Cherenkov radiation

@ 1In 1934, P.A. Cherenkov observe new type of luminescence

irradiating gamma rays into uranyl salt.

)

¢« Originated by charged particle

@ Not to be radiative origin
z

Observed at a certain angle along particle direction




Refractive indices, Cherenkov threshold values

“

Material n-—1 B-Schwelle ~-Schwelle

festes Natrium 3.22 0.24 1.029

Bleisulfit 2.91 0.26 1.034 _ _

Diamant 1.42 0.41 1.10 problematic: region between
Zinksulfid (ZnS(Ag)) 1.37 0.42 1.10 A

Silberchlorid 1.07 0.48 1.14 liquids and gases

Flintglas (SFS1) 0.92 0.52 1.17

Bleifluorid 0.80 0.55 1.20 ]

Clerici-Losung 0.69 0.59 1.24 Aerogel: mixture of

Bleiglas 0.67 0.60 1.25 .

Thalliumformiat-Lésung 0.59 0.63 1.29 m (SiO,) + 2m (H,0)

Szintillator 0.58 0.63 1.29

Plexiglas 0.48 0.66 1.33 - - . : :
Borsilikatgias 0.47 0.68 1.36 light structure with inclusions of air,
Wasser 0.33 0.75 1.52 - :

Aerogel 0.025 - 0.075 0.93-0.976 4.5-2.7 bubbles with diameter < }‘Licht
Pentan (STP) 1.7-1073 0.9983 17.2

CO, (STP) 4.3-107* 0.9996 34.1 — n:averaae from n... Ne:ns. N
Luft (STP) 2.93 - 104 0.9997 41.2 9 ain 17Si022 ©'H20
H, (STP) 1.4-10"4 0.99986 59.8

He (STP) 3.3-10°° 0.99997 123

Tabelle 6.2: Cherenkov-Radiatoren [94, 32, 313]. Der Brechungsindex
fiir Gase bezieht sich auf 0°C und 1atm (STP). Festes Natrium ist
fiir Wellenlangen unterhalb von 2000 A transparent [373, 209].
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Transition radiation (TRD)

Charged particle passes through materials with different dielectric properti
— particle forms dipole with the mirror charge
— dipole changes with time

- radiation

Air (Vacuum) Dielectric medium
Q— e ®

charged part. mirror charge

» radiated energy W proportional to the energy of particle!

1
W=§(xhwpy

- with w_Plasma frequency Energy spectrum for CH foil

2
Nee 16 [
w,= hw,=20eV <k
€ m,
*, 12r

« only important for highly relativistic particles

ro1or

* energy: keV (x-rays)

« B « 1/y : emission in very forward direction

2 4 6 8 10 12 14 16 18 20 22
E,KeV

» probability for photon emission very small -» many transitions (foils with gaps)

 # photons <N> ~ W /hv ~ O (a)=1/137 a fine structure constant

* energy loss due to TRD negligible for single transition

« important for particle ID at high energies, other effects used for PID « 3 (B=1)
Review article: B. Dolgoshein; NIM A 326 (1993) 434

Katharina Muller autumn 14
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PHOTOCATHODE RADIANT SENSITIVITY (mA/W)

Transmission Mode Photocathodes
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Transmission mode photocathodes

Spectral Response
Curve Code | Photocathode Window SL:rTsI:R/l:tsy Spectral reak Wavelength
(S number) Material Material (Typ.) Range | Radiant Sensitivity | Quantum Efficiency
(LA/Im) (hm) | (MA/W) | (hm) | (%) | (nm)
100M Cs-l MgF2 - 115 to0 200 14 140 13 130
200S Cs-Te Quartz o 160 to 320 29 240 14 210
200M Cs-Te MgF2 S 115 to0 320 29 240 14 200
400K Bialkali Borosilicate 95 300 to 650 88 420 27 390
400U Bialkali uv 95 185 to 650 88 420 27 390
400S Bialkali Quartz 95 160 to 650 88 420 27 390
401K High temp. bialkali | Borosilicate 40 300 to 650 51 375 17 375
500K (S-20) Multialkali Borosilicate 150 300 to 850 64 420 20 375
500U Multialkali uv 150 185 to 850 64 420 25 280
500S Multialkali Quartz 150 160 to 850 64 420 25 280
501K (S-25) Multialkali Borosilicate 200 300 to 900 40 600 8 580
502K Multialkali Borosilicate 230 300 to 900 69 420 20 390
(prism)

700K (S-1) Ag-O-Cs Borosilicate 20 400 to 1200| 2.2 800 | 0.36 740

— GaAsP(Cs) — —_ 300 to 720 180 580 40 540

- GaAs(Cs) o — 380 to 890 85 800 14 760

- InP/InGaAsP(Cs) | — — 950 to 1400, 21 1300 | 2.0 |1000to 1300

- InP/InGaAs(Cs) — — 950to 1700 24 1500 | 2.0 |1000to 1550




Compton Scattering

hl/o

1+ (My) (1 —cos0)’

MeC

hv =

9 2(hvg)? cos? ¢
(hvg + mec?)? — (hg)? cos? ¢’

1 0
cot —,

1+ (etr) 2

E = hvy — hv = mec

tan ¢ =

We can also calculate the recoil kinetic energy (T) spectrum of the electron:

4 M 045+ S (s-2) withs=T/E,
dl  mcy' y(1-s5)’ (1-s5) i,

This cross section is strongly peaked around Trnax 18 known as the
T - Compton Edge

max*

max

Kinetic energy distribution
of Compton recoil electrons

Energy [Mev)



Pair Production
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Electromagnetlc shower

& Electromagnetlc calorimeter uses a successive

generation of secondaries - EM shower.

