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Cherenkov radiation

Fluorescence
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Cherenkov radiation: some history

i

|
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A 1’ The Nobel Prize in Physics 1958

\I7z

i

1888 predicted by O. Heaviside
Deformation of the electromagnetic field
Of d Chargedr mOVing partiCIe "for the discovery and the interpretation of the Cherenkov effect"
1901 predicted by Kelvin

1904 predicted by Sommerfeld

Cherenkov:
1934 experimentally observed

Frank & Tamm
1937 theoretical explanation

1958 Nobel prize

Pavel Alekseyevich II'ja Mikhailovich Frank Igor Yevgenyevich Tamm

Cherenkov

@ 1/3 of the prize @ 1/3 of the prize @ 1/3 of the prize

USSR USSR USSR

P.N. Lebedev Physical Institute University of Moscow; P.N. University of Moscow; P.N.

Moscow, USSR Lebedev Physical Institute Lebedev Physical Institute
Moscow, USSR Moscow, USSR

b. 1904 b. 1908 b. 1895

d. 1980 d. 1960 d. 1971
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Cherenkov radiation: some history

» 1: vessel with liquid
» 2 mirror
» 3: Cherenkov photons towards the photographic plate

——'"—-""-—-’c{)

Typical Apparatus used by Cherenkov to study the angular distribution of Cherenkov photons.
(Incidenty ray produces electrons by compton scattering in the liquid).

P. Cherenkov established that:
® Light Intensity is proportional to the electron path length in the medium.
¢ Light comes only from the ‘fast’ electrons above a velocity threshold, in his Apparatus.
¢ Light emission is prompt and the light is polarized.
* The wavelength spectrum of the light produced is continuous. No special spectral lines.

* The angular distribution of the radiation, its intensity, wavelength spectrum and its dependence on the
refractive index agree with the theory proposed by his colleagues Frank and Tamm.

17/10/2023 Cherenkov radiation and particle identification



Cherenkov radiation

Ap?

dr

< dE> _ KZQZ 1 [11 2m6025272WmaX B 52 _ 5(ﬁ7)]

2n 12/2

Density correction due to polarization of the material
results in an attenuation of the relativistic rise.

Charged particles polarize material
time dependent dipole field - dipole radiation

For v < c/n:

Induced dipoles symmetrically arranged around
particle path -> no net dipole moment

= no Cherenkov radiation

Forv > c/n:

Symmetry is broken since the particle goes faster then
em waves -> non-vanishing dipole moment

— Cherenkov radiation




Cherenkov radiation emission

Particle going faster than the speed of light in the material

!

Emission of Cherenkov radiation speed of light in the material medium:

C
vV =—
OC n
S Cherenkov condition :
&
© C
;QQ vParticle >
Q
S +~ C
3} S ~t
& n ct ct 1
4 particlet nx VparticlelL nx ﬁParticle xct nx [))Particle

Particle propagation

A
\ 4

VParticlet
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Cherenkov radiation angle

Relation between Cherenkov angle and particle velocity in different materials

Liquids, solids Gases

IS 60 = 3 n=1.00131
o) c E
% 50 2.5
CC) L C
% 40 F 2
B2 E g
5 30 = 1.5 F 295
20 E 1 E
10 B 05 F
P 1 1 I 1 1 | Il 1 I 1 1 1 I 1 1 1 -

0 0
0.5 06 07 08 09 1 0.9985 0.999 0.9995 1
velocity 3 velocity 3
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Cherenkov radiation angle
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Cherenkov radiation

Radiation of “Cherenkov” photons with a continuos spectrum
The photons are polarized

First theory by
Tamm and Frank

Energy loss by Cherenkov radiation: —(

to be compared with:

_dE

dx Cherenkov

]

2
4 e

2
C

_[a)da)l—

1 This is already included in the
dE/dx by Bethe & Bloch
2.2 (relativistic rise)

[n

Energy loss by collision in H,:

Energy loss by collision in a gas with large Z:—(
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dE

dx

j ~10~ MeVem’g™
Cherencov

dE

dE

—[—j ~(,] MeVem’g™
X ) colt

) ~(,01 MeVem’g™
Coll

Cherenkov radiation and particle identification



Cherenkov photon density

The number of emitted photons per
unit length can be obtained from the
cross section:

&N 2raz? 1 2Qmraz? | 9
= ] - = sin” f¢
d\dx A2 B32n2()) A2

= Number of emitted photons
decreases with photon wavelength

A
IN For photons of 400 nm < A < 700 nm
= N/L(cm) = 490 sin28.
PN 32 1 il s R
= (1—-—————— ) = -—sin“ b
dEdx ~ he 32n?(N) he

~ const [P e — ———— e —

—> Energy of emitted photons is
uniformly distributed
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Cherenkov detectors

Main components of a Cherenkov detector

e Radiator to produce the Cherenkov photons
* Mirror, lens, etc. to collect/transport the photons
* Photodetector to detect the photons

* The radiator is chosen based on its refractive index E=Xxa mple of rachators

Yth =

Medium n-1 e Photons/m
1/ 1- ﬁth

He (STP) 3510 | 120 3

CO,(STP) | 4.110¢ | 35 40

" 0(10nm) Si0, particles Silica aerogel | 0.025-0.075 | 4.6-27 | 2400-6600

water | 033 | 152 | 21300
Air, sea-water or ice are exploited as radiators in
some astroparticle physics experiments (see next page)

Glass. | 046-075 | 1.37-1.22 | 26100-33100



Cherenkov detectors

Air, sea-water or ice are exploited as radiators in some astroparticle physics experiments

The IceCube

Antares / KM3Net

Statlons on the surface will
gather data from the digital
optical modules, which is then
collected at the IceCube lab
for analysis

1.5 Miles

The IceCube comprise
86 strings, conts
modules. This arrar
scientists to trace the paths of
muons from their trail of ligh
jation as they pass through the

Fluorescence

that the Earth Is constantly
bombarded with

-,

#.c.4 2010
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Cherenkov detectors

Detectors based on Cherenkov radiation are of 3 types

- > radiator (e.g. gas)
* Threshold counters (yes/no Cherenkov radiation)
H : : : @ DAPHRAGH
 Differential counters (measures the Cherenkov angle in a given range) ek «
@%Feﬁ:::‘:_ e e—— r

* Ring imaging counters (reconstruct the image of the Cherenkov ring)

pPPTY Y L LY
pOPPTYT Y ¢

CHERENKOV EFFECT
B =v/c n{water) = 1.33
cos 8= 1/fn

p=1 B = 42 degrees
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Cherenkov detectors: threshold counters

* Separation of particles with the same momentum but different masses

Cherenkov radiation only if § > %

for a given momentum p, since § = % = W = m , Cherenkov radiationonlyifm < pvn —1

s [ — ]
© 250 — B
E “/ n=1.03 - p=10 GeV/c
3) v i
® 200 ]
150 - K p=10 GeV/c - X X X > T
N ] X X » K
100 B x >
B n=1.0014 p
50 i JURPRERTEE VX L LU LI UL OO )
N By _',._'.'...-.-.-._-.‘._.:._._.-.,.q, ,,,,,, -] Aerogel ‘ C4F10 gas CF4 gas
B T4 KT n=1.0005 ] n=1.025 ~ 1.0014 1.0005
1 10 10°
momentum (GeV/c)
* Improved version: use number of photons 1 1 m2
. . . . . N == l - — ] -— e— l + —
(or calibrated pulse) to discriminate particle types. n2ﬁ2 2 p2
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Threshold Cherenkov detectors: examples

BELLE@KEK (1999-2010)
to observe CP violation in B decays at an e+e- collider

n=1.013

n=1.028 Barrel ACC TOF/TSC
60mod.
o Smod ei020 n=1.015 n=1.010
:\\ 240mod. ﬁ40mod. 360mod.
NN N e e oo es ||y n=1030
3" FM-PMT E 228mod.
2.5" FM-PMT ~y
2" FM-PMT -
a Vo
e I |
b) B=1.5 Tesla
3000
Five aerogel tiles 2007 3.5 GeVic p
inside an Al box 2000f
. . . 35GeVic Tt
lined with a white 1500f

reflector(Goretex)

