Measurement of
a charged particle



How to detect a charged particle

- Please remember “Passage of Radiation through Matter”!
« The Bethe-Bloch Formula
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« The charged particle interacts with an electron in an atom.
The atom will be excited or ionized |
lonized atom
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charged particle . (cation)
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How to detect a charged particle

* Observe

« the free electron after ionization (or cation)

* the excited atom

free electron

% Neutralization

hall
Excited Deexcitation Stable&Neutral
atom fluorescent light atom



(1) Detection of a free electron (Cation) after lonization

1.Gaseous lonization detector with noble gas.

1. Mean energy for ion-electron pair creation (W value)
- ~26 eV for Ar (typically ~30 eV)

2. Catch the electric signal when the electrons move to an electrode

3. The signal of one electron is too small to be detected

1. Need an amplification

4. The amplification depends on the strength of electric field

Table 6.1. Excitation and ionization characteristics of various gases

Excitation potential Ionization potential

Mean energy for
ion-electron pair creation

[eV] [eV] [eV]
H, 10.8 15.4 37
He 19.8 24.6 41
N, 8.1 15.5 35
0, 7.9 12.2 31
Ne 16.6 21.6 36
Ar 11.6 15.8 26
Kr 10.0 14.0 24
Xe 8.4 12.1 22
co, 10.0 13.7 33
CH, 13.1 28
C4H, 10.8 23

o7

Cosmic ray (MIP) +1kV
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(1) Detection of a free electron (Cation) after lonization

Q1!
Al

Q2
A2

How much is the energy deposit in 5mm thick gas?
E~2MeV/cm x 0.5[cm] x 0.001 [g/cm2] = 1 keV

How many ion-electron pairs are created?
E/W = 1000/26 ~ 40 paris

[Q3] How much current flows in the circuit? Cosmic ray (MIP)  11kv

The electron drift velocity is assumed

to be 2cm/us
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(1) Detection of a free electron (Cation) after lonization

[A3]
(1) The electric field moves an electron and an ion to the electrode.

(2) The current flows to the condenser to keep the electric field.

For a single ion-electron pair, The velocity of electron

—el X dxr = VdQ) v=2cm/us ‘ HIkY
A A 4
eV Ar.C02=90:10
I =dQ/dt = —eBv/V = —— e
X

|I=0.6pA continues for the G d

maximum period of 250ns. '
* |If 40 ion-electron pairs are created, []]] s0

|=24pA (24x10-12A) is drawn. %
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(1) Detection of a free electron (Cation) after lonization

[Remember] The source of current flow is the movement of electric
charge!

- [Q] What moves the electric charges?

- [A] The energy stored in the detector provided by the High-

Voltage module. . .
Drift velocity v=2cm/us ‘ +1kV

A

A

X G?
[ ||| 50
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Amplification — Avalanche Multiplication

Amplification — Avalanche formation
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Multiplication Iin gas

* ~ 1 : lonization chamber (no multiplication)

103~105: Proportional counter (The signal is proportional to the number
of ion-electron pairs created in the beginning.)

+ >107: Geiger-Muller counter (The signal size plateaus because of
discharge caused by avalanches spread out over all area of the detector.
It can be used to count the number of incident particles.)

Number of ions collected
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Fig. 6.2. Number of ions collected versus
applied voltage in a single wire gas chamber
(from Melissinos [6.1])



Cylindrical Proportional Counter

Loa 1 A= QL
Electric field: [E| = dreo T charge density
A b A
Voltage : V= In—- = —
2TEg a
Capacitance : = g
[unit length] | 2 b
Ck
. . | |
|
R
— + V)
Particle 1
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Cylindrical Proportional Counter

Thin wire = High electric field around the wire

( exercise of Electromagnetism)

L 1
E p— Q/ « —
2TEy T o
" Q/L . 1o Q/L Vo
_ E.dr — : =) — —
‘/b /7“7, d,r 27’(’60 ln( ’)",i ) 27T€() ln(%)

When an electron moves from r1 to rz, the energy obtained from the electric field

ATy, = eAV = e/ E(r)dr

1

_ €V0 / ld’l“
() J,,

i 1

BV() ()
_ (==
ln(;—(j) n(frl)

When the energy obtained is bigger than Wi in a short distance than the

mean free path. The avalanche multiplication starts
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Cylindrical Proportional Counter

Within the mean free path of 50 um,

§ A If the electron obtains the energy
-
Ar = 1y — 11 = 50um larger than Wi=40eV, the avalanche
multiplication starts.
0.15

In(350/300)=0.15

Example:
Vo=3000V , ro=1.5cm, ri=25um

01 =+

3000eV

—2
In(S5xi0-7)

In(1050/1000)=0.05 30000V

= . 0.15-72eV
\ In(F5ET)

T T T T T T T T T T T T T T T T T T T T )‘
1000 2000 3000 4000 5000

1mm T1 ULDJ]

A Tkin = - 0.05 ~ 24eV

0.05

When the electron reaches near (~300wm) the wire, the avalanche starts
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Time evolution of the avalanche

(a) : the electron is forced to the wire

|(b) : Near the wire, E is large enough to generate avalanche
(c) i u=mz>> u+s+v = Electrons and lons are separated
(d) : Surrounding the wire with water-drop shape (Inner:

electrons, Outer: ions)
“*I(e) - Electrons are absorbed i the wire within 1ns, while ions are
drifting to the wall with OV.

