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Two basic reasons why to detect particles or radiation:

v

N

research

-

Applied and fundamental

-

Th. Patzak, Lecture: « Introduction to particle and radiation interaction with matter » Conference NDIP 2011, Lyon

4/85



Th. Patzak, Lecture: « Introduction to particle and radiation interaction with matter » Conference NDIP 2011, Lyon 5/85



Basic quantities:

he = 197, 326960Mev fm

2 - ;
Fine structure constant: | o = &b = 1/137,03599976
aTTEY Nc
72 ’ 2 ’ ~ - cvave E 15
Classical electron radius: r. = 46._(‘? 1 5 = (\ s 5> = 2. 817940285 x 10~ 15m
TNE0OM.C™ MeC™
- ‘ AT 9 9 ‘ 9 Y8 T 9
Energy loss: K =47 Nrim,c* = 4Cm.c* = 0,307MeV.cm?. g™
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More on orders of magnitude:
-4

Basic units used in particle physics to describe detectors:

* Photon absorption coefficient n

* Radiation length

 Nuclear interaction length A,

Xy

Material Xo (g/em?) M (g/em?) (cm)
(cm)
H 6128 (866) 508 (715.5)
C 427  (18.8) 1863  (38.1)
Scintillator |43.7 (42.4) 1819 (79.3)
Fe 13.84 (1.76) [ 1319 (16.7)
Xe 848  (2.87)]169.  (29.1)
Pb 637 (0.56) | 194.  (17.1

: I=1 et
: E=E X0

0 e'X/ Al

( 1 barn = 1022 m?)
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Energy loss of particles (1):
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e
Energy loss of particles (2): Neutral particles

|
.

neutrons

Electro-weak interaction:

Vi+e e +vV,
vi +N=2>1+X

Slowing down (moderation) by:

* Elastic Scattering
* Inelastic Scattering

-> Nuclear Absorption
-> Nuclear Reactions (fission)
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Scattering and Cross Section

, Average number of scattered particles into d€2 per unit time:

N - N.

incident

X A

target

x N

target

x dx x do/dQ2

scattered

Nipcigent = Flux of incident particles / unit area / unit time
A = Target area

Niurger = Density of scattering centers

dx = Thickness of the material parallel to the beam

> UNIT AREA do/dQ = Differential cross section

target

Lots of numbers from the experimental setup, the physics is in do/d€2 !
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Example: Coulomb Scattering (Rutherford)

Scattered particle

do b db

\// d$) - sin @ | dé

b = impact parameter

/ \ 0 = scattering angle
A

Relation between scattering angle, impact parameter and shortest approach:

tg( g ) - % ,a, = shortest distance of approach, b = impact parameter

b=&cot Q and @=a_0x;
2 2 do 4 ) 2(9)
S1n 5

9 2
do b ‘ db| a, witha, = kZ_I?e k= %ﬂg ,Z,,Z, = atomic numbers of beam and target
0

dQ  sin6|do| | 16Sin4(g)
2
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Application:

We have a beam of protons with an energy of 22 MeV and an intensity of 200 nA on a thin gold foil target
with a thickness e = 100 ug / cm?.

Question: How many protons are detected in a detector with a surface S = 0.2 cm? at a distance, R = 10 cm
and an angle 0 = 10°?

1 200x107° A

=1.25x10" particles/sec

Number of detected particles = Ny, =N, XN, X Q2X o(6)

mn

N  Novogarao % Thickness _6x 10% (nucl/mol) x 100 x 10™°(g/cm?)
‘U atomic mass 197(g/mol)
_i _ 0.2 cm?
R 100 cm®
2 | k2.7.e* ke?
o(0) = % o\ = o 1Ez€ using hi =1/137 and hc = 200 MeV fm
16sin4() 16sin4() ¢
2 2
102 100 x 107 2 02cem?  [ke? 1 ’ 1
N, =1.25x10" particles/sec x 0 x 107 (nuct/mol) x 100 x 10" (g /cm’) 2 sz X | x e x — L
197(g/mol) 100 cm hc 22 MeV .40
16sin™| —
2
t 3x10" 1 1x79 T
N, =125x10? 220 22X o x107 l— x 200 x 10" MeV cm? x "—9] x 10°
sec cm 137 22 MeV

N, =2 x10’protons/sec.
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Energy loss of heavy particles by ionization

A heavy particle, M, looses its energy in matter in a continues
way by transferring it on electrons.

Dependent on the distance of
the interaction, the energy
loss is more or less
important.

Distant collisions

Maximum energy transfer:

Probability of the collision

] T ; -
| | Close collisions
1072 '
| |
s l |
10%— | | —
‘ |
[
IO'er-_~ l ! —
t
Excitations IIom‘zations due |
-8 due to distant to distant collisions !
10 °r— collisions I | —
! | Ey
s ol e TS 8
v g [ |
| 4 ! 1 1 { !
0001 oot ! Y | 10 100
Minimum ionization energy Energy transfer (keV)
2A702.4 4.2
mar — 9D A2 ~ A/
m, + M* + 2ymeM
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{\v Bethe-Bloch equation:

dE _ . ,Z 1 [L 2Mec? 327 % Tmax

2
_ﬂ_ >

dx A2 |2 12

Z  Atomic number of absorber

A Atomic mass of absorber g mol™!
K/A 4nNar2mec? /A 0.307075 MeV g~ cm?
for A=1gmol™!
I Mean excitation energy eV (Nota bene!)

d(F~) Density effect correction to ionization energy loss

Imec? 322
1+ 2yme /M + (me/M)?