17/10/2023

1000

500

0 200 400 600 800 1000

ADC -

HARP@CERN (2000-2002)
measurement of hadron production on different targets

g
31 m3 filled with -
C4F10 (n=10014) =

b
o

Cherenkov radiation and particle identification

Dipole magnet

FTP and RPCs

y
o

5 GeVbeamparticles

,n+

I B B I
Nnh-
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(Complementing Cherenkov PID : Time-of-Flight)

Distinguishing particles with ToF: Particle 1 : velocity v1, B1; mass ms, energy Es
[particles have same momentum p] Particle2 : velocity vz, B2; mass mz, energy E2
Distance L : distance between ToF counters
Bl A Ej d .
& vy va) c\B1 [ Cherenkov + TOF
i I routinely used for
= o (E1 — Ep) = = (\/])262 + m2ct — \/p202 + m%c‘i) beam monitoring
in fixed-target
2 experiments

Relativistic particles, E ~ pc > mic*:
o, : time resolution of the detector

2.4 2.4
mic masc
At ~ _2 (pc + ) = (pc + ) ~ 5 LRI B
pc 2pc 2pc 5 ——— i+ 50ps ]
Le 3 : o= 100 ps ]
At = — (m? — m2 S 4 : <
2p2 ( 1 2) :E_ - \ = - 0% 150ps] = 40
o [ i \ |
e ! . Li=2m |
(o] l
I = ° S L |
: [ 3GeV/c _T- 10%F 8GeV/c i =
w-10 E L ~55m - : Lﬁ,: L ~55m K‘&ﬁ ,.g [ K / 0
2 I = [ A . S 2 |t S
(0] 2 _p- g_ r \\
(D 102 - S [ )
6 [ L
5 | 1 s
2101t o - \
= E i§f r
I W | O 2 34 5 6
Eo.1ili i I T : : R Momentum (GeV/c)
2 4 6 8 10 12 14 16 3 4 5 6 7 8 9
At (ns) At (ns)
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Cherenkov detectors: differential counters

For a given momentum, cosB is function of the mass

ZD 2
cosOD1 B 1 D\/m P

n n(p/kE) np

radivator NA[‘”\“‘FOF
P Z S -
> Ex\ \ Ze

~=

™ air light guide

Only the light emitted at a
given angle goes to the PM < photomultiplier
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Differential Cherenkov detectors : example

With Solid (quartz) radiator st

" Kp

cylindrical mirror

RADIATOR
1
' ARARCEMINT OF THE
. THREE PHOTOMULTIPLERS
) by

Fig. 2. The differential Cherenkov counter used in the an-
tproton discovery experiment. (al side view: (b) end view.

17/10/2023 Cherenkov radiation and particle identification

» Discovery of anti-proton
in 1955 by Chamberlain,

Segre et. al. at Berkeley.

» Nobel Prize in 1959
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Cherenkov detectors: ring imaging

17/10/2023

Intercept the Cherenkov cone with a plane = ring

Measure both the Cherenkov angle and the number of detected photons

(= better resolution on B than equivalent threshold or differential detectors)

Allows for particle identification over large surfaces

Requires photodetectors with single photon identification capabilities

Cherenkov radiation and particle identification 20



RICH and PID

CHERENKOV EFFECT FrYYI I bt

I- B =v/c n(water) = 1.33
T [B cos 8= 1/fn
‘L p=1 8 = 42 degrees
2
< L re

rr YTy X R

r=_Lxtan@
Example : Incoming particle with p = 1GeV/c, L=1 m, in LiF (n = 1.392):
Oldegl ]| r(m)
T 43.5 0.95 :
K 36.7 0.75 Very good n/K/p seperation
P 9.95 0.18
ijal > Particle ID

Tom Ypsilantis
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RICH: examples

DELPHI@LEP (CERN, 1988-2000)
”a Detector with Lepton, Photon and Hadron Identification”

multi-purpose detector for precision EW measurements in e*e collisions at sqrt(s)=91-200 GeV