6.4 EVvFANRHETHEELL IEOBTFCL > THEINCEFLIEIRD
B2z 2 HATELER. BoSyoRgtEF i ORI EEFD
BEER =T (Matoba 352 1 & %)
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FTHBAETS 7S

Promotional Counter—, ...,
=] %

E?"V 27

8.25
13.35

FEEETXTem

6.5 SEddTFHREBERLAGEERGTONmEKA. BEIXER0.025 mm A7 VvV
VRSB T HBD. 74— FF o — Z B O T O %4 W I {177
E7Z 0.25 mm DOMESETH% (Bennett and Yule” 12 X %)

- Typical gas mixture: 90% Ar and 10% CH4
- Avoiding the electron captured in the gas (Nobel gas, such as Ar).
- Oxygen is not good
« Quencher (such as CH4) is necessary

« When the atom is excited, it generates photons which ionize another
atom. If the process continues, too much avalanches are produced. To
avoid this process, quenching gas is used to absorb photons.

« The selection of gas is not straightforward by considering the drift velocity
of electrons as a function of voltage, multiplication, amount of material,
possibility of discharge, etc.. You must be an expert.
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Geiger-Muller counter

- L B
¢ p\(\o’(.of\
wire

‘k photon
photons \

W il [tk

» Typical gas: Ar
* with quencher

* the function of quencher is not same as that used
in a promotional counter
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(2) Observation of excited atoms

- Detect photons emitted in deexcitation process of excited atoms (or
molecules).

« Fluorescent light

- The photon produced by radiation is called as a scintillation photon. The
material that emits the scintillation photons is called as scintillator.

- Characteristics of good scintillators are

 High efficiency to transform the energy deposit by radiation to
scintillation photons (even so, 10% is high)

- The amount of scintillation photons is proportional to the original energy
deposit (linear relation).

- The material is transparent for scintillation photons.

« The scintillation photons are produced within a short time period of
nsec~ usec (The life time of excited atoms is short).
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Type of scintillators

-Organic Scintillator

- The scintillation photons are emitted from transitions made by the
free valence electrons of the molecules. Scintillation material can be
in the states of solid, liquid and gas.

- Inorganic Crystal scintillator

- The scintillation photons are emitted based on the electron band
structure of inorganic crystals.




Organic Scintillator

Fig. 7.4. Energy level diagram of an
organic scintillator molecule. For clarity,

! T* the singlet states (denoted by S) are
e T II separated from the triplet states (denoted
o H2
I: internal 'LII o by T)
|| degradation —r—T
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Inorganic Crystal Scintillator

Fig. 7.7. Electronic band structure of in-

Conduction ) : :
organic crystals. Besides the formation

—— =9 ban_d of free electrons and holes, loosely
Impurity — — = = Exciton band  coupled electron-hole pairs known as
— _ excitons are formed. Excitons can

traps Exciton migrate through the crystal and be cap-

tured by impurity centers
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Organic Scintillator

- Organic scintillator

- The organic scintillators are aromatic hydrocarbon compounds
containing linked or condensed benzene-ring structures.

Singlet state Triplet state
S3 530 )
Sg ———Fp——— — - g
Sz S 3
Sty — — = HAp — — — —- r
Sp— =+t —— - . . .
si—Ht - HE —=== Fast scintillation light
P;,
£ g —— —
| N ———
T
Energy Gap : 3~4 eV
= = @
503'“ m?_“um“mi_v.____ .__M.‘BL_
pc 1 e e 2 ) O N
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Organic Scintillator

- Scintillation lights are little absorbed (transparent)

- The emission time of scintillation lights (the lifetime of
excited states) is fast [2~3 nsec].

absorption

emission

spectrum

Waveléhgfh: A -
< photon energy hv

4



Organic Scintillator

-Scintillation efficiency

- The efficiency is getting low if the excited energy is not used for the
emission of lights, but heat. The process is called as quenching.
(Example) Quenching occurs in the liquid scintillator with Oxygen.

-Solvent and Solute

- The ionization energy seems to be absorbed mainly by the solvent (and
plastics) and then passed on to the scintillation solute. This transfer is
quick and efficient. A typical scintillation solute is PBD, PPO and POPOP.

- Wave Length Shifter

- The secondary solute such as POPOP is added with the first solute of
PBD for its wavelength shifting properties. The primary scintillation
photons are absorbed by the secondary solute and emits the photons of
longer wavelength that are more transparent and more matched to the
sensitivity of photon-sensors.
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Organic Scintillator

Organic Crystal Scintillator: Anthracene (Ci14H10), etc..

-Plastic Scintil
Very Flexib

ator

e shape: Scintillator plate, Scintillator bar (T2K

ND280/FGD), Scintillating Fibers (NINJA Tracker), etc..
Organic Liquid Scintillator

-KamLAND,

Double Chooz, Daya Bay, NOVA, etc..

