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Fast and Low light detection in particle physics

- Elementary particles

~hoton, electron, muon, neutrino, and quarks

- How fast

- ¢=3x108m/s = 1/(0.333x108) m/s
= |m/3.33nsec

A photon-detector has the timing resolution of
better than 100 psec (0.1 nsec)

RT A%

- How low

| photon

SARE (A X N30
CE e
o 1]

0
000000000000

#photons



MPPC lecture by Dr. Son CAO

The things is that there are a lot photons reach us evenin a
blinking of LED

E = hf where h = 6.26 X 10™*Js

photon

The Thorlabs 405nm LED has optical power of 6mW, how many photons emitted
in a second ?

3 x 10%[m/
F=S = UIS] g 45 10151 = 7.4 x 10M[Hz]
A 405 x 10~°[m]
Number of photons emitted per second

6 X 1075 [W] x 1[s] B
6.626 X 10-34[Js] X 7.4 x 1014[s-1]

1.2x 101

nphoton —




Photomultiplier Tube (PMT)

An equipment to measure photons
. (P MulTiplier tube)

w72 S5 ™ Lodh )7 v O

LRSS J “HIA |
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BLRILF—YEBEZIEANDHEH - Foray into High Energy Physics Prof. Koshiba with 50 cm PMT

r - Ny = = N B = e
Hamamatsu: No. 1 PMT vendor DEANYFHBR—INIADYFA,
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Eves of Super-Kamiokande

50cm PMT




Detection Principle

« A neutrino detector

 Neutrino interactions occurring and being detected 1n all
volume of the detector

« Features of neutrino detectors

 Large mass and large active volume

- Small background

» Good resolutions in the large volume
* (Resolution for what?)



WCD (Water Cherenkov Detector)

» The large mass and large active volume

- The large mass can be achieved inexpensively by using water.

- The active volume 1s realized by detecting Cherenkov radiation in
transparent water.

- Good acceptance for photons of Cherenkov radiation 1s essential.

» The small background

- Ultra-pure water 1s necessary for
- extremely low radio-active environment
- transparent material with no loss of light (and 1mages).

+ Good resolution 1n a large volume

Good energy resolution
+  Good timing resolution for vertex reconstruction

 Good 1maging resolution for PID and particle counting



How to find Neutrino

How do you
find neutrinos?
It's difficult to
find them
because they

go through
everything...

How to find LA W

| prepare ultrapure water

|
in big tank.
neutrinos
electrons and
nuclei in water
molecules,
so electron

or muon escapes.
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When electrons

and muons

are traveling in water,
Cherenkov radiations
are generated.

| find them by
using light sensors
on the walls

of my tank.
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in a day by using

50,000 tons of water

and 10,000

light sensors.
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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).

10
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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 conditionis v=68c>c/n => [Bn>1

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

O@@%% OO
OD DTH QY %O

: . charged particle
Microscopic view:

Atoms are polarized in the direction oc» cp X EF @Q

of the charged particle moving.
ool oo
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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.

14



Material medium for Cherenkov

Diamond
glass
scintillator
VVater

CO2 gas : :
He gas 3.3x105 = 0.99997

15



|1 detector
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Water transparency

NIM A 737 (2014) 253-272
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" (June 9, 2018)

sAround 400 nm region, absorption
and scattering are measured in the SK
detector with nitrogen & dye lasers.
mRayleigh scattering, Mie scattering,
Absorption are considered
mAbsorption in the long wavelength is

300 325 350 375 400 425 450 475 3500 obtained from R.M.Pope and E.S.Fry,

Wavelength (nm)

= Water purification system

Appl. Opt. 36 (1997) 8710
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https://www-he.scphys.kyoto-u.ac.

NEUTRING!

/nucosmos/en/files/NF-pamph-EN.pdf

o v R e ® == s
Exploration of Particle Physics and Cosmology,with Neutrinos
*'Un'ifi’cati\on and Development of the eutrine Science Fronti

& -

18


https://www-he.scphys.kyoto-u.ac.jp/nucosmos/en/files/NF-pamph-EN.pdf

Cosmic Neutrino

The High Energy Cosmic Neutrinos were first detected in
2012 by lceCube.

The IceCube Detector

South Pole Dome (old station)

Array of 80 sparse and L2 G
1.5km : —— ;{,‘.‘_‘;" _ -

6 dense strings

5160

H | 1 =
L e optical :
JEE | sensors Amundsen-Scott
South Pole station




£

ICECUBE

Astrophysical Neutrinos!

