuations in Radioactive Decay
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91.11.2 Radioactive Decay Chains
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91.11.2 Radioactive Decay Chains
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91.11.2 Radioactive Decay Chains

A
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91.11.3 Radioisotope Production by Irradiation
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92.2.4 Scaling Laws for dE/dx
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92.2.4 Scaling Laws for dE/dx

e pbethe bloch
o ZETHE (Fermi/ o k—)
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92.2.9 Range

e Number Distance Curve
I ISR B D0 TR L
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92.2.9 Range
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Example 2.1

s FHIRI 2 —AVET SV THRE
=S

e MIPEDEWI 13 —FAVIFVYFRT—EDIXRILF—%Z%FELTWLL

« FEHIENE LU TL—YavIicBLWSNZDEZDES

M1 & B4 Seminar
b 19

Leo Techniques for Nuclear and Particle Physics Experiments

%EEjﬁ? Takuro Hasegawa

ity e NAGOYA UNIVERSITY




92.3 Cherenkov Radiation

1
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92.3 Cherenkov Radiation

o L (BEDEZ) MBHEDOKERELD+n&KWE, CherenkovAlO lc E—7
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Q2.4 Energy Loss of Electrons and Positrons

e MeVTIE, MEBEFEDHEE/ERICEDITXRILF—IELL (Bethe-Bloch) &£ D
HIBIETDV NS WA, B+ MeVTIFEERTELGLLRES

o EEFDBethe-Blochd= &
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Q2.4.2 Energy Loss of by Radiation: Bremsstrahlung

o BEICIE, MHIEIETDRERIS

2
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mc2
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Q2.4.2 Energy Loss of by Radiation: Bremsstrahlung

e screening & (&,

RFZRDEDESZDNFEBFICKDIERSNSHR

o HLEFHONHIENNETICHGZ DEL?

. dE “  do .
e TX)LF¥—BKIF —| — =N| hv—dv NREFHEE
rad

dx 0 dv
1 do
O —th—dvt ERCX S
EO dl/
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92.4.3 Electron-Electron Bremsstrahlung

o EFRHAMEDEIZ TIER L, MEBEFIMIMEDEZIC LD EIH electron-electron

bremsstrahlung

e e-e bremsstrahlungE 51, §2.42TODW T, ZN2ZZTEZMALHDTRIND

o SEOMEREIE$2.42TCORTZ?EZ(Z+ 1) (=277 (%) +Z (MEEF) )
ELcHD
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32.4.4 Critical Energy

dE dE \
<_> _ <_> EBBIRINF— E EEDHD
) dx rad dx coll

(Rl D EFH f71Ecf.PDG Fig. Two definitions of the critical energy)
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300[MeV]
E —_
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32.4.5 Radiation Length

e MHICEDITRILF—EBRICE>TEFOIRILF—H1/eLBDRSE

dE )
_ <_> _NE®. B,
dx rad
WA E I
1 pNa _1
- NO_, ~ |42(Z + )24 | 1 20 [1n(183Z b — f(Z)]
Lmd A
716.4[g/cm?]A
L .= 87em7IA et oL T 2 5% I DB R T — B0

Z(Z + DIn(287/\/Z)
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32.4.6 Range of Electrons

o HFIZEDEELDHENKEZWY, dE/AXDBEIHISBSNEIRIZEKE=L
(TXRILF—PYEIC K D20~400%) BRDBEENH D
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§2.4.7 The Absorption of / Electrons

o SIRIFTETANRT N T LD, [ERENISEBEHNICIRSED

o BEIL,
[ = Iyexp(—pux)
o plEPRRIRUIXIFREL

o FHEMTRINDDIE, BMRPEEREICIRONSD

o forbidden decay (parityf D fchRFdR) DK DICHIRARYT N T LD EMHLGH
DL, EXTEREDZL
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§2.5 Multiple Coulomb Scattering

s MEB T EDIFBHERELICIA, RFZEDOEET —OVEELS/IVERTER
e AV DR &screeningz FERT S &,

2 pp o —

ICHED

do
Rutherford D™, —— = 7,27,2r
dQ 2 <51 e

4 sin% =
ST =

o KER /B ICETEL
o RFHREEN AR FHENTRE VW RBKIFE

1 |

I

T3 U

\

o« BNDIF/WALNERDEHNT 3 048

1.Single Scattering (+7&WERNT—EI/Z (7 8EL, Rutherford D ™, TEClk A EE

2.Plural Scattering (N < 20, EXDKWHEEL W)

3.Multiple Scattering (N > 20, #stRYAREND T WLVHYETEE)
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§2.5 Multiple Coulomb Scattering

e MolierelC K %/NEE (30degx ¢) CHERARRELRAEDIHETE

« ELWTERANTOEW (f < 0.05) EFIFAIN

B B2

I (’7) I, (77) N >

P(0)dQ = ndn (2 exp (—n%) + +
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Q2.5.1 Multiple Scattering in the Gaussian Approximation

e 10deg{ ETTHF T A+—NR

e 10degBU FIFHD > TV

0.1000000 ¢ T 1 T

T T ]
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3
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92.5.2 Backscattering ion Low-Energy Electrons

o \etafBZ L TEHE
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92.5.2 Backscattering ion Low-Energy Electrons

Absorber

;

Vi

Fig. 2.16. Backscattering of elec-

trons due to large angle multiple
scatterings
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Q2.6 Energy Straggling: The Energy Loss Distribution

dE
e INFTTHOFEMITFIRILF—EBERDIIIE— <d_> ICDWT
X

o XERIF, METNLBWOSETICLIDFIEEFLLGRDERFRS%EL

e EWFTY—/)\—EBWI Y —/\—TTHDOIFWHELS
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Q2.6.1 Thick Absorbers: The Gaussian Limit
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Q2.6.3 Thin Absorbers: The Landau and Vavilov Theories

1MBEREIE) HLEAAA]

o FEZEMMEENH/\E < Central Limit Theorem (F

SHBWF TV —N—TlE, KEVWIRILF—BTOEELERET
IXILF—EBRODHDTEIFHEE

EWA[F (M >m,) TORRKOIXRILF—BITW &

2m,c (,5}’)2 ~ I 2 (167/)2

1+2—\/1+ ,B}/ +<ﬁ>
e (1) MIP (minimum ionizing particle) %838 (fy = 1, m, = 1GeV/c?) DukiF

w..