Tmax —
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— dE/dx (MeV g’lcmz)
w

T T I 1T TT I LI IlllIIIIIIllllllll'"lll"lll"

1 1 lIlIllll

0.1 1.0 10 100 1000 10000
By = p/Mc
Ll llllllI | - lllllll | - lllllll L lllllll | - lllllll
0.1 1.0 10 100 1000
Muon momentum (GeV/c)
1 1 Illllll 1 11 lIlIII 1 1 lllIIII 1 1 IIlIIII 1 11 IIIlll
0.1 1.0 10 100 1000
Pion momentum (GeV/c)
I 11 IIlIllI 11 IIlllll L1 lllllll L1 lllllII | N
0.1 1.0 10 100 1000 10000

Proton momentum (GeV/c)
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T

1wt on Cu

o0
; Ny Bethe-Bloch Radiative ]
= L/ Anderson- -
= ——é o Ziegler |
o - T = _
EE
210 =5 & _
N Radiative -
- Minimum  effects ]
= r S o a T
g “Nuclear ionization reach 1% 2
© | losses == T
I | Without &
1 I I I I , I I
0.001 0.01 1 10 100 1000 104 10° 106
By
| | | | | | |
0.1 1 100, 1 10 100, 1 10 100 |
[MeV/c] [GeV/(] [TeV/c]

Muon momentum
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Particle range:

50000 T =
20000 | d 1 Example: K" with p, =700MeV /c
10000 = 3 m,=494MeV
5000 F ]
~ 2000 | ] By = P _ 700 ~1.42
z 1000 E mec 494
o sop o .
T 0] 1 ForPb:R/M =396gcm™~>GeV ™'
f li’g 3 2 = R=39gcmGeV "' x0,494GeV =196gcm™
S af ] Ppy = 11,35gcm™
10 = ; =
5 F = = R=196gcm™ +11,35gcm™ =17cm
0.1 2 5 1.0 2 5 10.0 2 5 100.0

By = p/Mc
1 1 1 | I | 1 1 1 | I | 1 1 L1 11 lII
002 005 0.1 02 05 1.0 20 50 10.0
Muon momentum (GeV/c)

0.02 005 (0.1 02 05 1.0 20 50 10.0
Pion momentum (GeV/c)

I 1 lIllllll 1 llllllll 1 1 1 1 111

01 02 05 1.0 20 50 10.0 200 500
Proton momentum (GeV/¢)

Th. Patzak, Lecture: « Introduction to particle and radiation interaction with matter » Conference NDIP 2011, Lyon 18/85



Bragg curve:

dE/dx (keVicm)

v

| B B B . A A -

0.1 1 10 ' ) )
Momentum (GeVic) Distance of Penetration

8 lll.l i i A
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Photon & Proton Depth Doses

Thérapie avec les protons e

50 4

Relative Dose (%)

25

0 5 10 15 20 p.2)
Depthin Water (cm)

5 ﬁ* o
VARTAN ;

NSHW




Cancer

Protons/lons

Avantages des protons:

Tissu inutilement irradié *Lourdes = moins de dispersion = mieux focalisés

*dE/dx = peak de Bragg ->depo6t d’énergie concentré

Pour photons X et y: I= I e**




Fluctuations in the energy loss:

Absorber

Thick Absorber:

Large number of collisions

N Gauss

Thin Absorber:

Small number of collisions

& D Landau Distribution

A/x (MeV g em?)

0.50 1.00 1.50 2.00 2.50
| T T T T I T T T T | T T T T I T T T T |
Lo AN 500 MeV pion in silicon
/— I i 640 um (149 mg:"cmz) i
0.8+ i |: —-—-— 320 um (74.7 mg."cmz) _
L P .,' ———- 160 um (37.4 lng."dnz) 1
= i : |.' s 80 um (18.7 mglem?)
S06[ / . -
&~ Fo |:<.—— W,
- ol
0.4 . I .
- S N\ Mean energy T
].1—20 U—G n IE™s; n +2G [ | | Ap/x N \ loss rate i
0.2+ o N -
- / e "-’_“s i
- .". "’ \ -
0.0 1|J||1||.«'|/|1||1|‘1|[||1|[||1|l||1|l|11|l?m—|‘ﬁ7
100 200 300 400 500 600
A/x (eV/um)
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Energy loss of Electrons and Positrons

1. Energy loss by ionization like heavy particles:

Dominant at energies < 20 MeV

Bethe-Bloch Equation for electrons:

I = Ionization potential

Th. Patzak, Lecture: « Introduction to particle and radiation interaction with matter » Conference NDIP 2011, Lyon 24/85



Energy loss of Electrons and Positrons

2. Energy loss by radiation (Bremsstrahlung): For E > 20 MeV

Classical interpretation::
Radiation from the acceleration of an electron or positron in the field of the nucleus.

m c? Zrez - Mc2 By |
Mc*B) k k

Nucleus

(charge ze) With k = Energy of the radiation (photons)
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Energy loss of Electrons and Positrons

e For a muon (M = 106 MeV) o, ., 1s 40000 times smaller than for an electron!

