2. Particle interactions with matter

type of interactions for charged and neutral particles
Difference “scale” of processes for electromagnetic and strong interactions

Detection of charged particles(lonization, Bremsstrahlung, Cherenkov ...)

Detection of y -rays (Photo/Compton effect, pair production)
Detection of neutrons (strong interaction)

Detection of neutrinos (weak interaction)

Mind: a phenomenological treatment is given, no emphasis on derivation of the
formulas, but on the meaning and implication for detector design.
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Interactions of charged particles
Three type of electromagnetic interactions:

1. lonization (of the atoms of the traversed material)

2. Emission of Cherenkov light
3. Emission of transition radiation

1) Interaction with the atomic
electrons. The incoming
particle loses energy and the
atoms are excited or ionized

2) Interaction with the atomic nucleus.
The particle 1s deflected (scattered)
causing multiple scattering of the particle

between two media, there 1s a
probability of the order of 1% to
produce an X ray photon, called
Transition radiation.

in the material. During this scattering a
Bremsstrahlung photon can be emitted.
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Bethe - Bloch formula A

energy loss of a heavy particle through many scatterings on electrons in material

electrons at rest, B = initial velocity of heavy particle, <:

T = energy transfer to electron, 4-momentum transfer:
Q?=—(e—e) =2myc*T

Rutherford cross section in rest frame of electron:
do 1 1
—— =4na’Z? (he)>——
dQ? p* 04
with electron spin, recoil: Mott cross section

d 11 T
2 2702 7 (he)? <l—ﬁ2 )

dT p?rm,c? T?

Rutherford

Energy loss of heavy patrticle after scattering (Tmin from ionization)

dE> J»Tmax do <dE> o 1 ( T, . 2)

. —n T — JdT —(— )=2rna“Z(hc) n | In——--p
d 2 2 T .

< dx ¢ T dT % ﬁ mec min

min
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Bethe - Bloch formula

Valid for heavy charged particles (Mincigent>M,), €.9. proton, Kk, &, u

<dE> 22N r;mcip {111(2”7 EC i W )-2/ - (5(/)7)_9]
oix /@ 2 Z

1 Fundamental constants
=0.1535 MeV cm?/g (dE 7 r.=classical radius of electron

2.2
«—In(aB°y | | m_=mass of electron
N_=Avogadro’ s number

Absorber medium ¢ =speed of light
| = mean ionization potential Incident particle
Z = atomic number of absorber ||z = charge of incident particle
A = atomic weight of absorber B = v/c of incident particle

p = density of absorber y = (1-p?) 172
d = density correction W,...= max. energy transfer
C = shell correction in one collision
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Understandlng Bethe - Bloch

50.0 ~

20.0+

10.0

~dE/dx (MeV g lem?)
D
o

“P ‘7 LA B A YYI

L

LN dE /dx = 353
o dE [dx « B2

l T Y'v'v'l T T ‘Il'l'"]

n* on Cu
I =322eV

100 x \
“shell =
 correct. |

Minimu
1onization

l‘lll A L llllll

ALL L

Radiative effects
become important

Approx Tax
dE /dx vlvithout )

L] "U"

papepey—

Teut =0.5 MeV

Complete dE /dx
LA lllll

1

By =3-4

10 100 1000

By = p/Mc

E_Z

Minimum
lonizing particles (MIP):

By = 3-4

dE/dx falls|~ B-2;]kinematic factor
[precise dependence: ~ %9

dE/dx rises

ises|~ In(By); !relativistic rise
[rel. extension of transversal E-field]

Saturation at large (By) due to

density effect (correction 6)|
[polarization of medium)|

Units: MeV g' cm?

MIP looses ~ 13 MeV/cm
[density of copper: 8.94 g/cm?d)
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Understanding Bethe - Bloch

50 A 0 "Vﬂr T—?_T‘TWT"VT—T_T‘mh—'_’TTYﬂT_mW
2 ; S dE [dx = [}~5/3 (z* on Cu| b
1/[3 -dependence 200} \dh/d.x«(s B I=322eV :
Remember: E ‘ Radiative effects
i ’Tw 10.0 3 become important e
Ap_j_ = /F_Ldt = /F_j_— :: 5.0 L Approx Tay :
; . v & Tk - dE /dx without & ]
a VX TN Minimum e
" . . x rshell-w-) °\ i 0 -4t -y 3
Il.e. slower particles feel electric force of S g |oorrect, | \lonization ¢ .- V..o
. . ~ ; ' ~
atomic electron for longer time ... | i //}; =7 3 Ten=05MeiSy
10 | =K, 537 " Complete dE/dx 3
& a s : [ ?
. PP PRI P N PPV EERENPUPIPPIN PRSP TeT PR
0.5
Relativistic rise for By > 4: el siliil il
v=p/Mc

High energy particle: transversal electric field increases
due to Lorentz transform; Ey = yE,. Thus interaction cross section increases ...

fast moving
particle particle
e Corrections:
Y gross low energy : shell corrections
high energy : density corrections
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Understanding Bethe - Bloch

Density correction
[saturation at high energy]

Density dependent polarization effect

Shielding of electrical field far from
particle path; effectively cuts of the
long range contribution ...