2m,c? (ﬁy)2 =2x0.511[MeV]/c* x c* x 10° ~ 100[MeV] < p,c = 1[{GeV]
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Q2.6.3 Thin Absorbers: The Landau and Vavilov Theories

e XY UT, BLWEFTRERFDOIRILF—ELRLEFRE (MATHERAS)

e REWIRIF—HEBENEZ 2HERIF/NETWVD, TRILF—BROEERH
BLXIF—RAIICEZSIWEFICKES (Fig.2.18)

)

o« RETRJLF—18KX (Most probable) &
EITRILF—1BK (Mean) D A—E

|~

Relative probability

e

Energy loss 4

'y
Most probable
P Mean energy loss

energy loss
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Q2.6.3 Thin Absorbers: The Landau and Vavilov Theories

o TXILF—EBRODHICOWTDIEFRETEIELandau, Symon & Vavilovh (T - fc

|~

o HICHERREABEL, FHTRILE—BKAEW, OxEBWTHE

A
K =
Wmax
e YT RJLF—IBRA ( ~ &)IEBethe-Blochd—EHEANTRREI N3
dE Z 2 Compw _
—— = 22N_r.2mc*p— 2 [ [ R D ) 2p% — 6 — 2£
dx A\p I? Z
i 06 -
_ , L [z ’ _
—> A x¢=2aNgr2moep— (=) x 041
A\p |
e EWFJY —/)\—EEIZx < 10 025
o k> I THIZRHITEI < (RIEHERDVavilovs ) |
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92.6.3-(1) Thin Absorbers: Landau’s Theory

e Landaulc K %5TEIEx < 0.01TRIZ. YU TZIRE
1w, DERGL (W,

max

— 00Tk — 0&%43%)

2.EBEFZHEHHBHEFE LTKL, IWNSWIXR)LF—i8kidER
(ZRILF—EBELKDOTIR : )

3R FIFZFE CTHEA LT D

f(x,A4) = @ = é%"ooo exp (—ulnu — u/l) sin rudu
(xl = é [A — & (lncf —Ilne+1 - C)] (C = 0.577... : Euler’s const. )>

1-p%) I
Ine =1In ( d ) + f°
2mc?f?
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92.6.3-(1) Thin Absorbers: Landau’s Theory

o B%¢) (1) DFHMIH Smost probable energy loss (RIBIRILF—8BK) A, &

App =6 |In <£> +0.198 — 6 (0 BEMRICKDHHIE)
'3

e Landaun & LT, LUTOR,

< x + exp(—x) )
exp | —
\/ 27 2

NEBEWSENBZ ENH DD, RIEMEHO, EHAEHELLTUES>FLandaunm &
[F—3L 7R 0

px) =
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92.6.3-(2) Thin Absorbers: Symon’s and Vavilov’s Theory

o MIZEDKICDWTODIE

o SymonDIEFHIET T T TOAKRIEEINTHED, HEICAWSICIEARE

e VavilovDIEF|ELandauDIEFICE D <
1 W PERGBL — J|ABITIXILF—HZREICLNDS

2.EBEFHEZEHHBHEFE LTKYL, IWSWIX)LF—iak(dESR
(ZRILF—EBELKDOTIR : )

3.0 FIIFERE TEMATT D

e k > O CLandaumfs, k¥ — 0o CGauss? o lCc 1T R HEE
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92.6.3-(2) Thin Absorbers: Symon’s and Vavilov’s Theory

o INE Wk TDVavilovirfs (k = 0.1, 0.01) &Landau?fm (L) DHE

0.20

o Gauss DR (+9KEVWk) T, EBER{EolE

2_51_132
k2

0]
TEZ5N%
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92.6.3-(3) Thin Absorbers: Corrections

e Landau % & Vavilovn i Icxt U T, fENAETENSEZ SN TWS

o LandaunmICHMBETFDHFSZESFETE2HDH
Blunck & Leisegangic KD 5 X5 TW3

o Vavilova I IC DWTIEEFEDEH DM
Shulekic &k > THEZ 5N T
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Q2.7 The Interaction of Photons

e WMFIFEBEMER-LGWS, AIENFICEVWTEENLGEHES T & DOIEMEREL
TS EDHEW

o B EXIR, yIREDRIGIEEIC
1. EEME
2.Comptongf&EL (Thomsoni&XEL - RayleighfEL.Zz &%)
3 XTEERK
o filic, AETIFEMOXRIAD
4.(n, 7)1 E DEFH E ORI
HEFE

(i
oS
&
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Q2.7 The Interaction of Photons

o XiR, yEREVIE & DR
1. ERF & B U TIERISEB DL
- JLEXR, BEL, WEROMERENFERFDOH D EHXT/IHS W
2.IRIF DD T BD TGRS, BEINRDT S
» FEEDORIBICEK D HAFIFE—LNSEIDERMNS
« Comptonfl &L T FIETZ D DRI DA MICED

1]

—»F2F CRRUIATFIE, MORIDERITFTWERWET

o HFDBEIX)IET TV —/I\—DESXITK U THEHELZENVICTED TS

I(x) = I[yexp(—pux)
o IMNFREBUIFVEBICEEDETCSESHTEE SRR I S (§2.7.5)
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Q2.7 The Interaction of Photons

b | | | | | | | | | . | | ! ! | | | |
. ] 3,
% (a) Carbon (Z = 6) - \‘% 8%, (b) Lead (Z=182) ]
1 Mb [— :O o - experimental O — L ?@' “‘\% o -experimental Oy

%%!% IMb[— ) Y —

: %% 7oz b -
g ey :