@ High energy photon occurs pair creation
dominantly.

@ High energy electron-positron pair loses its energy
by bremsstrahlung.

15




Radiation Length (Xo)

@ Characteristic amount for energy loss of (high

energy) photon and electron

% mean distance over which a electron loses its

energy as 1/e by bremsstrahlung
A

//9 of the mean free path for pair
production by a photon

16 foot notes



Longitudinal shower development

% Number of secondaries
N =2
@ Average Energy
E(t) = Ey/2"
@ Shower development stops at

E(t) — Fc t=0 i t=1 t=2§ t=3

Radiation Length(Xo)

17 foot notes
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Critical energy (Ec)

Energy at which a electron losses its energy as
same amount by bremsstrahlung and ionization.

Energy at which the ionization loss per Xo is
equal to the electron energy.

Copper g (b) Lead (Z = 82)
X, = 12.86 g cm~2 Y %, ° - experimental Oy
E, = 19.63 MeV

Rossi:
Ionization per X
= electron energy

Cross section (barns/atom)

10 20 50 100 200 | MeV 1GeV 100 GeV
Electron energy (MeV) Photon Energy



Longitudinal shower development

% Number of secondaries
N =2
@ Average Energy
E(t) = Eq/2°
@ Shower development stops at

| |
t=0 | t=1 t=2 | t=3

E(t) = Ec

Radiation Length(Xo)
@ Maximum number of shower particles at which their
energy is critical energy ;

E
Ec = Ey/2'me=  t .. = In(

0
— ) /In2
7o/ 1n

19
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Energy deposit

N (Eg, By, t)dt

EGS4 calculation

30 GeV electron
incident on iron

Eth = 1.5MeV

t = depth in radiation lengths

¢ Energy deposit « total integrated charged track

Qo
o

z
Number crossing plane




Longitudinal shower shape

Energy deposit per cm [%]

Depth [Xo!

o) 10 15 20 25 30
T | T | T |
o ) Energy deposit of electrons as a function of depthina -
/ o 1 GeV block of copper; integrals normalized to same value
>\ [EGS4* calculation]
/ },,,\10 GeV Depth of shower maximum increases |
’ )

logarithmically with energy
tmax < In(Eo/E,)

/\ Neees

Depth [cm]

foot notes

Ec=19.42
t_ max = 5.7 fo
9.0 fo

12.3 fo

15.6 fo
t_max(dE/dx) :
3.4 for
5.7 for
8.0 for
10.3 for




Lateral development of EM

Mainly due to multiple
scattering of low energy
electron.

Moirere Radius (Rm)

21MeV
Ry = E. X0

TA

e 7[g/cm ] a-RIR"‘

o
o
o
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Hadronic Shower

Heavy Nucleus (e.g. U)

Incoming
hadron

—
N J J
N

A
lonization loss - lonization loss

Intranuclear cascade
(Spallation 1022 s) Intranuclear cascade
iner- and (Spallation 1022 s)

/

intranuclear cascade AV
Internuclear cascade

B ( )Nuclear

Fission evaporation

foot notes




Hadronic shower

Longitudinal shower

development: Strong peek Near Are ...
followed by exponential decrease ....

Shower depth:
tmax = 0.2In(E/GeV) + 0.7
: S . LBS = {max + 2-5'\att
. Wml\“" a~ (E/GEV')U.Z{

A1 ~ 35 g/cm* - A3

ay

N(ZE) — N()e_ Al

Example: 300 GeV pion ...

trae = 1.85L95=185+55=~74
[95% within BN\-+; 59% within 11 A

Typical
Longitudinal size: 6 ... 9 Aint

k2
[=
-
P
£
£
S,
S
c
©
o
o]
0
=
>
=

[95% containment]

Longitudinal shower profie for 300 GeV ™ interactions in a block
of uranium measured from the induced Mo radicactivity ...

Typical

Transverse size: one Aint
[95% containment]

A Xo | R=(A/Xo) A Xo | R=(AdXo)
Fe 16.78 1.76 9.54 Scin. | 78.93 | 42.62 1.85
Cu 15.32 1.44 | 10.68 Csl 38.03 1.86 20.44
Pb 17.59 | 0.56 | 31.33 | Pbwo, | 20.28 | 0.89 22.77

24



Comparison hadronic vs EM showers

250 GeV 250 GeV
| photon
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Simulated air showers
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lateral shower width [km] lateral shower width [km]