* For a proton Oy, is roughly 4 million times smaller!!!

103
s |
o
E rd
o - 7 Bremss wng lass
x 10| . A Sremsstrahlung la
G | . A
n et Order, Energy foss by Bfemsstl‘ahlung is " 3 ‘e- . .{;-:l:' f{’; e —- :-.'-"‘-1.:-I.Z.Z.T..’.T.t.:. T 5T
only relevant for electrons ey = %
Collision 10ss -
lo-.lu - 2 fo sy 3 = Ll " :Js
10 10! 10 10

Energy MeV]
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Energy loss of Electrons and Positrons

200 ———— . —— TN T T T T T T T T
B I l 3 \ —0.20
[ Copper = Esitrons Lead (Z=82) 1
L Xp=12.86gcm2 5 ~ _
100 E.=19.63 MeV 1 o Electrons |
= ot —0.15 —
é 70 g Bremsstrahlung i “ZO
3 Rossi: Iy i
< S0 E Ionization per X EE ' =
X 40 =electron energy — 010
5 30F ' 05 1
T C _
20 —0.05
Brems = ionization 1 /Positron -
. annihilation .
10 1 1 1 11 11 I 0 - - —_— IlO 100 lmo
2 5 10 20 50 100 200 1 E (MeV)
Electron energy (MeV)
-2
716.4gcm™ A

’ . X
Dahl’s formula: 0 Z(Z DInC87/ ﬁ)
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- Electron energy: 10 MeV
-Target: 1 mm Ta (or 3 cm graphite)
- Average y-ray energy: 1.7 MeV

Gamma beam spectrum
0.04

0.035 A

0.03 1

0.025 -

0.02 +

0.015

Intensity (#gamma/e)

0.01 1

0.005 -

U‘ T T
0 2 4 2] g 10

Garmimna ray energy (MeV)
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Critical Energy:

Above E_ radiation loss will dominate over collision losses

610MeV
Z + 1,24

Liquids & solids €,

710MeV
Z 4+ 0,92

Gases €c
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Range of Electrons

Multiple scattering in matter: n

The range is very different from the dE/dx by Bethe-Bloch

Differences from 20% to 400%

More fluctuations in dE/dx than for heavy particles:

mmm=d> | Energy transfer in each collision is bigger
mmm) 2. Bremsstrahlung

Some empirical formulas to calculate the range of electrons::

Sternheimer relation:

R.(T) =(0.486 g cm?) T" Example: Electron with T = 100 KeV in a TPC

. With He at 77 K and 5 bars:
withn =1.265 - 0.954 IH(T) R(T) — (0.486 g cm2/ 3’124 x 103 g Cm'3) T(1.265 - 0,0954 1n(0,1))

T en MeV R(0.1MeV) =5 cm
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Range of Electrons

B Avec: A=537x10* g cm? KeV-!

R(T)=AxE|l-—— B =0.9815

1 + CT C =3.1230x103 KeV-!
(Valid for small and medium Z)) 300 eV < T <20 MeV
o e i il e o R T i Blum, Rolandi:Particle Detection with Drift Chambers
‘ / ! Springer Verlag, 1993
2 1
39 ." =
<5} g

G / ;
L 3
S /a’ ]
/
"y .
* "i
|
E (keV)
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Multiple scattering through small angles

*Charged particles traversing a medium are deflected by many small angle scatters.
Scattering is mostly due to Coulomb scattering from nuclei. (for hadrons strong interaction also contributes)
e Angular distribution described by Moliere theory and is in first approximation Gaussian.

*For large angles = Rutherford scattering (larger tails than the Gaussian distribution).

Gaussian approximation:
1

H _Hrms Hrms 4—/\’/2%»‘

e X E

plane space
A2 —

\\\\i IIIplane f |
ST———_ ¥ Yplane
plane 7 —— * \
* eplzme

A

13.6McV
; "L X (140.038In{x/X,})
CX P

P, Pc, z are momentum, velocity and charge of the incoming particle

0, =
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Interactions of Photons

Electric charge = 0 inmmm=lp No Coulomb scattering with electrons of matter

eDeeper penetration in matter (smaller cross section)

n *A beam of photons traversing a slab of matter is attenuated in intensity, NOT in energy!