& B 7 Ay | ]
5 § Z
Na) oY -
~ 1kb S, 8

g — 1kb[— —
3] B o)
O e

2 Q L —
2 2
S 2

& S o _
O

1b
1b— —
/ C’Compton B -
WOmb—= 7 | AR R Y 10 mb .
10 eV 1 keV 1 MeV 1 GeV 100 GeV 10 eV 1 keV 1 MeV 1 GeV 100 GeV
Photon Energy Photon Energy
op.e. = Atomic photoelectric ettect (electron ejection, knuc = Pair production, nuclear field
photon absorption) ke = Pair production, electron field
ORayleigh = Rayleigh (coherent) scattering—atom neither 0g.d.r. = Photonuclear interactions, most notably the Giant
ionized nor excited Dipole Resonance [51]. In these interactions, the
OCompton = Incoherent scattering (Compton scattering off an target nucleus is broken up.

electron)

=0
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Q2.7 The Interaction of Photons

s BRI F—TREHDOHEFTOEOEFNZRNBRTHSORRICLD,
AELMTEEL R (Z < DFETHHBN (LPM3IR) )

s SLXRILF—DNKF - BEF (WEMICEKDELHD) MPHRULTRZS

¢ ISICHIXRILE— (BLZF10VeVLLE. SIS & TERDLPMEIE T & DD
flEnd) TlE, AERIDEBEAEERICHNTHEZREN SRS

e I dAb—L Y NIciks (&iE?, cf.PDG)

w M1 & B4 Seminar

. ) ., Leo Techniques for Nuclear and Particle Physics Experiments 48
el %T—S‘Ejﬁ? Takuro Hasegawa
Laboratory fer Part ITY

e NAGOYA UNIVERS




Q2.7.1 Photoelectric Effect

=L
/,

BRI F 2RI UBEEF 7 I

e BEFLIVIVICTILIIRAIZAND &,
KIEDN D DI, FEBINRTIERWLWS L L
AIDTERE ~ 4eVicH L, EFL V3

Plé

/Lj: ~ MeV https://bit.ly/2WEV5Ih
. M ENEBFOT L F—
E=hv—-—B.E.
e B.E. 3EFOBATRILY— (=) / /
- HEEF CLENBRENE R L E © ©
FeFDIRYN %2 TE 780D %{ /
| ] o
. EFHARIESE £ S ©@®0 6 © o

e © 0 6

https://en.wikipedia.org/wiki/Photoelectric_effect
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Q2.7.1 Photoelectric Effect

o BIXILE—RITIEHIEIEDVNS UL

s KRETFDIXRILF—DHED L ICONMEBEHAIENN

 KRETOIRLE—28B25E, WEEny
SRR 3 |
(ZRILF—DHKREFORBICIEAT7) 3102:

¢ LRFEBEFODIRILF—HEDLICDN .
HTE TR AV EIN € ol

Energy [MeV]
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Q2.7.1 Photoelectric Effect

o MEEBTFDDiracKBIRMHNEMRTIcH, KEMRZEEICEHDIKRS I & IFHEH

o TRILF—DIFEXRHY (v < mc?) THBHEIF, BornEblic & b sHEATEE

® %ﬁﬁfﬁ phOtO ‘j:a

2

7
2
m,c
D oo = 40225, < ) /1atom

hv

Q 2
<¢0= 7;1”6 = 6.651 x 107 [Cm2]>

* *photo FIRFESZICDWT,

5
¢phot0 x Z
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Q2.7.1 Photoelectric Effect

FISFWTRLF— BT
27 2(137)° [uk]“exp (—4&cot™! &)
1%

[l Jl

¢ KX

qzjphoto — 0 72

1 —exp (—an)
e VDWW ISIEWEE I, E> 1&1D,
8
6.3x 1078 /1, \3
photo = ¢, 7 < y ) /1atom

photo FIRFESZICDWT,

4
djphoto x Z
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)
(Z - 0.03)*m,c2a®

2h
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Q2.7.1 Photoelectric Effect

o MeVTEIE, TILHTHE]

BISZ~Z° Ik T %

- KREWRFESDITRD T HBIEEHAKE LY

Z D & LyRIR i as D EE 2 S ERIC

Leo Techniques

Lahoratory fer Particle ‘Pmunnies NAGOYA UNIVERSITY
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§2.7.2 Compton Scattering

o ERDBFIIRENTWVED, HKFOIXRILF—DNREBIXRILF—ICXHLT
TRAREWEEE, BREFEOHELEARBRESD

, hy
B 1 +y(1 —cosB)
1 — 0
T=hv—hv=hv r(d — cost)
1 +y(1l —cosB)
2

cosfd =1 —
(1 +y)*tan?¢ + 1

0
cotp = (1 + y)tanz
hv

2
m,c

)/:
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§2.7.2 Compton Scattering

o WAEELITEE FKlein-ZRIDARNICEDEZ 5N S

do 12 1 y*(1 — cos 6)?

I 1 + cos? 0 +
*dQ 2 [1+y(1 —=cosb)]? 1 +y(1 — cos®)
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§2.7.2 Compton Scattering

e Compton scattered cross section o° & Compton absorption cross section o

o ¢’ lFComptonBlEL DD MiEEe.D S EEELED T XILF—DEIE

do’  hv' do,

" dQ  h dQ
do® T do,

. = (?)
dQQ  hv dQ
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§2.7.2 Compton Scattering

o ComptonBELEFD I XRILF—n1m i

do
©dT

s EFORAREKIXILF—IF

2y
() Tmax — hl/
1 + 2y
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§2.7.2 Compton Scattering

e Thomson&XEL

BB & OBMEREL. HHEERR
e ComptonB{EL

- BHRET & OIEHMEREL

e RayleighB{EL
RFREDHDERLD HINE WHIFIC K B MHEETEL.
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92.7.3 Pair Production

* &
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92.7.4 Electron-Photon Showers

* &
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§2.7.5 The Total Absorption Coefficient and Photon Attenuation

* &
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Q2.8 The Interaction of Neutrons

* &
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32.8.1 Slowing Down of Neutrons: Moderation

* &
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§3 Radiation Protection: Biological Effects of Radiation

* &
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$3.1.1 The Roentgen

* Roentgen

e 1cm/3H e D 1esuDEFH A1 A 1k
e esu& (& ?