‘KamLAND experimnt =

X . H L
NIAN 8 A 3
S / ..\ . 3 gL M 2
~ S I8 3 L o
/ 4 7 3 % 7 .
(N NA A 3




Table 7.1. Physical properties of various commercial scintillators (data from Nuclear Enterprises scintillator catalog [7.1])

Scintillator Type Density Re- Melting Light Decay Wave- Content H/C Principal applications
frac-  softening output constant, length of loading No. of H
tive or boiling (% main com- of maxi- element atoms/
index point C® Anthra- ponent mum (% by No. of C
cene) [ns] emission wt.) atoms
[nm]
Plastic = NE 102A Plastic 1.032 1.581 75 65 2.4 423 1.104 v, a, B, fast n
NE 104 Plastic 1.032 1.581 75 68 1.9 406 1.100 ultra-fast counting
NE 104B Plastic 1.032 1.58 75 59 0 406 1.107 with BBQ light guides
NE 105 Plastic 1.037 1.58 75 46 423 1.098 dosimetry
NE 110 Plastic 1.032 1.58 75 60 3.3 434 1.104 v, a, B, fast n etc.
NE 111A Plastic 1.032 1.58 75 55 1.6 370 1.103 ultra-fast timing
NE 114 Plastic 1.032 1.58 75 50 4.0 434 1.109 as for NE 110
NE 160 Plastic 1.032 1.58 80 59 2.3 423 1.105 use at high temperatures
Pilot U Plastic 1.032 1.58 75 67 1.36 391 1.100 ultra fast timing
Pilot 425 Plastic 1.19 1.49 100 425 1.6 Cherenkov detector
Liquid NE 213 Liquid 0.874 1.508 141 78 3.7 425 1.213 fast n (P.S.D.)
NE 216 Liquid 0.885 1.523 141 78 3.5 425 1.171 a, B (internal counting)
NE 220 Liquid 1.036 1.442 104 65 3.8 425 O 29% 1.669 internal counting, dosimetry
NE 221 Gel 1.08 1.442 104 55 4 425 1.669 a, B (internal counting)
NE 224 Liquid 0.877 1.505 169 80 2.6 425 1.330 y, fast n
NE 226 Liquid 1.61 1.38 80 20 3.3 430 0 y, insensitive to n
NE 228 Liquid 0.71 1.403 99 45 385 2.11 n
NE 230 Deuterated liquid 0.945 1.50 81 60 3.0 425 D 14.2% 0.984 (D/C) special applications
NE 232 Deuterated liquid 0.89 1.43 81 60 4 430 D 24.5% 1.96 (D/C) special applications
NE 233 Liquid 0.874 1.506 117 74 3.7 425 1.118 a, B (internal counting)
NE 235 Liquid 0.858 1.47 350 40 4 420 2.0 large tanks
NE 250 Liquid 1.035 1.452 104 50 4 425 O 32% 1.760 internal counting, dosimetry
Loaded NE 311 & 311A B loaded liquid  0.91 1.411 85 65 3.8 425 B 5% 1.701 n, 8
liquid NE 313 Gd loaded liquid 0.88 1.506 136 62 4.0 425 Gd 0.5% 1.220 n
NE 316 Sn loaded liquid 0.93 1.496 148. 35 4.0 425 Sn 10% 1.411 Y, X-rays
NE 323 Gd loaded liquid 0.879 1.50 161 60 3.8 425 Gd 0.5% 1.377 n

i’
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Response of organic scintillator

- Time response
- Fast (2~3nsec)

- The timing shape sometimes depends on the energy deposit (dE/dx). This
character is used for Particle |dentification. (neutron/r with liquid scintillator,
proton/u, m in T2ZK ND280&INGRID)

- Energy Response

- A dependence of the energy deposit (dE/dx) by the quenching effect.

10r
Scintillator o [ns] 7 [ns]
NE102A 0.7 2.4
NE111 0.2 1.7 -
- Fast 3
é \ Component Naton 136 0.5 1.87 % 06
3
o Table 7.2. Gaussian and exponential )
% parameters for light pulse description +
3 from several plastic scintillators 'g)
(from Bengston and Moszynski[7.2]) 7
[ —t/T 0.2
—=f() e
{0

20 80 140

Fig. 7.3. Resolving scintillation light into fast (promp , ,
(delayed) components. The solid line represents the tota f(t)f gausswm Wltﬁ OET

curve

Particle energy [MeV]
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(3) Detection of a free electron after Excitation

1. A semiconductor detector is very popular in High energy physics
experiments.

1. Measure the electric signal originated by electron-hole pairs created
by energy deposit of a charged particle.

2. The energy need for an electron-hole pair is small and we can
measure many electron-hole pairs.

-+ Energy for electron-hole pair creation in semiconductor: ~3 eV
- Energy for electron-ion pair creation in gas: ~30 eV

- Energy for scintillation photon : ~100 eV

= ‘_ _Conduction NE=——

=
band — 1 Free : =
—71 electrons =

__Energy—_§ E ~feV - Conduction
gap B o o2 o il 3 * band
S = T Valence

E band } -
:-—-{Holes |

Valence
band

Insulator Semiconductor Metal

Fig. 10.1. Energy band structure of conductors, insulators and semiconductors
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What shall we measure for the charged particle

With the signal of the charged particle, we can measure
1. position
2. momentum
3. velocity
4. energy

of the particle.
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Measurement of a neutral
particle (mainly a photon)



How to detect a neutral particle, photon

- Remember the interaction of photons with matters
(1) Photoelectric Effect [in low energy]
(2) Compton Scattering [in medium energy]
(3) Pair production [in high energy]

* In the interaction, an electron is emitted. We will measure the
electron as a signal of photon interaction. We already know
how to detect a charged particle.