*Beam photons which passed through did NOT undergo an interaction.

o[f they had an interaction, they change energy.

hv b
v —
I -  [(X) =1, exp(-px)
0
X - . With: I, = Intensity of the beam
hv u = photon absorption coefficient

x = path length
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Interactions of Photons

Three dominant Interactions:
1. Photoelectric effect: absorption of the photon, ejection of the electron

E =hv-E

binding

(electron)

ror » EXPERIMENT

: _

ENVARESS g | s T

B 1o [ 8T\ [ mec” 2 L o s YOS

o= W22 | =3 ) | T -/ N
0 JARR T

Einstein: Prix Nobel 1921 pour P’explication de I’effet photoélectrique
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Interactions of Photons

2. Compton Scattering: elastic scattering on a free electron

electron

hv ’

hv =
I+ y(1-cosB)

y(1 —cos0)
I+ y(1-cosB)

T=hv-hv =hv

0
cotp = (1+ )/)tang,y =hvimc’

Energy distribution of Compton recoil electrons:

— hv = 0.5 MeV

i Compton edge
.._>‘-‘._
D
(et
QL
<
3]
=L
= hv 4 1.0Mev
@
o |
hv = 1.5 MeV
l_\
n 1 1 s 1 " n 1 L 1 1 A L ]
O 05 1 1.5

Electron Energy [MeV]

max E n i
P+ 2y
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Compton scattering:

Angular distribution of the scattered photon

140¢

13p* 120* 110~ 1007 -90"  Bo*  70*

v
-
2

-

’: i‘ ﬁ""?ﬂhom:;..' - "“_!' :w

20°

s

e

1A
R
&

\

At
XL/
Rt
il
QT
'

7, 3.8
heavw. B

140*

T u0e

i2¢* 110*

100 90 @ 720* 600

Fig. 23 Ths number of photons scattered jnto unit solid nogle d(e) /00, at 8 mein
scattaring angls 9, Eq. (2.8). [Emp Damm und Evane (D12).} ¥,

o = hv, / myc?, myc?> =0,511 MeV

a large n Photons scattered in forward direction
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Interactions of Photons

3. Pair Production: absorption of the photon and creation of a pair electron - positron

Creation in the field of the electron —} 4

By oo = 2m.c2 = 1,022 MeV

At high energies (EY>>137meczz'” 3) the pair production cross section is almost constant

f(z) = correction a | "approximation de Born pour

O . =4720r 2[7/9 {ln(1837Z-V3)-AZ) ' -1/54 L ’interaction coulombienne d *électron dans
paire € [ { ( ) f( )} ] le champ électrique du noyau
7( A :
O=—|—— For E > 1 GeV and high Z
9| X, N,
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Cross Sections for Photon Interactions:

AL I I I I I I I I

(a) Carbon (Z=6)
I Mb [ ° o —experimental G, —

1 kb

Cross section (barns/atom)

—
o

10 mb

S e (b) Lead (Z=82) m
52 » —experimental ¢
IMb= gY %y “ 7]

1 kb

Cross section (barns/atom)

—
o

10 mb
10 eV 1 keV 1 MeV 1 GeV 100 GeV

Photon Energy

o,.. = effet photo-€lectrique atomique
( absorption du photon, émission d "un électron)

Oconerent = diffusion cohérente
(diffusion Rayleigh - ni ionisation, ni excitation
d ’atome tout les électrons d ’atome en
contribution les photons ne perdent pas d ’énergie)
Oinconerent = diffusion incohérente
(diffusion Compton sur un électron)
O, =  absorption nucléaire
K, = production paire dans champ nucléaire
K, = production paire dans champ électronique
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Interactions of Photons

Photon mass attenuation length (mean free flight path)

100

10

0.1

0.01

0.001

Absorption length» (g/cm 2)

10_ 1 IIIIIIlI | IlIIIII| 1 IIIIIII| 1 IIIIIII| 1 lIIIIII| 1 lIIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIIII L1 1

10 eV 100 eV 1 keV 10 keV 100 keV 1 MeV  10MeV 100MeV 1GeV  10GeV 100 GeV
Photon energy

1 : : : :
A= T where u/ p is the mass attenuation coefficient, p = density
u/p
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Comparaison entre les différents processus d’interaction des photons

Crosssection (harns/atom)

1b—

10 mb |-

1 LIb

(Cross saction (barns/atom)

1b—

10 mb
10 &V

o

. ©Compton o, TN -
Fo e
I | J\t by FOER]
1 keV 1=V 1G=eV
Photon En=1gy

I I T T

(a) Carbon (Z=6)
o —experimental Gy,

. ...\' .. ~-n-. o~
l‘\\\‘ /’_.:-‘-c:‘"' "';‘c e
L\ l r | ". 1

(b) Lead (Z=82)
o—expa‘img:ntalﬁm

100 GV

Pour Z petit comme dans C, la diffusion
Compton s’exerce entre 10 KeV et 10 MeV

Pour Z grand comme dans Pb, la
diffusion Compton est négligeable
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Electromagnetic Cascades:

High Energy Photon or Electron

Pair production and Bremsstrahlung

-

Generation of many electrons and photons of lower energy

-

Pair production and Bremsstrahlung

-

Generation of many electrons and photons of lower energy

-

E=E e

critique

Cascade stops ~ W=  dE/dx by ionization
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Electromagnetic Cascades:

Some simple approximation:

1/ Longitudinal developement:

An interaction occurs after each radiation length, after t radiation lengths we have a total of
N = 2! particles

Each particle has an average energy of E(t) =E, /2

Maximum penetration length of the cascade:

E(tmax) = EO / Qtmax — EC
In & )

max = | 2C and the maximum number of particles produced isN__ = EO
n C

2/ Transversal dimensions:

Moliere radius : R, = X, Es with E_ = \/4m/a xm _c* = 21 MeV (scale energy)

c

90% of the particles stay inside a cylinder with R, around the shower axis.
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Radiation Cherenkov

(Cceur d ’un réacteur nucléaire)

Pavel Alekseyevich Cherenkov

1904-1990
Physics Institute of USSR Academy of

Sciences, Moscow

Prix Nobel 1958
45/85
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A particle goes faster than the speed of light in the material

&N

Cherenkov Radiation

Emission of Cherenkov radiation

3c = v = c¢/n, n =1index of refraction of the medium

Condition: v,

ct/n

>c/n, v

> ¥ part

)

vt

1
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0. = Cherenkov angle
Radiation of « Cherenkov » photons with a continues spectrum
The photons are polarized

Firs theory by o ) )
Tamm et Frank This is already included in the
(Prix Nobel dE/dx by Bethe & Bloch

with Cherenkov) (relativistic rise)

Energy loss by Cherenkov radiation:

dE _
Energy loss by collision in H,: - (a) = 0,1 MeVem®g™
Coll

Energy loss by collision in a gas with large Z: - (d—E) = 0,01 MeVem’g™
Coll

dx
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d’N ~ a’z’ i 1
dEdx  r.m,c’ B’n’(E)

For photons of 400 nm <A <700 nm [Imms)> _
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Example: How to build a huge Water Cherenkov detector?
Question: Should one use a normal window or Silica for the PM?
A‘Z
dN dA

— =277 asin’0 Py avec 2w z° a =4,584x10~
dx A A

Pour H,0: n =1.33
cosO =1/ PBn, avec f =1: 0 =41.25°

sin?0 = 0.437
A
aN _ 27 7> asin’6 % =2x107 L [photons/nm |
dx A )\* A‘min }‘max
aN =2x%x10° L1 [photons/cm] (Aennm)
dx A‘min )\‘max

Pour 180 nm - 550 nm: dN / dx = 747 photons / cm
Pour 380 nm — 550 nm: dN / dx = 303 photons / cm
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Cherenkov Photons / cm
25
20
E 15 ‘
3
P \
S \
8
€ 10
\
\
5
N
\\
‘h_‘_hh‘hh
0
0 100 200 300 400 500 600 700 800
R[nm]
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Prototype 10t

Simulation: électron dans I’eau avec
émission des photons Cherenkov

Projet « Memphys » 1 Mt
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Cherenkov Detectors

3 types: *Threshold counter (Yes / No)
*Differential counter (uses the Cherenkov angle)

*Ring imaging counter (uses the image of the Cherenkov ring)

1. Threshold counter: Particle ID over threshold:

Example for He:
8 1 electrons 63 MeV/c
- kaons 61 GeV/c
pions 17 GeV/c
protons  115GeV/c
C1 €2 3
>< K [ ia--==- - \\ N P
- - \ A
aerogel neopentane  Ar-Ne Q" >
n=1.025 n=1.0017 n= 1000135 Threshold

Th. Patzak, Lecture: « Introduction to particle and radiation interaction with matter » Conference NDIP 2011, Lyon 52/85



Cherenkov Detectors

2. Différentiel counters: Emission of Cherenkov light at a defined angle:

For a given momentum, cos0 is fonction of the mass

cosO =

Used as beam monitor: e.g. contamination of s and k.

1 1 ym’+p’
np n(p/kE) np

NA[ -mirror

N4

Only the light of a certain angle goes to the PM

\ Ze

.

[T air light guide

l=— photomultiplier
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Cherenkov Detectors

3. Ring imaging counter (RICH):

00000000000 d

r CHERENKOVEFFECT o ase®tis2®®® -

T 26 B =v/c n{water) = 1.33 P Yy - T SR R
cos 8= 1/Bn
ll B-1  ©=42degrees
T 4 -
< 1= P
-
ol

r=L x tanf

Incoming particle with p = 1GeV/c, L=1 m, in LiF (n = 1.392):
O(deg) r(m)

T 43.5 0.95 Very good 7t/K/p seperation
K 36.7 0.75 A PP
P 9.95 0.18

D = Particle ID
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Particle TD in a Cerenkov Detector:

From side Ring
o®o0g
short track, « ..'. N e, Sharp
no multiple -] e Ring
scattering ‘.. o
Popee® 3
- =
S :.... oo @
electrons: e e Fuzzy
short track, « ® e : ° Ring
mult. scat., S e o o e
brems. Goe o
e®0®
muons: ....:::.::..:.. Sharp Outer
long track, W s ss” <3 e Ring with
slows down 0.0.'..:.'..‘.: Fuzzy
Coe e 2o Inner
Region
- =
eseee
e ce®
L] @
° ° ® e
neutral pions: 3. Ceoco Lo ® Two
2 electron-like o B ‘.... °® .-.b Fuzzy
tracks ';. e L © Rings
e '.... ® e