o HEAHRE=Zexposure rate

o BV ?IRINZEZEE
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8§3.1.2

e UL 1GyIRIEE
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§3.1.3

o FYINRICRBEFRDIERRICK > TEH DI
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8$3.1.4

o FiMiFrE

e Sv
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o fHzR & EICEHATIS
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3.2

o IRISINETHR
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$3.3

. EYBNEE
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93.3.1

o HHANICKREICAU S &

o OBICET ZHE

« (RS EDEE
s RIELIE? 7?7
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93.3.2

o (ELNJLDIFIE

s BECLE
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3.4

e ICRPORY LR
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3.5

* fpEE
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§4 Statistics and the Treatment of Experimental Data

* &
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84.2.4

e chifn2%n
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S4.3

o XERICKITBRE
o RIFERE

il
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$4.4

o EARRE

e JRIEMLEICDWT
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84.4.1

°
i
ISl

r

°
\
/
5
>:l]£ﬂ_:

w M1 & B4 Seminar

Leo Techniques for Nuclear and Particle Physics Experiments

%E‘Ej(? Takuro Hasegawa

Laboratory fer Particle Properties NAGOYA UNIVERSITY Neutron Optics and Physics




o ERDHDBIMDIBE ICERPIHE

> &

* likelihood function (JLERE#) LHVREAEKL D\thetazKoH B
o fiZ (X \hat{\theta}

e \theta& XFl

e \hat{\theta} DR =

o T(4.32, 4.34
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84.4.2

e dL/d\theta=0& dLA*/d\theta=0(Z[E{&E
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S4.5

o SEERMDERAB| (example)
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* null experiments
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S4.6 Propagation of Errors

« ZZETIE, BEEAETEZEDREICOVTHTEL
« BEEATETIENSMHDEEROZEHEIZLL H 3B
SEEEDEHRICDWTEZ D e HAEE

e x (REo,) &y (RiEo) D2RHEHu =[x, y)EEZXD
(T 5RBBDLEHNDILRITES. O0EXI2EZH)

« uDEREREC,Z0, Lo, DEKE LTRLEZW
(BEFRAE Lo Lo, FHESNICo [CEDK S ICHEZRIFTHNZERD W)
c2=F [(u — I/_t)2]
EEREIND
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S4.6 Propagation of Errors

o (u—u)x—RDIEFX TR

0 0
(u—ﬁ)ﬁ(x—fc)a—i +(y—?)a—]yc

<

e 0 DEEM.61)ICRAT D&,

u

o\’ o\’
Elu—ay|~E (x—»-c)z(—f) +<y—y>2<a—f> +20r =D (=) =

ox y

s TNZENDEICHILS BLHFHEE =H5 &,

2 2
0 0 of o
0,2 ~ —f o2+ —f 0,2 + 2cov(x, y)—f —f
0x dy 0x 0y

cov(x, y)idx, yDFHDEL
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of of

0x dy




S4.6 Propagation of Errors

< OYBERTITAEEDHEDEI0E R B/0EBDLDICTS
) )
0 0
0x dy

¢ HEAZZ A 2WENH I HE--A—DT—F Y hDSERDEZBDEE

o fittingD#ER (§4.7.2)

s T—HINSFEHEENEEFEDIESE
BL, AU ADHDHZEDMEEIL0)
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94.6.1 Examples

e u=f(x,y)DEHZR TN
VM u=x+y

0,2 = 0,2+ 0,2 + 2cov(x,y)
1) 5Z7b\OT HDES

VEu=x-y CNSOEEREL L

0,2 = 0,2+ 0,2 — 2cov(x, )

o (UNVNELKIZBTc) BHEUEEIEDHERELLES
S>ZEZHAET B ESTEENET HZNE
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94.6.1 Examples

e u = f(x,y)DEHZ R TN
ifgE u = xy

c2~y*c2+ xzayz + 2xy cov(x, y)
o FHXERER

c2 o062 02 cov(x,
L~ 2 - + 2 ( y)
w2 o2 y2 Xy
X \ . N
WVt u = — (BBRERENIKRETEZRWVEGRICDOHAER)
y

02~y 202+ xzy_40y2 — 2xy~> cov(x, y)
o HEXFEREIL

2
Guz O-x2 Gy COV(X, y )
~ )
uz  x2 y? Xy
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Example 4.6

o %ZFDIREEREYT 2 HERN?)RTTE

. ED S BEL S N AESHOIETHE: = — L’Eiﬂﬂﬁ
R+L
e R, LEZNZNASTAAD SEAICZEL WAEICERES NI F RS
oe 1 R—-L 2L
OR R+L (R+L2 N2
oe 1 R-L 2R
oL~ R+L [R+L?2 N2
, 4L* 4R* R .
c-(e) =~ op? + 0,2 (RIZIRATE D fc LD ELI0)

4 4
N tot N tot

e Poisson?fah 50?2 =R, 0,2 =1L
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Example 4.6

¢ CJ:'DTEI/:'E\I'::{IZJ:

eRxL~N_/2tF%L,

1

o(e) ~
Niot
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Q4.7 Curve Fitting

¢« Z DEFKTII,
Xiy Xy, =+ ICXTT DY = f(X), Xy, -+ )DBERIET DT & T,
TN S OEOERE (BEH, BBRDO/INTX—-Y) 255
e T—HEERDLLHIEITHIED/INT A =T DB 2 ICfittingZ 175

o MEIMMBDOFMZ R ET DI, KKley, by, -+, 1, TOHTV ML —h
Nl’ Nz, ---,Nn%—:fﬂUE

o NiSHERDSEER D), 0, =/NOREREZRSE, iR

N(t) = Nyexp <—£>

T

A5FNB
 "REBVWN, L 1DEERM B >TRIN_EENELERD
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Q4.7.1 The Least Square Method

. (RET BRIERE
e nfEDT—% H(x,y,)
) y@

l

® 7_—“_9‘3:%7_—“}[/5@;&)7 =f(x9 ala a29 "t am) %—:5%7%‘['/—(6&['/\’\

il

RE 0

° ay, Ay, A IIKRTE/INTA—F

¢ FIBEINTX—IBED B 1> m

- 12
. | Yi— S a) | .
 BNZFE (LSM) (1 S= ) MNRINETRD EE a HEE
O:
i=1 L ’ _
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Q4.7.1 The Least Square Method