— one of the first large-size RICH detectors

Eorward Chamber A Barrel Muon Chambers

Forward RICH Barrel Hadron Calorimeter
Forward EM Calorimeter

Forward Chamber B /g Scintllators particle
) Supercondacting COIL
Forward Hadron Calorimete: \ / High density Projection Chamber
Forward Hodoscope Outer Detector
Forward Muon Chambers Barrel RICH
B -
Surround Muon Chamber: | Small Angle Tile Calorimeter Cherenkoy
— oo light .
=y ! mirror
; . = Quadrupole \
N~ ~ : hoto
- I} Very Small Angle Tagger p i
‘ -‘ electrons C,E, gas radiator

i / 7~ ﬁ photon
7’”’

Vertex Detector

Inner Detector

Time Projection Chamber

/

-

kovy

C - Fi i liquid radiator

* 2 radiators:
C.F,, gas, n=1.241
CFy, liquid, n=1.2834
288 parabolic mirrors
* photodetector: gas+ TMAE+MWPCs

17/10/2023 Cherenkov radiation and particle identification

- 1t/K/p separation over a large
momentum range: 0.7-45 GeV/c

DELPHI particle ID

Monte Carlo

-
T

dE/dx

(7]
T

dEdx/dEdx(mip)
N
SR

-
T

& &
L]

liquid RICH

223

le [rad)

: 8

— e
-gas RICH
3 N K p

9

Cerenkov an
o 8 §

-
o,
-
-
-
o




RICH: examples

LHCb@LHC (CERN) * 2 RICH detectors to cover different
|dentify charged hadrons (r,K) in B (and D) meson decays momentum and polar angle ranges
* 2 radiators in each RICH (Aerogel+C4H,,/CF,)

Rl(il-lspi o hi‘l * Photodetectors: HPDs (see next slide)

ECAL

Photo
detectors

Al

n s

00 Y-
)\_\‘\/____

Aeroge| mirror

Beam

Track

Cherenkov Angle (rads)

10* 10° 1
Momentum (MeV/c)
17/10/2023 Cherenkov radiation and particle identification 23



RICH: examples

LHCb@LHC (CERN)

Hybrid Photon Detectors (HPDs)

Photoelectric effect +

focusing of photoelectrons to Si sensors

— Accurate measurement of space and
time of photons

— Short flight path of PEs: reduced
sensitivity to magnetic field

- Can detect single photons

LHCb RICH Event
[December 2009]

T —

17/10/2023

~10 cm

Si pixel array
(1024 elements)

Ceramic carrier
/ \\/I VACUUM '
/ RN ;f'_'\\ .\
/ 7/ ™ Photocathode I 7
/2 ~~_(~20kV)
ll ll‘ \‘--.___..V_ o
N, A sl
[ Photoelectrons t:_‘_:x:‘_:::_
1N \ \ " Electrodes |
1 7\
ll \ '___,-' ’ \
.'. X |III -
Photon \ \ 7 I

8 VWY \ \

a
[

N\ N\ Solder i
\N [ bum -
o dp Binary
\‘ onas electronics
chip
Optical input
window

Cherenkov radiation and particle identification
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RICH: examples

AMS Ring Imaging CHerenkov (RICH)

Measurement of Nuclear Charge (Z2) and its Velocity to 1/1000

* 2 radiators:
16 tiles of NaF tiles, n=1.33
92 tiles of Aerogel, n=1.05
* 470mm expansion volume + mirrors

& st
Jraaaa==cocc RN
L ) yd = > v S| A A A |
7 P | = Y N9 77 ) W e . . ’
e el (Alj‘ R ::’:::iﬁ photosensors RICH velocity resolution RICH charge resolution
jiss munza.. | = ::E,_ o LR . . ‘ 0,0010 - 08
. W = o ST W o s SETTITITINY o : '
‘ .~ P=9.148TeV/c ‘,’,"”,M,‘,g“ multi-channel PMTs SEERaas 77 1 00009 F Q ISS Data
\:“ ] \: fa g | %‘ 0,0008 - ® 0,6 B Aerogel radiator
\:r't%\: =" 2 ¥ \\ﬁ /‘:——1 ) 0,0007 E & a [ ]
T HEEE ] 0,0006 - ® 04 B
! ~ =z ) o ! o
1x X [ J
B =] 0,0005 * °° o o, e0o0®
0,0004 1 1 1 T 02 | 5 i
0 2 4 6 8 10 12 14 2 a 6 8 10 12 14
Charge () Charge (2)
25
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Multi-Anode PMTs

= Multianode photomultipliers are a marvel of
miniaturization — up to 64 pixels in a single
tube, each with size ~ 2x2 mm?