O

nucleus hy
_____ 3 —> + -
. photo-electron 4 T Y e+ €
O

"

photon
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Y ray spectrum measurement

- Signal (ldeal situation)
» Photoelectric peak
- Compton spectrum with edge

- Escape peak of positronium
annihilation

 Single escape peak

hv<2mgc?

photoelectric

* Double escape peak 5|

BELY v =fD
R BN~ D EL

Compton | &z,

Pair-creation

Pair-creation
w/ photon escape

photoelectric

|£Compton

/ hv
Compton edge

83

hv>2mc?
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photo- =

. = || photon escape

electric = =7
\
Compton
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E (hv—2moc?) hv E



Y ray spectrum measurement

- Signal (Ideal situation)

» Photoelectric peak Compton .
. i g’% escape
- Compton spectrum with edge g
. . Pair-creation photoelectric
- Escape peak of positronium #Tsingle escape
annihilation

« Single escape peak

« Double escape peak

photoelectric

hv< 2moc?

dN/dE

* photoelectric

dN

¢ L)

A7
/Iw E

multi-Compton
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How to detect a photon

First, a photon is interacted, and second, the electron is measured.
Inorganic crystal scintillator

- The advantage lies in the greater stopping power due to the higher
density and higher atomic number. [Q] Why the higher atomic number?

#£83 LK<{HWOHLNBERY FL— 2D

wave-
. den length reflection| decay time light
Atomic number sity (hm) index (us) yield
- Cd: 48 FINHINTAR
. Nal (TD 3.67 415 1.85 0.23 38,000
e |: 53 al e
- 0.68 (64 %
, Cs1 (T1) 451 | 540 1.80 ; 65,000
e Cs: 55 3.34 (36 %)
W 7 4 CsI (Na) 451 420 1.84 0.46, 4.18 39,000
. [ ]
* Lil (Eu) 4.08 470 196 14 11,000
 Bi: 83 ZOMOTR IR FL—5
BGO 7.13 480 2.15 0.30 8,200
o
CAWO, 700 | 470 23 ﬁg%gooi’,l) 15,000
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Scintillation mechanism

* Electronic band structure in crystals: [ Example: Nal(Tl)]

» |f a charged particle goes through the crystal, electrons are excited to
conduction band from the valence band and the holes are also pair-

created. An electron and hole pair is loose

* |t is not efficient that the electrons go bac
scintillation light. The probability is not hig

y coupled and forms an exciton.

k to the valence band with

n for an electron to meet a hole.

» By doping impurities, the excitons can migrate through the crystal and be
captured by impurity centers. Then, the scintillation lights are emitted.

Conduction

== band
= = E xciton band
Impurity — — |
traps :Excnorn
=== S
Valence

band

86

Fig. 7.7. Electronic band structure of in-
organic crystals. Besides the formation
of free electrons and holes, loosely
coupled electron-hole pairs known as
excitons are formed. Excitons can
migrate through the crystal and be cap-
tured by impurity centers



Scintillation mechanism

- Lifetime of the excitation state (typically 30~500
nsec) is longer than the time when the excitons are

captured by impurity centers.

- The wavelength of scintillation lights is in a wider
range. We often use the scintillator with visible lights.

PMT spectral sensitivity (Rel. units)

—
(&) o
1 ] Li T T

®)

Bialkali

S-1I Response

PMT \‘ ,/PMT

\ 60

40

Csl (Na)
/ ’/ 20
Nal (Tl)
! ! 1 ] 0
300 400 500 600

Wavelength [nm]

00]
\l

Spectral sensitivity (Rel. units)

Fig. 7.6. Light emission spectra for
different inorganic crystals (from
Harshaw Catalog [7.3])



Scintillation mechanism

 Light Yield is important. [Example: Nal(Tl)]
* |In the case of 1MeV energy deposit
« Efficiency of scintillation is typically 12%.
- The energy of visible light is 3eV.
* The number of scintillation lights is
 1,000,000eVx0.12%+3eV=40,000

 Since 1,000,000eV+40,000 photons=25€eV/photon, the energy for
one electron-hole pair is 25eV.

v
i

The energy resolution
depends on the light yield

Pulse hight

300 1,000 1,200 1,400
Energy (keV)
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Pulse hight

Scintillation mechanism

« Temperature dependence (some energy is transformed to heat)

- Light yield (Scintillation efficiency) varies.

- Timing shape (decay time, lifetime of excited state) varies.