_ . 1.
|y~ fa) .,
2 = =) %

i=1 L O _ I-°
oy DB TEHM I HHRE T — 5 R E DR -

(BERETIZEW) v, — f(x,) DM

Vertical Offsets

e chi-square minimization (y*#&%E) & HIEFND X’,,\'
VO FHES (x; @), DEO; THATRT BEEDH N\

FSHY? &R BT, yHRTE & WS RIS EIES TIFEL

Perpendicular Offsets

https://rpubs.com/ranvirkumarsah/Intro2Regression

=L\ S

o MEXRDHMEEHD & =1, maximum likelihood estimation (RLHETE) HER

o SRE0NGaussDHDEE, LSMERUFER
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Q4.7.1 The Least Square Method

N
CaERDBHER | — =0
aaj

o f(X)DEFIEIC K > TETBICEITBRWESD
—>#ERICHE <

e GDRE (GONHHE LY, q;EaqHN) EXROBTE

1.error matrix (FRZETTS) V,ZER
1 oS

2 EREITHDHITIID(], k)g;(f‘i(‘/_l)jk ~ 2 dad
aj daj

3FTFIV I SRETTVERD B

4RETIIVORBERNGONH, FRABBERNGEGHEMEB>TVD

w M1 & B4 Seminar

. ) ., Leo Techniques for Nuclear and Particle Physics Experiments 96
el %T—S‘Ejﬁ? Takuro Hasegawa

Laboratory I;r Panici. ] NAGOYA UNIVERSITY




Q4.7.1 The Least Square Method

o REFHDRI

%12 cov(ai,a,) cov(a;,az) -+ cov(ag,a,)

cov(a,, a) %22 cov(a,,az) -+ cov(a,,a,)

V — COV(a3, al) COV(CI3, az) 66132 see COV(CZ3, am)
cov(a,,a;) cov(a,,a,) v e 6, 2
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94.7.2 Linear Fits: The Straight Line

o fOOPIREE (f(x) =ax+b(=ax+a,)) DEE,

0S
RN — = OFEETRVICEE 1T 5

aaj
2
—ax.—b
S = 2 - )’6‘@%75\5,

oS _ oS n (i—ax=b)x
da,  oOa B 22i=i ;2 =0
oS _ as n (i—ax—b)
da, — b 221’:1‘ o2 =0
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94.7.2 Linear Fits: The Straight Line

o« FEEEMD I,

X: 1
A = ! B= — C = i
o2 o2 o2
l l l
D — X;? I = X Vi F= Vi?
2 ;2 ;2
EId5HE

2(—E+aD+bA) =0
2(-C+aA+bB) =0
o CNZEEWNT, FR¥a bHkHENS

__ EB-CA
"~ DB —A?
DC — EA

b =
DB — A2
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94.7.2 Linear Fits: The Straight Line

o I5IC, F’¥a, bONHC2 o02&HEREcov(a, b)ZEKD B
o BRETHIE

V= 1 < A22 _A12>
A11A22 — A122 _A12 All

m
0‘

_ Agy _ B
Ap1Ay — A122 BD — A2
. Ay . D
A 1Ay — Alz2 BD — A2
—Ap, —A
cov(a, b) = =

Ap1Ay — A122 BD — A2
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94.7.2 Linear Fits: The Straight Line

o fittingDBEDIBEZEHIIT L L
—>)(2 (SO&/IME) ICEL>THRETES

e §4.24IC KDL&, RECH GaussDICHED & &,
SiE, THEZEHE v(=n—m)ET D PO mEICHES

2

S
£ = —N 1 [CAEWEZESEZICERBWtCHDZEEZD
A% \%

* KD ERIRIRTE T,
SEDBREVNPHESNBHEEP(y? > S)ICEET 3

* P(y* > S)P5% UL THNISHIIFEELTEHERWEEZRS
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94.7.2 Linear Fits: The Straight Line

e [ATRIC, SHIEEIT/INSWFE,
T EDNTRICEFHUTWEWT &E&ERT
—>T—Y RDREZTERFML TLSB2?

e SREICloZ=HALIGA,
TF—5 BD1/31F, fiteENndEFHE

o« TOTHEWER, T—INHENTWNBI?
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Q4.7.3 Linear Fits When Both Variables Have Errors

o ZNE TlExDIEEAHH

e xMEIREZFDIBA, effective variance methodh WS 5
« 2N, INETOERMICHITD02%

2
2 2 (df> 2
0 —> 0~ + E O,

CEESHZDEHD

o BE, SIIFERFEERS
—>SO&/IMEICITHIENZRF E=RAWNS
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Q4.7.4 Nonlinear Fits

o fO)DEMRTRWHZEDfittingld, —MRAICIIBENBZFENNE

o« ETCOREBUICONWTSZRAN/R/IMETE 2 —MRNGRTEEIFELERL

=PROAE
Wl M43

e BN EZHBUICEETDERELDLDIC .
EOAVWSNSFEZBEEICRNDS

fst

L
o Fu N Ct IoN M N | m |Zat 10N TeC h N |q ues Bg *& 0) E_/_I \'f t /f https://www.quint.co.jp/jp/pro/amd/amd pnt.htm

f(x)
e grid search (7 U v RER)

(finding this point x is the
goal of gradient descent)

(decreasing
values)

i positive
E gradient

e gradient method (AIfE) oo

(stationary)

X, zero gradient X X, X
http://www.big-data.tips/gradient-descent
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Q4.7.4 Nonlinear Fits

o« 71w NIEERE
® gé&% .XO, xO +Ax, .XO + 2Ax, t’}{i
T ER/IMEZ K& 5
e HRDEHICK U ThHHEAH

o RDIZWIBEICIHHU Toridstep A ZZ X3

o IERNE. BHMEZ 5 EERGRREANDE

=PROAE
- TS e A

iraal

— FHIE Z B S I TRINDE 1

— variable stepping methods
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Q4.7.4 Nonlinear Fits

e variable stepping methods (AIZX 7w E> JK)

o LWEHIFTL W H DITsimplex method (> 7L w2 XiK)

1ASHDAECR/IMEZIERUICWF Elcn + 1 5E R

2. ZNSZERICH DX (simplex& ) Z AL
(simplex---n + 1fEIDIER = FHDOnRITDERD BEil/R X )

B.ERNE/FR/IMEZIS R%ZPy/ P EER

4P ERIDEP*CEBEMAD I EEERD
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Q4.7.4 Nonlinear Fits