From SK and Miniboone)
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MUON
NEUTRINO

Super—-Kamiokande

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

Innex: 13904 hits, 5173 pE
outer: 5 hits, & pE {in—time)}
Trigger ID: O0x07

D wall: 885.0 cm

FC mu—like, p = 766.0 MeV/c

Residi{ns)

- > 137 =
« 120- 137 T nolike

M

-17- 0 - 3

-34- -17

-51- -34

-68- -51

-85- -68

-102- -85
<-102

+

4
4

R R

T

M AL AL |

0 S00 1000 1500 2000
Times (Ns)

Th. Patzak, Lecture: « Introduction to particle and radiation interaction with matter » Conference NDIP 2011, Lyon 56/85



ELECTROHN
HEUTRIMNO

l‘-----m 8|ecw']

e . \T 11U VT

Super—-Kamiokande

Run 4268 Ewvent 7899421
97-06—-23:03:15:57

Innexr: 2652 hits, 5741 pE e
outer: 3 hits, 2 pE {in—time)
Trigger ID: 0x07

D wall: S506.0 cm

FC e—like, p = £21.3 MeV/c //
-
Resid{(ns) u
= > 137 - - =
« 120- 137 [ e-like
$oreed i T ST
12 S Tess = 352
« —17- 0 o34 1P RES = 42N
« -34- -17 £ WL RT P >
3 a0t :3 .3 2
« -51- -34 o a3 oet st s 2\
« =-68- -51 ++
+« -85- -68 334033 350 3 e A
¢ -102- -85 L LhaH > bt 4oeiast
o <=102 33 3%

0 500 1000 1500 2000
Times (ns)
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Radiation Cherenkov: exemple SuperKamiokande = RICH a1l ’eau

Mesure des neutrinos solaires et atmosphériques: Neutrinos solaires: v, + e —>e +V,

Neutrinos atmosphériques: v+ N —>1+ X

Exemple: 481 MeV muon neutrino —> 394 MeV muon —> 52 MeV ¢lectron

Pour I’eau: n=1.33
Pour =1 particule cos0 = 1/1.33, 8 =41° Muon ring

50 ktons d ’eau
11146 photomultiplicateurs

Electron ring
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Basic device: The Photomultiplier

The Photomultiplier Tube

Incident Ligm R .

Semitransparent
Photocathode

Photoelectron
Trajectories

— Focusing Electrodes

| Electron

Multiplier
Anode o — i : : : — =
—— - . =
P —— — — EA_; —
& E X ! =
> ; $
§ 1 4 : -
/
| & i
Crump Instirate 5 o1 —— - "
=
g I
001 — S —— = —
|~ GaAS(Cs) A
G x _I;
Q001 L
200 300 400 500 &0 700 800 €0 1000

Wanelength (nm)
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Multi-Anode Photomultiplier Tubes (MAPMT)

HV =900 V

M16
H7260
TypeNo. | RS900U  [RSS00U-00-M4 RSJ00U-00L1El  (r7259)
Anodeformat| || |||l =S HHIEssEsEs TR = 00 U 1 L ===
Number of 1 4 16 64 8(X)+6(Y) 16 32
"m“ 10 10 12 12 11 10 10
stages
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Multi-anode photomultiplicateurs (MAPMT)

Example: Test Hamamatsu M16 for the MINOS experiment:
M Y apw

B TARTTN Yy T—

1,2 mm WLS fibres and LED blue

or T T T
75 |
s F
25 |

o F

Attention to variation pixel to pixel but also inside one pixel

© = N w ok w B =

Variations up to 20%

Photoelectrons, Normalized by pixel Photoelectrons by position
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Spectre de photo-¢lectron unique These de Gwenaélle Lefeuvre, APC, P7, 2006

a

s A DT

PMT - fikse

x10

x10

5
10
5 4
E o
e 3
-5
-10 2
-15
1
-20
=20 -15 -10 S5 Q 5 10 15 20

X mm)

Th. Patzak, Lecture: « Introduction to particle and radiation interaction with matter » Conference NDIP 2011, Lyon 63/85



Detection of particles and radiation by conversion of dE/dx into light |

Typical setup: PM + Scintillator |

Light output:

e Inorganmic scintillators like Nal : 4 x 104+ / MeV
e Other crystals 1% to 20% of a Nal

 Organic scintillators produce: O 104 /MeV (1 /100 eV)
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Plastic Scintillators
Typical emission spectrum