More relevant at high vy

Shell correction [small effect]

For small velocity assumption that
electron 1s at rest breaks down,
Capture process 1s possible

~dE /dx (MeV g 'em?)

50,0 'YWV"V—T*V'YYWT—T—'—my_'ﬁ_—mﬂT_V_'_V'YTTWI_V_V_m?"
’l\\dlz‘ [dx o =573 ‘2% on Cu 3
20.0} NdE/dx o< 2 ‘1 =322eV :
Radiative effects
10.0 - become important T
- : Approx Trmax 1
| dE /dx without & 4
100 x lw } ﬁ
hell ol inimum ; J
. ionization 1 - f__ ______ .
20 correct. |, 3
- B B~ ’3 : Complete dE | dx =
-
0.1 1.0 10 100 1000 10000
Y= p/Mc
15
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Understanding Bethe - Bloch
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some humbers

Minimum 1onization:
ca. 1 - 2 MeV/g cm-2

1.e. for a material with p =1 g/cm3 dE/dx = 1-2 MeV/cm

Example :
Iron: Thickness = 100 cm; p = 7.87 g/cm3

dE=1.4MeV g-1tcm2* 100 cm * 7.87g/cm3 = 1102 MeV

A 1 GeV Muon can traverse 1m of Iron

17
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dE / dx for particle identification

10° 1
momentum p (GeV)

The energy loss as a function of
momentum p = mcfy 1s dependent
on the particle mass

By measuring the particle
momentum gdeﬂection in a
magnetic field) and the energy
loss one gets the mass of the
particle, 1.e. particle ID

(at least 1n a certain energy
region)

18

Peter Schileper, Universitat Hamburg 10



Dependence on absorber thickness

MeV/(g/cm?) (Electon k losses only)

- Bethe-Bloch equation describes the mean energy loss
- layer of material with thickness x

=» energy distribution of the 6-electrons and the fluctuations of their
number (nd ) cause fluctuations of the energy losses AE

3.0

IIIIIIIIIII

20

LELI |

Silicon

LIS | L T LA B |

-
—~
/

Bethe—Bloch

Restricted energy loss for:

_______________ r:u = 10 dE."dxlm"' - e e e

i = ’:----.-.r..-.e=-m-—---u-—ﬁaeﬂ%dﬁ'dﬂ;,;"——-""----
15 Landauw/Vavilov/Bichsal AE,/x for: -]
SR Pl e ey Xp=1600pm = =« =. =4
s T T T T D e 320uym---~-~-~ 1
- “““““ i resssestsesedEEeSeesiEIERINITITETEsTessasey 80 um eeeeiiiannnns -
10+ h ZTTPN enesnt ]
0_5_ N aal aaal “‘:

0.1 1.0 10.0 100.0 1000.0

Muon kinetic energy (GeV)

The energy loss A E in a layer
of material is distributed
according to the Landau function:

2 o
] \ =
o
i ~—— 09
_——l_...___----___-'—::> <
1
Tl +

For a realistic thin silicon
detector ns = 1-10,

fluctuations do not follow
the Landau distribution

19
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Energy loss at small momenta

- particles deposit most of their
energy at the end of their track

relative dose

energy loss increases at small By

Bragg peak

300 MeV/ud

5 !
C-ions

41 250 MeV/u
3t

f 18 MeV
2 | ... BhotoDS

A\ F o T —

Y T

UK

I
1 {
ol

0

depth in water [cm]

Stopping power [MeV cm?/g]

A
£ E
i
100 b “—-\
:.,’ Andecrson-
=y Zicgler
10|-£ &
= Minimum
: ionization
| Nuclecar
4 losses ‘
l ¢ | 1 | L >
0.001 0.01 0.1 |
Py
| | | |
1 0.1 1 10 100 |
[McV/e]

Muon momenfum

Important effect for tumor therapy
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Energy loss at small momenta

Small energy loss
=> fast particle

-~ !‘ .
- o ©
/ | ' XA
% §y & ) ] Small energy loss X0
; iy } l =¥ fast particle SR L
| it f ik ~ \.\}.. Large energy loss
:" E g =» slow particle
@ 7 1 zt I
Lo = 5 WV

Discovery of muon and pion
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Mean particle range

S()()()() T T T T T TTTT, T T T T TTTT T T T b
- ! ! AT
20000 C e 8
Integrate over energy loss 10000 £ FC\ \ ' =S
5000 F Pb \// 55
from the total energy T to zero - AT < :
—~ 2000 F A T 1
/ iy —1 L 1000 A Hj liquid| | |
([E > - He gas =
' O 500 ¢ 3
R(T) = - dE % ™| :
0 dx = 200 1
;9 100 = =
. = 50 F ]
More often use empirical formula S : ]
20 ]
10 &= ==
s F :
Example: s i
. ) ‘ 1 1 1 1 Illlv 1 1 1 1 1 llll 1 1 1 1 1 111
— I
Proton with p = 1 GeV 01 2 5 10 2 5 100 2 5 1000
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Proton momentum (GeV/c) 22
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