5.P*%, PyANDnmDELPICK U TPy & SRR S

PEZP’:lPH

l

P* =P+ (P - Py)

6.F(P*) < F(P)DIBH, FlcBRP*2E%
P = P+2 (P - Py)
F(P*) > F(P)DIZEP**ERAAIIC £ B

_ 1
P**EP—E(P—PH)

7 F T 7gsimplex CRIBkKDF|E (3.~6.)
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Q4.7.4 Nonlinear Fits

e IS EXDDOLMSIZEVDT, Fb*zﬁiﬁﬁa%&@i%é (n=2) Z&25%
)

-~

1.F EIC3 =3
2.=A (simplex) % R7E

3.EANE/R/IMEZIS R%Z Py / P,

4.Py( = P)ZRIDRP*TCEEHAD — /
5.P*13P,, PO =

6.F(P¥) < F(P)Di5&, P**=P+2(P-Py)&93% 1

1
F(P*) > F(P,)Dig&,P** = P — > (P—Py)ET3

7 Flc i3 simplex CRKDFIE (3.~6.)
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Q4.7.4 Nonlinear Fits

e —AEIBRIMEDAMRISGELIAATWVNS DL LMD

a, |

o VT w I RER, BEEOBEEICLEEBRIAG SR
. PPRELNNNDT ED
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Q4.7.4 Nonlinear Fits
o HfCiE

f(x) |

(finding this point x is the
goal of gradient descent)

(increasing
(decreasing values)
values)

negative
gradient

positive
gradient

(stationary)

X, zero gradient X, X, X

http://www.big-data.tips/gradient-descent

o K< fEPNTWWBFEICNewton)E
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Q4.7.4 Nonlinear Fits

e Newton)%

e 2K TE (RTYTIB—TETERETWL) IHoHE

o $2Rx,DED D2RDTaylor & k% T F

oF
F(X) ~ F(XO) + —
0x

e NXRJT C—RIL T B &,

1 0*F

X0

(x — xO)2

F(x) ~ F(xy) + gl(x — Xg) + %(x — xO)T G(x — xp)

. gIERY NILOF/ox,
o EMEIME,

_ —1
Xmin — X0 — G 8

\ w M1 & B4 Seminar
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Q4.7.4 Nonlinear Fits

o X BB, TEEHRI TR IEY

e FRBFETELIDECIPEITZ I ENFTSNTWS

e NewtonED R = l%, Hessian (HessefT%) GDE{TH|Z KD S 5
->GOEEZETDFERENEHE (ref. James [4.11])
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Q4.7.4 Nonlinear Fits

o B/ \N"FE(ENewtoniEDHessianZz Tl 2 Z & ICHHY
o 1%

S — Z Sk2
k
e CEZTEUEZE, HessiandD(i, ))ERIZE
3%S 0 0 0 0s ds, Os 0%s
—_ ZSk2=—22Sk—k=2z k k+Sk K
6xl-axl- axl' ax] T ; T g T axi a.x]
o SE2IB|I2RDFHIFIE TO & A2 H SHessianGld,
as, 0s
Gij ) Z k OOk
ox; OX;
k L=
o« BETIINEICIEL WHDEEICINT T 5 & [EFE S5 40
- ZDELMNIEL L BWEEHEFE

a.xia.x]'
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Q4.7.3 Linear Fits When Both Variables Have Errors

e IERFEEBDGEICR/N_FEEZFEEIT LDITIERE ICEM
S>EBEOTOV T LAZRBWS I &S

CERN®Function Minimization and Error Analysis "MINUIT"
(BHDY =2 7L H199847)
—ROOTICHTMinuitE WS 7 T AN

e http://seal.web.cern.ch/seal/snapshot/work-packages/mathlibs/minuit/

e https://root.cern.ch/sites/d35c7d8c.web.cern.ch/files/minuit.pdf

* https://root.cern.ch/doc/master/classTMinuit.html

RES<HH LEMBZED (MELUNOHAZRERT) NTETTVIIEFT
—>ZDAADOMBENTFYEIVE1—T 1« VI YN =T —)L@KEKD < [
TRIWTHTZL
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Q4.7.3 Linear Fits When Both Variables Have Errors

o HFLY

e PPCC-SS (M12_E)

e 7/3FE TICHIA

e EE50FX T

e IO} CTHEXRTE

o KFE(IB4HE

M1 & B4 Seminar
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Q4.7.3 Linear Fits When Both Variables Have Errors

e R INBEINAREIME (B/IVE) ZHFDHEE, NEXTOFELLE
KB GHENERIMETIZR L, VEZER> TEL FJEEENH S

e Zh%ZBr<TIcdlc,
¢ j(ﬁiﬁ"]@:%@?@%dvf@@jﬁj%J:%@,ﬂ-é;é—:%uj_CEFD\< - r
* EINTNIA-FDBEZEXTHEE
NEE

Lmly
[TLL
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Q4.7.3 Linear Fits When Both Variables Have Errors

o ZZETOFEMITIME (RE/NTA—Fay, a, -+, a,) BEZEZHD

R%E0,, 0,,, 0, ICDWTIEERDfittingh S KB
1 2 m

il

o NTA=FaDiRzE0,H
(AXTlFOE0)
1 0°S
2 0a?
TH5EZ5N1%ET%
e ZOEBKICDODWTERXTHD

0,2 =

117
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Q4.7.3 Linear Fits When Both Variables Have Errors

e S(a)DTaylorBFEAMN 5,

1 0%S , 1 ,
S(a) ~ S(a*) + 5—(61 —a*) = Sa*) + —2(a — a’*)

oa? o,

 BBEDHRIF XL feBa = a* + 6, T,

S(a* +o0,) =S@*)+ 1

—FRZE0, & ES(@)DN 1 IEIFIEINY SIS
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Q4.8 Some General Rules for Rounding-off Numbers
for Final Presentation

s EDBNHFIFIREDKES S TRED

e x = 17.615334, o(x) = 0.0233
C IO S LI EELRE
—x = 17.6153334
TN R B IR LU DI T IE RN R LY
o IRE(CDODWVWTH[ERE
JRIBRYIC T B ZEE D247 B LU IC X EBR D72 LY
ST & D T ED—REH
—Z=(E o(x) = 0.0233