54 events observed with 2016 expected from atmosphere

T~

"Bert” "Ernie” .. Big Bird"
1.04 PeV 1.14 PeV L 3 2 PeV
Aug. 2011 Jan. 2012 ¥  Dec. 2012

—

Declination (degrees)

downgoing

3
10
Deposited EM-Equivalent Energy in Detector (TeV)
20



Sky map of 54 High Energy Starting Events

8

IcCECUBE

ICECUBE PRELIMINARY ___

Galactic

0 TS=2log(L/LO) 13.1

Largely isotropic = extragalatic origin!
21



Chasing the ammonia
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(broadband) A

Neutrinos emi .}e from a Blazar 7
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relativistic jets pointing into our line of sight.




Belle |l
Aerogel Ring Image
Cherenkov Counter
(ARICH)
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More applications
in High Energy experiments



Photo-detector application in High Energy Physics

- Ca

- Popular application of photo-detectors in High Ener
P PP P 9 gy
Physi

cs experiments are

orimeter

- Measure the energy of particles (especially electrons
and photons)

- Trigger and/or TOF (Time-of-flight) counter

- Measure the timing of a particle passing the counter

- Scintillation light detected by a photo-sensor.

26



Scintillator + PI\/IT

Scmtlllator

PR
3,000 Photo-electrons
hv=05MeV é lé =2

20,000 — ‘'Photocathode
Scintillation lights

. Example

. Incident energy of r ray: 0.b MeV
. The number of scintillation lights: 20,000
. Quantum efficiency (+light collection in a crystal): 15%

. Energy resoultion
. ¥/(3000)+3000 = 0.018 (1.8%)

27



Higgs and New Physics in pp collisions

Overall diameter : 15.0 m
Overall length : 216 m
Magnetic field : 4 Tesla

PRESHOWER

RETURN YOKE

SUPERCONDUCTING
MAGNET

/W FORWARD
) \\\\J;' CALORIMETER

MUON CHAMBERS

APD (Avalanch-Photo-Diode)

28



B Physics in ete- collisions

PD (PIN-Photo-Diode)

Belle |l Detector

K, and muon detector:
Resistive Plate Counter (barrel outer layers)

Scintillator + WLSF + MPPC (end-caps, inner 2 barrel
' | —— g 4

\

EM Calorimeter:
[ Calorimetogy !
- 3\\“ \\
(opt.) Pure Csl for end ‘x\\\\\\\\x&}.\“

NN
CslI(Tl), waveform sam ~\~\\\\

dentification
agation counter (barrel)

electron
ing Aerogel RICH (fwd)

(7GeV)
Beryllium beam

2cm diameter ,////%;//

Vertex Detectdf/. / SS | .
2 layers DEPFET + 4 layersi N positron

DSSD N (4GeV)
Central Drift Chamb Upgrade to give optimum

He(50%):C2He(50%), Small cells, long " performance under x20
lever arm, fast electronics " beam background'

20
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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
diode mode photo-diode

Photo-diode Photomultiplire tube

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



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

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
I I:
* AAl
5 Ny
To
absorption fluoresecence
= triplet states
So 1

singlet states

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

7 =}
)
-

Lo
(v

Valence
band

32



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

Waveléhgih: A -
< photon energy hv

33



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.

34



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.

* |t is readout as an electronic signal.

35



LK

Provided by Hamamatsu Photonics K. K.
| |

QE of 20-inch PMT

Quantum Efficiency (QE)

O
N
|
|

Quantum efficiency

-
—
|
|

I I I
300 400 500 600 700
Wave length (nm)

Note: Hyper-K PMT has x2 better QE+Collection eff.
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Organic Scintillator

- Organic Crystal Scintillator: Anthracene (C14H10), etc..

- Plastic Scintil
-Very Flexib

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

ator

e shape: Scintillator plate, Scintillator bar (

-Organic Liquid Scintillator

-KamLAND,

Double Chooz, Daya Bay, NOVA, etc..

: KamLAND experlment N
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Summary

- Applications of photo-detector in particle physics
experiments are introduced.

- Neutrino detectors with PMT
- Cherenkov light detection
- Scintillator with PMT, MPPC, APD and PD

- Calorimeter

- Trigger and TOF counters

- | skip MPPC and Tracking Neutrino detectors that
were covered In the lectures by Dr. Son Cao and
Prof. Jennifer Thomas.
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