= Dynode structure formed from a stack of
perforated metal foils

= Signal width dominated by fluctuations in the
charge multiplication of the first dynodes

3000 — -
4 Notse pixel 08
t
2500 | /
/:':ul:l:uu=N D D 2000"
AR e = - photow
T CCE A G . m 1500 b
695555 ‘
g‘nnnﬁ{‘g J/(" i \W«sﬂwﬁm
I b o o o b o A 1000 - A
ANUUULUAARUNY _ %
wrlvlv)vlvivi=)>] - .
: I L™
— J ‘ “‘“"“"
“ “ O b s )

> 0 200 400 600 800 1000
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Cherenkov PID in neutrino experiments

Neutrinos:

3 flavours (ve,v,V4)

3 mass eigenstates (v,v,,Vs)

Observation of neutrino oscillations
—> flavour eigenstates are superposition of mass eigenstates

- neutrinos have mass

17/10/2023

Probability

Oscillation probabilities for an initial muon neutrino

S a
Q

2000 3000 4000
L/E (km /GeV)

Neutrino experiments need to identify
the flavour of the neutrino == flavour of

the lepton produced in CC interactions

Cherenkov radiation and particle identification

The Nobel Prize for
Physics 2015

Arthur B. McDonald
Sudbury Neutrino Observatory
Collaboration

University of Tokyo, Japan Queen’s University, Canada

Takaaki Kajita
Super Kamiokande
Collaboration

« For the discovery of neutrino
oscillations, which shows that
neutrinos have mass. »
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Cherenkov PID in neutrino experiments

17/10/2023

Identification of particles
produced in neutrino
interactions:

Based on the characteristics
of the Cherenkov cone

Particle ID in a Cerenkov Detector:

From side Ring
2®00g
short track, « :.- 0...
no multiple e °
scattering S, 5
"o....
'.:o. ..
@ ® ©
electrons: e ° ® e
short track, « b ° : °
mult. scat., S e ° o
@,
brems. iy
002290
muons: ..‘..::.::..0..
long track, s ==- .‘.3 °S
slows down 28, %42 .'.:
oLleg o .’..
®voe®
L]
e _ooe®
o ... ®

neutral pions:
2 electron-like
tracks

Cherenkov radiation and particle identification

Sharp
Ring

Fuzzy
Ring

Sharp Outer
Ring with
Fuzzy

Inner
Region

Two
Fuzzy
Rings
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Example: SuperKamiokaNDE

Super-Kamiokande
Gifu Prefecture, Japan

Kamioka mine, Japan
~1000 m under Mount lkeno

50.000 t H,0
11000 PMT’s

_;_-__________,__,___,_h )

29
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xample: SuperKamiokaNDE

v,+p—=u +n (CO) v,+p—=e +n (CC)

neG RO 0603 MeV muon

=m e s e UON

ELECTROHN
HEUTRINO

e mmmmn electron
shower




Example: SuperKamiokaNDE

Super-Kamiokande

Run 4234 Event 367257
97-06-16:23:32:58

Inner: 1904 hits, 5173 pE
outer: 5 hits, 6 pE {(in—time)
Trigger ID: 0x07

D wall: 885.0 cm

FC mu—like, p = 766.0 MeV/c

Resid{ns)

2 > 137
- 120- 137
. -7 0
« -34- -17
« -51- -34
+ =-68- -51
+ -85- -68
* =102= =85
- <-102

T

Ty

T

500

1000

1500

Times (ns)

2000

Super-Kamiokande

Run 4268 Event 7899421
97-06-23:03:15:57
Irner: 2652 hits, 5741 pE

outer: 3 hits, 2 pE {in—time)