SEEAEALT x = 17.615 £ 0.023

w M1 & B4 Seminar

. _,:3 ., Leo Techniques for Nuclear and Particle Physics Experiments 1 19
el %F_tf Eij{? Takuro Hasegawa
orai Part ITY

e NAGOYA UNIVERS




Q4.8 Some General Rules for Rounding-off Numbers
for Final Presentation

o MEEAHBRICUTIEASHRWT &
ERFERIICIHTI DIHIERA L TWC C &

e 2346 — 235 —- 24
NN A VY-

e 1IFU KIS,
2346 - 2.3

M1 & B4 Seminar !
3 120 J & ,
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Q5 General Characteristics of Detector
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REERD /M X%z L[\
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0
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T = [C b A
EURBWEREULT/INILEDE S Z?

o JNILADEENE
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$5.4

* Response function
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o [DEEFE
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5.6

o fEXt () ¥R (RE/2AH) &EHE (intrinsic) %1 (RE/RIE)

c =[EFXkFIETIVR

o HMERIFISEEENEWNZS, KA
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5.7

o NEXHFHE

® /

o FNRIFENRIET 5
* L

A A

—EEOETIL
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7
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Q6 lonization Detectors

o 1AV ERHERIL, VEFR (EICTEF) Z8DIKRIFDBEIRICE > TEL SR
BFE1AYZRE

o
il

SaEFE (ionization chamber) , LEAIETEE (proportional counter)
HAH—I 27— HEFRETIERHEFE LTTREL, EZFV VIR

e FD 3 DIF1UOFERBEICEBUILEYYFL—yarvgESRlcE>TZE b

e 1960FXICH T DSMWPCDHRA
—-> I U X—=KNLUTOBETORF DR Z REDAREIC

e XIZ, RUTZKFzv/\—, TPCHFHH
NS=DIFERBICIEHAIEFEE & B URE

Jun
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Q6.1 Gaseous lonization Detectors

o BEIENKE WecHTEZRWNDDH—HKH

o I TZERB TV YZUIEBHAOHFZENATHEE LICHDN—IRKE

Thin end

window \ Y, \ %
/
/
{+ { Signal
\
/ \ /
\
7 7 -
Anode Cathode

wire

'“F"

e BDDT/ —RIA T —DBRHIAY — REZEK D V&0

e BIZDKE (L,
1 V

E = Ob
”lnz

w M1 & B4 Seminar

Leo Techniques for Nuclear and Particle Physics Experiments 131

%E]‘Ejii Takuro Hasegawa

lannralnn; for Panicl.ﬁPmunnies NAGOYA UNIVERSITY




Q6.1 Gaseous lonization Detectors

)
il

e BN/ —R, 4£AYTHMAY —KNICED > THHE
1012
1010

108

106

Number of ions collected

104
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Q6.1 Gaseous lonization Detectors

e NAT—NK

* e+ e-

o /A VERR

e e-& 7+
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$6.2.1

e MBA FDIXRILF—IELIZE

e excitation
¢ jonization

o (KAl

o RZVIER
e HRAZ2IEEAND E17

& DBHEEETT AL

Lol
[T
%
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36.2.2

e LU B A YTDEIF-dEZFIFA A VLT RILF—TEI> e B D TIF7RL
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$6.6 The Multiwire Proportional Chamber
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$6.6.1 MWPC
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$6.6.1 MWPC
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96.8 The Time Projection Chamber (TPC)
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96.8 The Time Projection Chamber (TPC)
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Q7 Scintillation Detectors
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Q7.1 General Characteristics
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Q7.2 Organic Scintillators
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Q7.2.2 Organic Liquids
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Q7.2.3 Plastics
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Q7.3 Inorganic Scintillators
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Q7.4 Gaseous Scintillators
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Q7.5 Glasses
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Q7.6 Light Output Response

e IVFL—YIDHEIIMERENEREZ AT T PEELR=
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) ICHRTF
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Table 7.3. Average energy loss per
scintillator photon for electrons

Material ¢ [eV/photon]
Anthracene 60
Nal 25
Plastic 100
BGO 300
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Q7.6 Light Output Response
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Q7.6 Light Output Response

Table 7.1, Physical peoperties of variows commercial scimtillators (data from Nuclear Enterprises scintillacoe catadog [7.1])