Attenuation© Decay? Pulse T T T
Lighte A max® length Risetime time FWHM
Type output (nm) (cm) (ns) (ns) (ns)
NE 102A 58-70 423 250 0.9 2.2-2.5 2.7-3.: s g
NE 104 68 406 120 0.6-0.7 1.7-2.0 22-2.4 S NE102A
NE 104B 59 406 120 1 3.0 3 ;
NE 110 60 434 400 1.0 29-33 4.2 “»
NEI111 40-55 375 8 0.13-0.4 1.3-1.7 1.2-1.¢ = L
NE1l14  42-50 434  350-400 ~1.0 4.0 53 S -
Pilot B 60-68 408 125 0.7 1.6-1.9 24-27 W
Pilot F 64 425 300 09 2.1 3.0-3.:
Pilot U 58-67 391 100-140 0.5 14-1.5 1.2-1.¢ @
BC 404 68 408 — 0.7 1.8 2.2 s I ~
BC 408 64 425 — 0.9 2.1 ~2.5 ~
BC 420 64 391 — 0.5 1.5 1.3 ‘5
ND 100 60 434 400 — 33 3.3 ~
ND 120 65 423 250 — 24 2.7 L -
ND160 68 408 125 — 1.8 2.7 @
2 Percentage of anthracene. < VlOlet > blue >
® Wavelength of maximum emission. I 1 L |
¢ 1/e length.
4 Main component. 420 460
N (nm)
100 eV/photon Scintllator
—_— e >
Light
guide

PM SIGNAL

HV
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Inorganic Scientillators :

Table 25.2: Properties of several i i tal illators.
' e e (Example Nal) : 25 eV / photon
Nal(Tl) BGO  BaF; Csi{Tl) Csi{pure) PbWO, CeF;

Density (g em~?):

3.67 7.13 4.59 4.53 4.53 8.28 6.16
Radiation length (cm):

2.59 1.12 2.05 1.85 1.85 0.89 168
Moliére radius (cm):

4.5 24 34 38 38 2.2 26
dE/dz (MeV/cm) (per mip):

48 9.2 6.6 56 5.6 130 7.9

Nucl. int. length (cm):

414 20 209 36.5 365 224 259
Decay time (ns): External Reflector
250 30 07/ 1000 10,36/ 5-15 10-30
620* ~ 1000*
Peak emission A (nm):
410 480 220/ 565 305/  440-300 310-340 D
310* ~ 480
Refractive index;
1.585 2.20 1.56 1.80 1.80 2.16 1.68
Relative light output:*
1.00 015 005/ 0.40 0.10f 0.01 0.10
0.20* 0.02* PM
Hygroscopic:
very no  slightly somewhat somewhat no no

* For standard photomultiplier tube with a bialkali photocathode.
See Ref. 21 for photodiode results.

J = fast component, s = slow component
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Résolution attendue avec un Nal:

La statistique d ’ionisation et d ’excitation est de type Poissonnienne N oo = E
onisation

Avec une variance 02 =N (N

o = nombre moyen d ’ionisation)
lonisation

ionisation

N 1
R=2.35‘/ lonisaion _ 35 |W _ 935 |1
E N

Tonisation

N = Iphoton / 25 eV 1y de 511 keV génére 2 x 10* photons

ionisation

Efficacité de collection = 50 %
Efficacté quantique de la photocathode = 20 %

Nombre d’électrons dans le PM =2 x 10* x 0,5 x 0,2 = 2000 photoélectrons

R =2.35 x sqrt( 1/2000) = 5.2 %
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1000 +
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Exemple: PM coupl€ a un scintillateur plastique:

Quelgues parametres typiques d "un scintillateur plastique:

Perte d ’énergie 2MeV/cm
Efficacité de scintillation 1 photon/100 eV
Efficacité de collection (nombre de photons arrivés au PM) 0,1

Efficacité quantique du PM 0,25

Quel signal électrique peut-on attendre avec un scintillateur de 1 cm?

Une particule chargée traversant le scintillateur perd 2 MeV, donc crée 2x10* photons

2x10%*x 0,1 = 2x103 photons arrivent au PM qui les transforme en 2x103 x 0,25 = 500 électrons
Avec un gain de 105: 500 x 10 = 5x108 électrons = 8 x 101! C

Si la charge est collectée en 50 ns —>1=dq/dt=8x 1001 C/5x 108%s=1,6 x 10 A

Ce courrant traverse une résistance de 50 Q@ —>V =IR = (50 Q )(1.6x103A) =|80mV
|

— Visible avec un oscilloscope!

Quelle est 1 ’efficacité de ce compteur? = Quelle est la probabilité d "avoir 0 photoélectrons?

ue" . _ 500%™ _
P(O) = = =0

|_> Donc | ’efficacité est de 100%

Statistique = Poisson: P(r) =
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Exemple 1: détecteur MINOS - oscillations du neutrino

MINOS:Composé de :

e  Un faisceau de neutrino (3 faisceaux!)
e Un détecteur proche (980 t @ 1 km)
e Un détecteur lointain (5,4 kt @ 730 km)

g~ OISR S Fermilah 10 T~ Soudan
Ilis . ‘ ’ ) M
Det. 1 735km > | Det. 2

12 km

LEFERMILAB #98-1321D
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Constitué de :

485 plaques d’acier octogonales (5,14 kt)

484 plaques de scintillateur octogonales (0,26 kt)
92,928 strips (4.1 x 1.0 cm), 1452 M 16s
722 km de fibre (WLS fiber)
794 km fibre (clear fiber)