Trigger ID:

D wall: S506.0 cm

FC e—like,

0x07

p =

Resid{(ns)

. > 137
« 120-

. -7 0
+ -34- -17
+ -51- -34
+ -68- -51
+ -85- -68
+ -102- -85
. <-102

621.3 Mev/Sc

44

444,

+4:

+3

Termsi:

224
533333 3

838,53

[~ e-like

L L

Ty

500

1000

1500

Times (ns)

2000




Example: SuperKamiokaNDE

Cosmic ray
cosO=1

i 20 km

A

Atmosperic
neutrinos

0.000 t de H,0
11000 PMT’s

| 13000 km

Cosmic ray
cosO =-1

Electron like Muon like
o g events £350 events |PC
20 F 2300 \
00 E | EZSO

. s
80 ‘:_ | e + & 200 ++
60 #* + s 2150 £ Py g 2
g ¥ e E 3 !
40 %Q— 2 100 = i
Results e s0
" Popeipeq gt gup BLG8G e sauqiy = g il gt g e g guryy

o -1 -()I.S 1 0.5 1 . -1 D.S 0 0.5 1

0
cosO cosO

oscillation v —> v,
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Example: Sudbury Neutrino Observatory (SNO)

2 km to surface

17.8m dia. PMT Support Structure
9456 20-cm dia. PMTs
56% coverage

12.01m dia. acrylic vessel
1700 tonnes of inner shielding H,O

5300 tonnes of outer shielding H,O
Nucl. Inst. Meth. A449, 127 (2000)
17/10/2023
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Example: SNO

VeDd—> plUpl e

- Measurement of v, energy spectrum

- Weak directionality

v Ud 5> plinlly
X

- Measure total 8B v flux from the sun

o GV TGV TGV,

- Low Statistics
* o(ve) ® 6 o(vy)) = 6 5(v,)
- Strong directionality

Charged-Current

Ve /
® \Cierenkov electron

neutrino deuteron \ ®®
protons

Neutral-Current

@
/ neutrino
VX
. ®
neutron

neutrino deuteron \®

proton
Elastic Scattering
. @
'X /
Py ° Cherenkov electron
neutrino electron\* ®

neutrino

gamma rays which are emitted when the
neutron is finally captured by another
nucleus. The gamma rays will scatter
electrons which produce detectable light via
the Cherenkov process



Example: SNO

Solar neutrinos

Detector

—

1000 t D,0
9500 PMT’s

5.1°1.0x10%cm?s

GALLEX
/GNO

Kamio
kande

Super-K SNO CC

6
5973% 5589

6.4°17%

Ga
- op == 'Be pep CNO = °B N Hep

17/10/2023 Cherenkov radiation and particle identification
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Cherenkov detectors for astroparticle physis

Detection of very high energy neutrinos in sea water / ice
KM3Net / IceCube

UGNES
DE CAPIEURS ) The IceCube

KM3NeT

gather data from the

1.5 Miles

Statlons on the surface

gemen

that the Ez
bombarded with

),

17/10/2023 Cherenkov radiation and particle identification

tall

ows
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Cherenkov detectors for astroparticle physis

Detection of very high energy neutrinos in sea water / ice
KM3Net / IceCube

KM3NeT

6210 Digital Optical Modules (DOMs)
43 cm diameter, contains 31 3-inch (7.6 cm)
PMTs with supporting electronics, and is

connected to shore via a high-bandwidth
vy optical network

see some neutrino interactions here...

37
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https://www.youtube.com/watch?v=59TKD_rPBsk&list=PLL9OR_-tW5qMNPnJZiewN2psT5G2KVHMb&index=2