Santillator Type Density  Re- Melzing Light Decay Wave- Comtent H/XC Principal applications
=3 ~ VAN Hjj frac-  softening output  comstant,  Jength of loading No. of H
o KDL DIFTable 7.1. 528 oI R IR R
A n . ] =7 /\\\ index point C*  Anthra- posent mum (% by No. of C
cene) [m=) emission  wi.) atoms
[nm]
Plastic  NE 102A Plastic 1.032 1.581 75 65 24 a3 1004 ref fax e
NE 14 Plastx 1.032 1581 75 68 1.9 N 1.900 wltra-fast counting
NE 14 Plastx 1.032 1.58 75 5 30 0% 1,007 with BBQ hght puides
NE 105 Plastx 1.037 1.58 75 a 423 1088 dosimeery
NE 110 Plastic 1.082 1.58 75 0 13 43 1.108 r. & B fast & e
o L NE 11IA Plastic 1.082 1.58 75 ss 16 o 1.103 wlita-fasl liming
. 7~ }T‘ 7 K} NE 114 Plastic 1082 1.8 % % 40 434 1109 & for NE 110
® / X _I_\ )( _I_\ NE 160 Plastic 1082 158 B w 23 423 1105 use a high temperatures
Pilee U Plastic 1.032 1.58 75 67 1.5 L 1100 uites fast tiemimg
Piloe 425 Plastic L9 1.49 100 a8 1.6 Cherenbov detecror
0 A Liguid NE 213 Liquid 0874 1,508 141 ™ 17 423 1.213 fat m (PSD)
~30 0 i NE 216 Liquid 0B85 1.523 14 T 3 a5 1.1Mm o, § Ginternal counting)
NE 220 Liquid 1.036 1.442 1] 6 428 0 29% 1.660 internal counting, dosimetry
NE 221 Gel 1.08 1,442 ™ i 4 425 1.660 a, # (internal counting)
~ ~ W NE 224 Liguid 0.877 1.50% 169 §0 26 as 1.3% 7. fasl m
% Z_ % ll g\g 75\ @ % NE 226 Liquid R o 2 13 o 0 y. inscanitive 10 &
NE 228 Liguid 0N 1403 » 45 ) 2.1 "
NE 230 Deuterated liquid 0,945  1.%0 L] 60 30 as D142% o9 (D/C) specal applications
NE 222 Deuterated liquid 0.89 143 L] 60 4 430 D24 1.9 (D/C) specal apphications
NE 21) Ligwd 0.874 1.506 " 4 17 425 1118 a. F Gmernsl counting)
NE 23§ Liguid 0858 147 150 40 4 &0 20 larpr tanks
NE 250 Liqusd 1.038 1.452 " S0 4 a5 0 2% 1.760 mernal counting. dosimetry
Loaded NE M1 &311A B loaded bquid 0.9 1.411 5 6S 1B 424 Bi% 1.501 np
Bquid NE 213 Gl loaded biquid 088 1.506 136 62 40 24 Gdoss 122 »
NE 116 Sn loaded liquid 0,93 1.49%6 148.5 as 40 424 Sa 10% 1411 Y. N-rays
NE 123 Gd Yonded bguid 087 1.50 161 &0 18 424 Gdoss 1377 »
Newiron NE 422 & 426 *Li-ZnS(Ag) 2,36 1o w00 200 “0 Li 5% dow =
(ZnS. NE 451 ZnS(Ag) plastic 1,443 1o a0 200 @“o fast »
type) NE 901, 902, 903 Glass .64 1.58 ¢ 1200 b | Waw 398 Li 2% LW
and NE 904, 505, 906 Glass 2.5 1,58 ¢ 1200 25 204 58 398 Li 6.6% "
glass NE ¥, 508 Glass 242 1.566 <. 1200 0 15 & 62 39 Li 7.5% »
NE 912, 913 Glass 23 1.5 ¢« 1200 2 18 & 88 ¥ LS n, F Qow background)
Crysal  Anthracene Crystal 1.28 1.62 17 10 30 a7 ons v.e.ffaun
Stilbene Crysiad 1.16 1.626 25 0 45 410 ORss fas n (PSD) 7. o
Nal(TY) Crysial 167 1.778 650 20 130 413 7. XTays
Nal(pure) Crystal 3.67 1.778 651 sar so* sm® 7. X4mys (fas comnting)
Lil(Eu) Crysinl 4.06 1.95% 445 75 1200 a8 =
Csl(Th Crysial 4.5 1.78R 620 95 1100 580 heavy pastickes, y (PS.D.)
Csl{Na) Crystal 4,51 1,787 621 150,190 &% a0 heavy paeticles, y (P.S.D.)
Csl{pare) Crystal 451 1,788 61  sm® " c. 400 heavy partices, 7 (ow
ooergy)
CaFy(Eu) Crystal LA ) 1.44% 1418 110 1000 435 £ xorays e
Cawo, Crystal 6.1 1.92 1538 3 6000 430 7 (scddom used)
ZaS(AR) Mubii-crystal a0 2,356 1850 300 X0 450 e
224X Cin) Mudtl-crystal 5.61 2.02 1975 90 148 385 «

* Although NE 160 begins 10 sofien very shighaly st approximatiey $0°C, it resains its shape wp 10 ot least 150°C unlike other plastic scisaillators as NE 102A.
" At liquid nitrogen tempersture,

ﬁ M1 & B4 Seminar

Leo Techniques for Nuclear and Particle Physics Experiments

%ﬁ@jﬁ? Takuro Hasegawa

Lahoratory fer Particle Properties NAGOYA UNIVERSITY Neutron Optics and Physics




Laboratory fer Particle Properties

Q7.6.1 Linearity
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Q7.6.1 Linearity
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§7.6.1 Linearity
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Q7.6.1 Linearity
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Q7.6.1 Linearity
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Q7.6.2 Temperature Dependence

¢« Y F LY DHEIFREICHKEFET D

7 |

o BV F L —4(F-60°CH 520°CTIOWIEE UM ZEEI L ALY

o« —77, BRI VFL—FIIEFOHXEDRE TCREKEET S

LU

Nal(Tl)

T

QO

>

v 80

Q

\ Csl(Na)

3

S 60F

(@]

<

o

o 40F csim BGO

>

L

& 20 1 1 1 | 1 | 1
-100 -60 -20 0 20 60 100 140

Crystal temperature -degrees centigrade

M1 & B4 Seminar
& 170

Leo Techniques for Nuclear and Particle Physics Experiments

%Ef’;%é j( ? Takuro Hasegawa
Neutron Optics and Physics

ity e NAGOYA UNIVERSITY




Q7.6.3 Pulse Shape Discrimination (PSD)
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Q7.6.3 Pulse Shape Discrimination (PSD)
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Q7.6.3 Pulse Shape Discrimination (PSD)
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Q7.7 Intrinsic Detection Efficiency for Various Radiations
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Q7.7.2 Electrons
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Q7.7.4 Neutrons
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Q7.7.4 Neutrons
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Q7.7.4 Neutrons
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910.6.1 Continuous and Discrete Detectors
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910.6.1 Continuous and Discrete Detectors
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910.6.2 Micro-Strip Detectors
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$10.6.3 Novel Position-Sensing Detectors
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$10.6.3 Novel Position-Sensing Detectors
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910.7 Germanium Detectors
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Q10.7.1 Lithium-Drifted Germanium - Ge(Li)
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910.7.1 Lithium-Drifted Germanium - Ge(Li)
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910.7.2 Intrinsic Germanium
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Q10.7.3 Gamma Spectroscopy with Germanium Detectors
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Q10.7.3 Gamma Spectroscopy with Germanium Detectors
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Q10.7.3 Gamma Spectroscopy with Germanium Detectors
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910.8 Other Semiconductor Materials
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§10.9.3
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$10.9.4
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§10.9.5
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