Un champ magnétique de 1,5 Tesla!
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Clear Fiber Ribbon Cable (2-6 m)

}

WLS Fibers

Scintillator Module

WLS Fibers

/

“Optical Connector

Optical Conncctor

\

Multiplex

Connection to
clectronics

=0
=
=
o

>

8§ m Optical Conncctor”

Optical Conncctor

Clear Fiber Ribbon Cable (2-6 m)

Multiplex
Box

Conngaction Lo
clectronics
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Light injection cover

" Ae : — = - !
/_‘ 4 l Formed Al cover o

Optical
connector

Variable width seal

Glued strips ready to assemble
ifito module with - straight-out”
manifold

s"lb.
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Résultats de test: nombre des photo-€lectrons par particule d "1onisation minimale

2E1(11) module, average strip response

w - : : : :

S - : : @ left side reladout i :

< 9 E. ............ LA (1...right.side.feadout ...

) : : * i of both ends {

© - ; ; sumup el s. ok

B 8 __* ........... * ...........

le) r : : :

S - R : * %

o7 F—**** ---------- R

N C @ i S * i |

g C ; i A , S

g P e T

E C e : ‘; :
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[ |

. left ';Side reiodout

ISR SRS S Cl..right side feadout ... ..i ...
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Exemple 2: Application en médecine

Les principes de la fomographie a émission de positrons (TEP)

Source: M-L Gallin-Martel, ISN, IN2P3

Etape 1 : Production du traceur

* Isotopes standards — F =0 FC BN

emetteurs f3 T: 114 min. 2 min. 20 min. 10 min.

Etape 2 : Synthése du radio traceur

Marquage d 'un composé biologique
OH

EX : Fluorodésoxyglucose marqué 8F = FDG

90 % des radio pharmaceutiques utilisés 0
en TEP
HO
. \ 3 OH
Radio Synthése : Introduction du 8F sur HO
18
F

une liaison carbone

77/85
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Exemple: Application en médecine (suite):

. Photon?
Etape 3 : Processus physiques 511 keV
Y
1e Désintégration B* du traceur thErmalisstion
p Positon
@«
24 Thermalisation du B* dans les tissus Andifillatio
['* F ] FDG
3¢ Annihilation:ee- — 1y y ’
180

Etape 4 : Détection et acquisition du signal

¢ Détection des y en coincidence ¢ Collimation électronique

1

Collection de lumiere
sur 4 PM

Bloc
détecteur

Couronne de
détection

Reconstruction dela
position d ‘interaction du
Y —

Matrice de cristaux (BGO ,

L850 ¥ 511 keV
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Thank you for your attention,

And

Put the lights on!!!!
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t = depth in radiation lengths
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Bremsstrahlung |1—P| Cherenkov radiation

Origin: Acceleration of a particle in the Origin: Polarization of the material after
field of the nucleus passage of the particle
2r72
Lz L o .
Intensity o« —— Intensity is independent of the particle mass

M

) 1
g o M cost) = —

E, fn
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Compton scattering:

1929: Klein-Nishima formula:

with y = hv / m_c?
* High energy limit (y >>1) all photons are foreward scattered (0 = 0)
Y Thomson scattering (classical limit of scattering of photons by free electrons) — Klein —Nishime reduces to

8T 5
O=——r , Thomson cross section

Rayleigh scattering = scattering of photons by atoms as a whole (all electrons contribute) = coherent scattering

Th. Patzak, Lecture: « Introduction to particle and radiation interaction with matter » Conference NDIP 2011, Lyon 84/85



Some examples for X, and E_

Material X, g/cm? X, cm E-MeV
Air 37 287m 84
Water 37 37 65
Al 24 9.1 49
Fe 14 1.8 24
Cu 13 1.5 22
Pb 6.5 0.58 7.8
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Measurement of particle momentum in a magnetic field:

p
Pcosh=0.3zBR (R [m], rayon de courbure et R
B [Tesla], champ magnétique)
A
- |
o . V
La distribution des mesures de la courbure k = 1/R est = gaussienne <

(k) (k) (*

Mesure le long de la trace de N>10 points avec une erreur o(x) par point :

v

ok ., = erreur de la résolution

)2 Ok = erreur de la courbure
ok, = erreur de la diffusion multiple

K & (720 L = projection de la longueur
res 12 N 4 o(x) = erreur de la mesure de chaque point de la trace
La résolution en impulsion sera affectée par la diffusion multiple
016)(GeV /c L
© ) > )2 Et aussi: k 8,5‘”;” | I
" Lp cos X, s prane

n Résolution pour 1 ’impulsion InE—> ‘ ‘ 0 3B
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Mesure de 1 'impulsion en champ magnétique
Exemple: expérience CHORUS (CERN)

ox)=1mm=103m,L=13m,x=0,5m,B =1,65T, 4 points de mesure

a
s
Sos K

multiple scatlering

.1!1-1.!..,..!AA.._J

. i sas Ao PRI AW L]
S 10 15 0 25 20 35 40 45 S0
P (GeV/c)

Erreur totale:
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