. Interaction
of Elementary Particles
with Matter

o Cross section & mean free path
O Interaction of charged particles
O Interaction of neutral particles
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Cross Section

o Total and Differential cross section on single target:

G(E):J‘deG dG(E’Q):ist
dQ » dQ F dQ
— N, = scattered particles / time
— F=flux=N,,/ (area - time)
— [d(c)] =1 barn = 102 m?
O Mass thickness of target = p-t (aka. ‘surface density’)
— p =density [g/cm?3]
— t =thickness [cm]
— [d(p-D)] = glcm?

o Differential cross section per unit mass of extended, but thin target:

d—O-(E, Q) _ 1 st
dQ FApSx dQ

— A-=target area
— Ox = target thickness

0 Probability of interaction for single particle per unit mass of extended, but thin target:

Niot = FAGpdX = WX = X
N, = total number of scattered particles / time into all angles
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Mean Free Path

O Probabilities of:

— having an interaction between x and dx: w dx
— not having an interaction between x and dx: P(x+dx) = P(X)(1- w dx)
— not having an interaction after distance x: P(X) ‘survival prob.’
O Exponential decay of survival probability:
P(x)=e""

o Mean free path A (mean distance without interaction):
J.XP(X)dX 1 1

j P(X)dx W po

O Survival probability: y
P(x) =" = e[_ﬂj
O Interaction probability: (_x]
mt(X) 1- e( P7X) = =1-e g
O Interaction probability in dx after survival of travel through x: ( x]

P(x+dx)=e"""po-dx=¢" * %
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Interactions in Matter

0o Charged Particles:
o Passage of charged particles through matter:

— Energy loss: inelastic collisions with atomic electrons very frequent
o soft: exitation (scintillation)
* hard: ionisation (knock-on electrons (‘3-rays’))
— Deflection: elastic scattering from nuclei frequent
— Bremsstrahlung:
— Photon Emission: (Cherenkov & Transition radiation)
— Nuclear reactions: (neutrons, alphas)
— Weak interactions: (neutrinos)
o Divided into two classes:
— heavy particles: u T, K p,d a, ...
— particles of electron mass: e, e’
0 Neutral Particles:
o Photons

— Photo electric effect
— Compton Scattering
— Pair production

O Neutrons

— nuclear reactions
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[nteractions of Charged Particles

.. . . . e
o Collisions with nuclei not important (m,<<m,). Ree -  Schematically !
o Collisions with atomic electrons of absorber material HE
1 N
V,m,
0 Im 8
hw, ik d
regime: optical absorptive  X-ray 0
o Dispersion relation: effect: Crt;%rigﬂlégv ionisation tr?orl]izlttilgrrl]
1c ¢ kc’ :
w=2nv=2r——=k— o ———=0 £=n° E=¢ +lg,
An n &g
: : 1
o Optical region: Cherenkov g>1 g,<<1 greal cos@= =
g ep
o Absorptive region: excitation, ionisation &, >>0
o X-ray region: Transition radiation &<l ¢g,<<1
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Classical Energy Loss (Bohr)

Consider: Pl S
— heavy particle (M>>m,) with charge ze and velocity v ,’ o3 f T
— quasi-free atomic electron at impact parameter b ]i M ze ]l [' > X
— restriction: interaction short, i.e. electron static . \

Calculate momentum transfer: current seen by electron

dX Gauss Zze

| = [Fdt=[eE dt = [eE, — [E.27bdx = 47ze = [E, dx ==~

\"
27e°
bv _
Calculate momentum transfer: energy gained by electron

| 2z%"
AE(D)=—=—">
2m, myvb

Energy lost to all electrons in volume dV = 2znb db dx with electron density N,

2.4 2.4
_dE(h) = AE@)N,dV =228 N g o _GE_Arze b
m,v b dx  myv b

min
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Classical Energy Loss (Bohr)

Integration limits: naive approach fails

— b=0: infinite energy loss

— b=00: contradicts short interaction time

b, maximum energy transfer in head-on collision
2.4 2

22—2e2:27/2mev2 - lC)min = i 2

m,v°b ymyVv

min

b« €lectron bound with orbital frequency v — interaction time short wrt. t=1/v

— relativistic interaction time: t~b/yv
— upper limit for averaged electron frequencies <v>:

b 1 Y
bt g, =Y
v ({v) (v)
Bohr’s classical energy loss formula:
¥ _dE _4rx 2% N In ym.v°

dx  myv:  ° 0 ze¥(v)
Reasonable description for heavy particles like the a-particle or heavier nuclei
Fails proton or lighter particles due to quantum effects
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Bethe-Bloch Formula

o Correct quantum-mechanical calculation leads to the energy loss dE/dx [MeV/cm] due to
lonisation caused by heavy (M>m ) charged particles:

dE Zz|, 2mycsT™ 6o C
—— =47N,r’mc’ p—— Al > ——
dx A ,82 I 2 Z
NMeV cm? — N, =Avogadro’s number
rezmecz =0.1535 — 1, = classical electron radius
g — m, = electron mass [g]
o with maximum energy transfer in single collision Tmax; — ¢ =velocity of light
2m.y°c® 5 . — p = density of absorber [g/cm3]
T = =2my°c’ S — Z = atomic number of absorber
1+2 m, /1+7,2,32 +7 — A= atomic weight of absorber
— 1z = charge of incident particle [e7]
O and experimental mean excitation potential I: — M = mass of incident particle
| 7 — B =v/c of incident particle
Z<13: —=12+—¢V — y=1/+1- p2 of incident particle
Z Z
| 0 — often used convention: x =: px [g/cm?]
Z >13: > =0.76+58.8Z27""%V =~ Z10eV — ‘mass stopping power’

dE/dx: [MeV/g cm?]
O and its corrections 8(log,4(By)) (density effect) and C(1,By) (shell corrections)
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Bethe-Bloch Formula