100 = I | I 900.0 1 i i z s T ! | 1
95 - 300.0 - Legend —
Ol 2.5" % s 4" O - Schneid et al
90 h — 7000 B «;» % A - Piyavin! -
n + — Startsev et al
85 L6000 ¢ —Present Work |
O |- ¥
801 e |5000 ‘ .
. - i %,
© (?EF&
704 3 3000} T s _
0 530
651 200.0 - PSS TN =
?‘:)é@;?*@ § ‘3‘:%5 ; Poso
col- 1000 S
55 | | | | | ] i ' 0.0 ) ) | ! | | | | l
20 40 60 80 100 120 140 160 130 500 ~250 00 250 500 750 1000 1250 1500 1750 200.0
Temperature ("C) o Temperature (°C)
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Photomultiplier Tube (PMT)

An equipment to measure photons
. (P MulTiplier tube)
https://youtu.be/9EbXOdfWulU4

e —

- \
o >

w72 S5 ™ Lodh )7 v O

LRSS J “HIA |

-

:
’,
,/

> P o 0718/3:48 | . - =

BLRILF—YEBEZIEANDHEH - Foray into High Energy Physics Prof. Koshiba with 50 cm PMT
"HEAHAYTHSR—IN—HDZIAHVTN,
PIX ¥ &D

Hamamatsu: No. 1 PMT vendor
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https://youtu.be/9EbX0dfWuU4
http://www.apple.com/jp
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Function of Photomultiplier

Photocathode

Electron optical

input system —————

Focusing

electrode H

First dynode -4 L
?;\\

Multiplier \(-\

Anode

A photon enters the photocathode, and the
photo-electron is emitted by photo-electric
effect.

« Quantum efficiency: 10~30% (typical)
Inside vacuum

The first photo-electron is focused into the first
dynode.

Voltage between dynodes is typically 100V or so

With many dynodes, the number of electrons
are multiplicated.

A typical multiplication factor of one dynode is
2~3, but with 13 dynodes, the multiplication
becomes 313~1,000,000.

It is readout as an electronic signal.
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Photomultiplier voltage divider

High Voltage (HV) divider (Base): Voltage of 1000~2000V is
applied. Positive HV type, and the negative HV type exist.

K a
1 2 353 S0 s S12
! Iv n Y Y Yy J g NV 11
RL_J
~
. L
' —

S7 S9
|
~12 | ~18

Y

1.2
v
4 S Yn'® Oy Hr DS '  — —
Ve
= O
+HT
Qcc
K 9192% a
e S SZ_ 52 Sl: S_S_ SIS_ S7 S8 S9 S10 SN 513
K q J I3 3 T T T T
Mﬂ ~ RL
18 ~1,2 | ~18 1,25 1,5 1,5 1,75 2,5 35 45 8 10
¢-Vs*¥ e Vg —ote= Vg —ple- Vg —ole- Vg sle Vg e Vg sle- Vg dle Vg ol Vg sle— Vg —le Vg ol V5=
1 v
O e T Y, D Wy B Wy By By B Wy O W e O W S Ve O W S e B
s - i

Vb

b 445 Vg

K

. Fig. 8.10a —c¢. Examples of PM voltage divider networks (after examples from Philips Catalog [8.7]: (a)
divider network using positive high voltage; note the AC coupling capacitor at the anode, (b) a network using
negative high voltage and deézupling capacitors for maintaining the voltages between the last few dynodes,



The number of photons (Scintillator + PMT)

Scintillator . PMT

—
NAAAAALA A G — | ol
% e 0.6 MoV »K > 3,000 Photo-electrons
7/ —

20,000 — ‘Photocathode
Scintillation lights

. Example

. Incident energy of r ray: 0.5 MeV
. The number of scintillation lights: 20,000
. Quantum efficiency (+light collection in a crystal): 15%

- Energy resoultion
. ¥/(3000)+3000 = 0.018 (1.8%)
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Semiconductor photon detector

Hamamatsu HP: “What is MPPC?”

https://www.hamamatsu.com/jp/ja/product/optical-sensors/mppc/what_is_mppc/index.html

PD APD MPPC PMT

, Avalanche photo-  Multi-channel Giger L
Photo-diode diode R Photomultiplire tube

gain
sensitivity
Voltage applied
Sensitive area
Electronics
Noise
Uniformity
Fast response
Energy resolution
Temperature dep.
Outer-light dep.
Magneticfield dep.
Compact & light
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Semiconductor photon detector

PD

Scintillation lights

m\]

Scintillation
lights

o 7
| in
5 4 | APD
drift area
multiplication

p_type < lum) N
demg)[e};c;_r; L SRR (25 - 100 V,
layer ?h pair
(200 ~ 500 pm)
) ;]-t ) ﬁé* N _ electro
yP ~ nics
hES
MPPC ° G-APD
‘ pixel
A A
< - ? = gj

[ quenching

register
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HAMAMATSU BMBER Y  FTUS—vavv  EMKRAZZZIEDOWT HR—h v SHIER @esp |

PHOTON IS5 QUR BUSINESS

=LA > HREIR> Xt > g

MPPC (SiPM)

Japanese (many master thesis, but one English)
https://www-he.scphys.kyoto-u.ac.jp/theses
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Semiconductor detector

 What is semiconductor?

- Semiconductors have the intermediate remittances between
metals and insulators. They are Crystal ine materials with Covalent
bonding; silicon and germanium. | | \

——4 Conduction ===
band

ot

== electrons
* Very good energy resolution ¢ _.cev - Eneray - ﬁc‘j“bda“rfé”“
l Valence; E

Valence
band

« Doped semiconductors

N band | = |
“{Holes * o

('I ) n_type Insulator Semiconductor Metal

Fig. 10.1. Energy band structure of conductors, insulators and semiconductors

- The impurity atom (P, As, Sb, ..) has five valence electrons, an
extra electron is left.