Cherenkov detectors for astroparticle physis

track cascade

IceCube

L4 : t : | ° ﬂ; e '
\\;{‘\.g: é | 2
e 3§ it el l -

.§ o

VH+N - M+X

KM3NeT g KM3NeT
(ARCA) . . 3000rs (ARCA) : T 1200rs
i L Q: L 2700rs LR y ; 2 ",:. % sl
Y . i C %o, A‘OQ hd @ .0.,
e e 2400rs R Y4 ROy ) ?‘ba“o’ ) © 960ns
- o 0999 PRE ¢ ¢ ‘,‘ — k : d
” .3~ 2100ns " 5 G T :ﬂ > . ——
: o . L .0 -
ke N e : %4 A+
-9 . 1800rs g s g ~ivew ¥ 72008
Gl - : . ‘o @8 AARERE e A s 8 A5A R R
; o o, "9 .
. A S PN AN 2 1500ns e A i 600rs
v e 3. e i J-“‘U p 2 & e : .
e 3 PRy { "B ' s : » Eles
: R oo\ 1200rs . - ‘ 10058
f « 0%y, e : x
4 . o} :
u e S o\e 900rs 3 G v . 350,

“Track™ - - - “Cascade”
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Cherenkov radiation and detectors: summary

* Charged particles travelling through a medium at a speed larger than that of light in the medium
produce Cherenkov radiation

. H H 1
* Light emission at angle cos 8, = npB

* Used for particle identification in different types of detectors
* Threshold
» Differential
* Ring Imaging (RICH)

* Combined with Time-of-Flight, dE/dx (+ calorimetry etc.) for particle identification over wide
momentum range

* Development of different types of photosensors



Exercises

Exercise 1

Compare the number of Cherenkov photons expected from a 2 MeV electron interacting in water to
the number of scintillation photons expected from the same energy electron interacting in Nal(Tl).

Exercise 2

We want build a huge detector filled with water to
detect the Cherenkov light from charged particles.
Should we wuse ”"UV-transmitting glass” glass or
”Borosilicate glass” for the PMT photocatodes?

The photon density per unit length can be expressed as

dN ,,fdA
— 0277 asin’d [ with 277%a (14,584x10”
dx 3 A

The refractive index of water is 1.33.

TRANSMITTANCE (%)

100

/ / / /
/ a4 /
e /
UVv-
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GLASS
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2 & GLASS
e —— 5
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200 240 300 400 500
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Exercises

Exercise 3 (exam 2020-2021)

A 500 MeV electron interacts in the water (n=1.3) of the SuperKamiokande experiment at a distance
of 5 m from the detector wall. The number of Cherenkov photons it produces per unit path (in nm)
and wavelength (in nm) is

d2N
dx dA

_ 20 1
= 21 a sin“f¢c 3
where a is the fine structure constant (~7.3x103).

The range of 500 MeV electrons in water is about 1m.

* Compute:
* the radius of the Cherenkov ring on the detector wall (neglect deformations, i.e. assume the
wall to be flat and perpendicular to the electron trajectory);
* the number of detected photons, if the PMTs detect photons of wavelengths between 300
and 500 nm with an average Quantum Efficiency of 20% and provide 40% geometrical
coverage.



Exercises

Exercise 4 (exam 2020-2021)

The figure on the right shows the Cherenkov
angle as a function of momentum for different
kinds of particles in media with different
refraction indices: Aerogel (n=1.03), C,F,, gas
(n=1.0014) and CF, gas (n=1.0005).

Which combination of these radiators would
you choose to discriminate pions from kaons in
a particle beam with a momentum of 5 GeV/c?
Explain.
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(Appendix: Change of variable in a PDF)

* Probability density function (PDF) of the variable x, P(x).

* How to compute the PDF of a new variable y, if we know the dependence y(x)?

Examples:

1) zenith angle distribution of cosmic rays

dvd

dN
—  (cosV)?

dN
dN dNdx gy P(())

dy dxdy |dy| Ul
‘dx N
dN  dN d¥ (cosﬁ)z_ x?

dcosd  dddcosd Isind9| 1 —x2

2) uniform distribution in a cylindrical volume

dN . dN
— = with dV=h2nrdr=hnd(r?) so —=C
av dar
dN a(r?)| _
but E Tar 1 =C | =2Cr
d(r?)
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(Appendix: Change of variable in a PDF)

Cherenkov radiation photon spectra:

dN ¢
22

. hc dE hc
change variable to £ = ~ O
dN v L 1
= _ 2 d\ <« — dE
dE - |d_E — h_C = constant 72
dAl A2

dE, aE, B
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