(2) p-type

- The impurity atom (Al, B, Ga, In, :-*) has three valence electrons
(one less valence electrons), there IS an excess of holes.
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The number of electrons in the conduction band

Conduction 9B, 3
band \\ i ' n — ﬁ (QmekBT)z . e (Ec—p)/kBT
Ec TV 2 27r2h3
Si: ~1010 electrons, Ge: ~10'3 electrons
Chemical Potential p el

Ev

Valence
band
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\ / \ J \
=0T QT o Q- "Excess” O W O S O
50 Iy ! electron Excess” 3! 8

1747
'\O——-"O—\, /"0——\Qf hOle — celiea )y, N
" \\“O = () —— D — (o) O —— —
é \ cl{ 7 \— Jonor Acceptor \E? E\ ;“ !{ \

—~0O—°"—O—°— | __ impurity impurity
S—

—  Ne~1077

— Acceptor e

Donor electr‘n‘sf’ Donor mpurity \S_AC eptor hol

LTI T R e 'mpu”ty e S 014+,
===l 0'°

e level
@l . .- - | level

Fig. 10.4. (a) Addition of donor impurities to form n-type semiconductor materials. The impurities add
excess electrons to the crystal and create donor impurity levels in the energy gap. (b) Addition of acceptor

impurities to create p-type material. Acceptor impurities create an excess of holes and impurity levels close to
the valence band
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The np Semiconductor Junction

n /electrons p /holes

e . 7 s J . P Charge
a) o o o Y| T o :o "o density
o: o: o: :| : :o _o :o <) A
/1 \ | TN T 7
Z Donor \Acceptor
Electric
e ! Field

b)

Fig. 10.5. (a) Schematic diagram of an np junction, (b) diagram of electron energy levels showing creation of
a contact potential V;, (¢) charge density, (d) electric field intensity

Electron Energy’

. . Depletion
Zone

Reversed bias applied without
Bias

l
|
|
, P
|
l

Depletion
Zone ——l
with
Bias




Semiconductor (The np junction and

Depletion depth w/ reversed bias)

 http://www.x-ray.co.jp/mame.html|
v o

it wns
Normal o hins f
Bias everse plas 10r

radiation detector

' ‘ ~ radiation

p-type n-type

x\‘\\\ T e

o=, %" |=e ~e 0 o o9 6%
o+ 07 o OO o0 — 2™ o
- -0 Q O — (s]

O+ O—|=p -0 0o o e@
o hole e electron deplétion ___\_\

layer

) |||| | ‘
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Ge r ray semiconductor detector

Ge semiconductor o oV o
keV — 110m Ao
Nal(Tl)
P A -'/\‘-
j/\,\/j557.5\
/=== ==\
s - — = -\\iN 105——' NaI \A}
(- | - Cryostat _ - o ¢
il \.'. GC') 1335 177 4354 wr | \—‘\ //\
| S L e
\ < N4 1383.8 .
; \ o Gecw) N[ [oe \
N N
\ E E LR U o 1504.4
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3 t ;
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5 !
+1421.2
- . 1
_&J GG(L') J 1594.3
e ai 1821.2
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Germanium semiconductor detector o,

Energy (keV)



Semiconductor detectors

» Semiconductor detectors for vertex and |mag|ng

Vertex detector S N SN,
a0 A5 : 4 § 2

Strip structure

Pixel structure
X ray CCD
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Superconducting detector (Ultimate detector?)

Superconductor Semiconductor '37Cs(Ba, Koy, 137Cs(Ba, Kf3,. 36.38 keV)
32.12 keV 137Cs(Ba, KP,, 37.26 keV)

TES counts / bin

1000 - - n - . ' - - 1e+008 1000 . : " . y v . 100000
- 24Am 239p, TES pmumm 137Qg 154Eu,"5°Eu(Gd, Ka,, TES pmmm
(26.35 keV) (51.62 keV) | Ge 1 1+007 (Ba, Ko, ‘ 42.31 keV) Ge
_ Sn Escape 240py, 241Am | - 31.82 194Eu,""%Eu(Gd, Ka,, 43.00 keV) -
. Ko (45.24 keV) 5954 keV)] e B |kevyl ¥ 154EG,1Eu(Gd, KB,, 48.70 kdV) 5
3 K A 0 100 1 10000
: B 239p, ] 100000 : \‘ J 154Eu,"95Eu(Gd, K3,,49.96 keV) \u,
- E y —+
| (38.66 keV) {10000 8 E 241 Am(59.54 keV) =
. S o o
10F jlooo 3 (: a‘-;
; o w 19} 11000 5
100 O
1 10
1 - 1 1 i Ill“l M1 100
25 30 35 40 45 50 55 60 65 70 25 30 35 40 45 50 55 60 65
Energy (keV) Energy (keV)
Transition edge sensor (TES) by Prof. Osamu Tajima
photonBITE : SYRMLA U THRET
AT
i’SA >
TR =
L 15 /‘}
A -5
r 00 j ~ Open-lt : 5HAIY R T LAHFESR2017

BEEEBREEL  ®F  nhitp://openit.kek.jp/workshop/2017/dsys/main
. . e B ABEEGERIR U — DR
RFOIRILE—ccBE LR e e .
HTES@*&H{%{E H&DBEE (E%ﬂ}\ﬁﬂ:)
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http://openit.kek.jp/workshop/2017/dsys/presentation/171003/171003_01_hattori.pdf

Advantage & Disadvantage of
Semiconductor (Superconducting) Detector

» Good points

 Excellent Energy resolution

* Precise position resolution
» Weak points

» Expensive

* not easy to make a large detector

 Only experts can produce

Experts knowledge is requested even for operation

+ A superconducting detector is operated only in very
low temperature.

» The data size is often huge because of fine segmentation.
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Measurements of particles
-other type of detectors-



0. Measurements of particles

1. Cherenkov Detector

2. Transition Radiation Detector
3. TPC: Time Projection Chamber
4. Nuclear Emulsion

5. Nobel liguid detector
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Cherenkov light

= - B
' im.\\\:‘--g‘é :

I e e L A O O OO 55
E= - N

Inside of reactor taken by TN
in March, 2014

« When we look into the inside of nuclear reactor, we can
see blue light (Cherenkov light).
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Cherenkov light

» Cherenkov radiation arises when a charged particle in a
material medium moves faster than the speed of light in the
same medium.

 The condition is v=8c>c/n => Bn>1

* |s is discovered by Cherenkov (the Soviet Union) in 1937.

O@@%% OO
O DTH QY %O

, o charged particle
Microscopic view:

Atoms are polarized in the direction oc®» < £ £ @Q

of the charged particle moving.
ool oo
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— vt -

Fig. 2.9. Cherenkov radiation: an
electromagnetic shock wave is
formed when the particle travels
faster than the speed of light in
the same medium



Characteristic of Cherenkov radiation

1. There is a threshold on energy (Ew) for Cherenkov radiation

Eth=mocz{ —l+jl+ 1 }

nt—1
2. Very fast (Prompt radiation)

3. (Disadvantage) The light yield is small. The fraction of energy transforming to
the radiation is only 0.1% or so. (Ref. It is ~10% for scintillation)

- [Q] How many Cherenkov photons are detected in Super-Kamiokande for an
10 MeV electron.

4. The Cherenkov photons are emitted in the direction of the charged particle
moving with the angle 6 c to form a cone shape. (Ref. The scintillation lights are
emitted isotropic).

5. The Cherenkov yield is proportional to 1/A2 (A: Wavelength of Cherenkov light).

- With the above characters, a Cherenkov detector is often used for particle
identification with the momentum threshold. It is also unique that the moving
direction is determined.

114



3.3x10-5

0.99997
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How do you
find neutrinos?
It's difficult to
find them
because they
go through
everything...

| prepare ultrapure water
in big tank.

Neutrinos collide
electrons and
nuclei in water
molecules,

so electron

or muon escapes.

When electrons

and muons

are traveling in water,
Cherenkov radiations
are generated.

| can find 20-30 neutrinos
in a day by using

50,000 tons of water

and 10,000
light sensors.

Y

"7:\\%;,

A\ \_J"Rd

How to find Neutrino

It's my
special

| find them by
using light sensors
on the walls

of my tank.

>~ This is
too big of
= a problem to
-~ understand...
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Belle |l Q
Aerogel Ring Image
Cherenkov Counter
(ARICH)
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Transition Radiation

- |f a high energy charged particle passes
through inhomogeneous media, such as a
boundary between two different media (with
different dielectric properties), the radiation
Called TranS|t|on Radlatlon IS emitted.

)\
n

ANNNNNNNNNNN

o
N

O

)
\ 4
w0

« The radiation of X ray (visible light) is 0 4
emitted to the very forward (backward) /
direction of the charged particle. Z
- The transition radiation photons are RADIOISOTOPES, 47,383(1998)

emitted with the angle 6=1/r to form a
cone shape to the direction of the
charged particle moving.
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TRD: Transition Radiation Detector

* Total energy of Transition Radiation W is 1
: W = —ahwyy
proportional to r. 3
: : : : : 1 E
* |t is used to identify the particle species — =
. y p . p Y \/]._—_,85 m02
with 8~1 (>GeV energy region)
- X ray is emitted by an electron with >1GeV o — Nee® . Plasma
. p: 3 eome  frequency
[Pt | S |
w :
& 20 2 https://youtu.be/GOJsccquXNQ

'
y ’ A )
e | o | o |5 x| |0 | 03] e | e | e
.‘ 'l' '

XeCO, Tube straws (6 mm)
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TPC: Time Projection Chamber

* A three-dimensional tracking detector

capable of providing information on HIGH

many points of a particle track along Ertets  VOLTAGE
with information on the specific ELECTRONS DRIFT
energy loss, dE/dx, of the particle. Z s cm/us IN ARGON

both the MWPC and drift chamber. ‘VALANCHE

- Two dimensions by hit positions FLASH ENCODER’

« The TPC makes use of ideas from *" *E :@X\
oY

+ One dimension by drift time of CLOCK
electrons.
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TPC : T2K ND280

UA1 Magnet Yoke

Fine-Grain
Detectors

N\

POD

v events inferacted in POD with tracks
going through FGDs, TPCs and ECAL

negative track TPC PID positive track

Solenoi

_— 5
’€ i —— muons . £ - — Lol .18
O 458 - electrons O 454 - elacirons
- . —— pions —100 | > —— pions —{16
A = D Q protons
< a few electrons P = . P
—80 [/,
8 @ —12
o (o]
-l - —10}
> —60 > 2.
o) o _
e - 5 8
Q () >
— 4 c
Lﬁ 0 w 1.5 —6
1 4
20
0.5 2
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TPC : AXEL detector

https://www-he.scphys.kyoto-u.ac.jp/research/Neutrino/AXEL/index.html
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Nuclear Emulsion (a kind of Photo film)

* A simple equipment to measure the radiation. It has a long history.

« |In 1896, Becqguerel discovered radioactivity by observing blackened
Photo film

* |t is still the high-end equipment by which the most precise position and
the most precise tracking are realized. (Week point: no timing information).

« Once a AgBr crystal absorb a photon, AgBr is decomposed and the region
with Ag becomes black. °\ charged

photons solution particle
- core \

.000.0_.....
J [ E R N R N PN N N N ]
L E X N N N N J _....
.......si...

" AgBr! X

nuclear

photo film emulsion

Nagoya Uni. F-lab e e e
http://flab.phys.nagoya-u.ac.jp/2011/tech/nuclear_emulsion/
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Nuclear Emulsion

Since the AgBr crystal particle is about 200nm size, the precision of track position
better than 1 um is possible. (Today, the most precise tracking device).

No electric power is necessary, and we can just put the films where we like.
- After the exposure, the development of the films is necessary.

The image on the film can be scanned and recorded as digital data (image).

No timing information (integrate all activities [tracks])

* [Hybrid system] The emulsion is sometimes used together with other detector
of good timing and moderate tracking (position) capability.

B W TR

FF - EREOIE .‘ . !‘. v E##;EEZ)% ?}!ga’fen‘to.l‘r‘?ﬁcje I'hysi:._s jl.égorc“cry

oy

’ :,; § ., .V“ 3 3
e of 4 ?' % < X
‘:""&'.- .,-’ .,,‘ r’ ~ AW | W f:., . ?f >
> ¥ 1 Lo .
f ‘t‘ ’ '*\\ il ’-- L™

Pl i
Cosmic ray interaction recorded
123 in the emulsion film

AEAEAE 1BKY X38.0K 1.868un

Crystal of AgBr
Negoya Univ. F-Lab



Nuclear Emulsion for a neutrino experiment

J-PARC NINJA Experiment

Precise measurement of neutrino interactions
with nuclear emulsions

p/‘/ \\\

-

210+10MeV/

by A. Hiramoto (Kyoto University)
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Application of Emulsion
» Cosmic Ray Muon Radiography

* |nside a volcano, Pyramid, etc..

* Precision Cosmic ray experiment

N

Probability

~  No: the number of !
incident muons N/No —{__density (g/cm?) _|
1 i, = +

__ cosmic & N: the number of
~ muons - observed muons

| \ 0% o

( structure) emulsion  directional dist.

picture muon image (density dist.)

Gamma-Ray Astro-Imager
with Nuclegr Emulsiqn

Mt. Showa-shinzan muon image 7 (Tanaka, HK.M. et. al., 2007)

Nagoya Univ. F-Lab

125 L X~ 4{ "~



http://www.aip.nagoya-u.ac.jp/en/public/nu_research/highlights/detail/0004155.html
b
l..\.ﬁ LW,

'

Physicists at Nagoya University discover a huge
void in Giza's Great Pyramid by cosmic-ray imaging

* Read in Japanese 2017/11/22

Institute of Materials and Systems for Sustainability / Institute of Advanced
Research
Designated Associate Professor Kunihiro Morishima

Nuclear emulsion film Detectors installed in the Queen’s Chamber
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a : King’s Chamber, b : Grand Gallery
Figurel. Khufu Pyramid at Giza © Kunihiro Morishima
a
King's ide Rin Ui
. SnanPyr?@ds B|g Void
Grand Gallery
Gallery
Queen's \ :
South Chamber North
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Emulsion as popular trend device

J-PARC-chan, ‘ii

what's that?

This is
nuclear
emulsion!

soi1sAyd ajonued jo

umep ay} wo.y suoleAsasqo ajonJed jejuawepuny
uoIS|NW 4B3INN

When charged
particles

pass through,
the trajectories
are recorded
as lines.

develop
-ment

10} pasn uaaq sey ‘swji siydesboroyd se
a|diouiad awes ‘1019919p 3jo114ed Jo puly v

This device needs Recently it looked

no electric power through the inside
and has fine of a pyramid by
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Nobel Liquid detector

- Instead of gas phase, liguid phase of the material is used for a radiation
measurement

- Advantage : The density is 1000 times higher.
- The high interaction probability for rare events (neutrinos, dark matter, etc..)

- More electrons per unit length (1000 times more than gas). No amplification
may be necessary.

- Disadvantage
- No avalanche (no amplification) occurs in liquid.

« The density of impurity may be 1000 times more. The long drift length of
electrons with lower impurity is the key to operate this kind of detector.

Boiling | W(eV/ion&e pair)

g (cgﬁ) point
expect measure
Lg. Ar 18 1.41 87 K 23.3 23.6
Lg. Kr 36 2.15 120 K 19.5
Lg. Xe 54 3.52 166 K 15.4 15.6
R
Solid Ar 18 1.62 84 K
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Even neutrinos are seen?
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Time tick (drift direction)

Wire number (beam direction

Pion Production Candidate Pion - Elastic Scattering Candidate

by T. Maruyama