Not valid for e, e*: m;

small B: (kinematic factor)
— dE/dx falls like oc 1/B2 (more precise o« 573)
— shell correction small

By =~ 4. (minimum ionising, MIP)

— dE/dx constant dE
— ~12 MeV g'cm?®
dx
By >> 1: (relativistic rise)

— dE/dx rises like oc In y?
— density larger for lighter materials (gases)

dE/dx rather independent of Z (except H,)
Mixed materials: (Bragg’s rule)

— add mass stopping powers by weight contributions

idE:V\i(dEj +V\é(dEj L
padx pald) p\dX/;

— fairly good approximation
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Bethe-Bloch Formula

=Miarget —> Bremsstrahlung  *

Not valid for e, e*: m;

small B: (kinematic factor)

— dE/dx falls like oc 1/p? (more precise o« 5/3)

— shell correction small
By =~ 4. (minimum ionising, MIP)
— dE/dx constant dE

— ~12MeVgiem®

dx
By >> 1: (relativistic rise)

— dE/dx rises like oc In y?

— density larger for lighter materials (gases)

1.6

15

1.4

13F

121

Relative ionisation

pe—

) Argon -
Y s R COI’I:QCTIOI’] ...... 4

1 atm.

C correction - « .

solid line: Allison and Cobb, 1980
dashed line: Sternheimer (1954) |
data from 1978 (Lehraus et al.)

dE/dx rather independent of Z (except H,)

Mixed materials: (Bragg’s rule)

— add mass stopping powers by weight contributions

1dE _vq(dEj W (dE
pax  pgl\dx) pdx
— fairly good approximation
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dE/dx Scaling & Range

o Scaling Law:
— T = kinetic energy

—E_z “f(B)=2°f

scaling from particle 1(M,,T,)
to particle 2(M,,T,)

O Range:

Tin = Minimum energy for dE/dx valid

dx
&5 = (T)——

energy loss statistical - range straggling
— mean range R, & extrapolated range R

4

NUMBER - DISTANCE CURVE

10

o
o

STRAGGLING

i

Transmission

“\"—————————_-

Absorber thickness MEAN EXTRAPOLATED

RANGE  RANGE

scaling: different particles in same medium
scaling: same patrticles in different medium
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Range

0o Dependence on particle mass:

— in Al, for heavy particles

/f'
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0o Dependence on absorber:
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Fig.6.5. Theoretical curves for range, R/M in g/(cm? GeV) as a function of By. (From
Ref. 1.1.) For By<1 the B* behavior is evident, while the y behavior for By >10 is also
observed. :
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Electrons & Positrons

O

Energy loss due to collision and radiation: (dEj [dEj (dEj
- — — +| —
dX tot dX col dX rad
Critical energy E.: -
gy Ec (Ej (EC):[EJ (E) EeWa_ 610 MeV Fos _ 710 MeV
adx /o, oX J,.q Z+1.24 Z+1.24
Energy loss due to collision — Bethe-Bloch has to be modified:
— My =My,qe —> large angle scattering e Te
— e scatter off e — indistinguishable T :E
dE > 2 L1 (Z'—I—2)T2 o C T
—— | =4zN,or'mcpop——|ih—=—-F(@)—— =—2¢
(dxlo, Ale Tt 'OA,BZ[Z oz Ty mc?
2
-
o B —(2r,+DIn2
ectrons: F(r)=1— 3 +
2 7 (z+1)?
14 1 4
Positrons: F(7)=2In 2—5 23+ + 0 5+ 2
12 7+2 (t+2)° (r+2)
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Bremsstrahlung

O

O

Photon emission in nucleon field:

dE 2 2 183
—&_4aNAZ I, Eolnz%

+ COIT.

Energy loss in Cu

electron-electron Bremsstrahlung: 103
— 725 Z7(Z+1)

Important only for e*and e

/e/ Bremsstrahlung loss

dE/dx [MeV - cmZ/gm]
=3

dX Brems - .
= 40000 Collision loss .’
CEE[ (4
dX Brems Iu 10—1 ’
107! 10’ 10° 10°
o . Energy (MeV]
Radiation length X,: _d_E _ % <E> _E e X%
— path length were (E)=E /e E X 0
0 0

2
i;4Z(Z +1) PN, rezaln183+corr. o
X, A 7% g
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Interactions of Photons

o Photon detection:
— photons must create charged particles or transfer energy to charged particles

o As photon beam traversing matter: L (x)=1.e"
— energy is not degraded but intensity is attenuated mainly by: 4 0
» Photoelectric effect M= Honoro + Heompron T Mpair T+ -+
« Compton scattering ,
« Pair production Hi _ N, cm
|
p A g
L\ T T T I T T T I ] \\%l i I I I I I I I
el N M TR S Min e I — 1y = incident beam intensity
R Y 1 e ¥ ] — X = absorber thickness
s o}\ |z — p = absorption coefficient
Em H — u/p = mass absorption coefficient
g g — © = Cross section
10 mb - L P, N
1GeV 100 GeV 10 eV 10 keV 1MeV 1GeV 100 GeV
Photon Energy Photon Energy

Fig. 1.10. Photon cross sections on carbon and lead as a function of photon energy. (From Ref 1.1.)
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Photoelectric Effect

Dominates at low photon energies:

e/'
~ E,<10eV ... 1MeV MV @) ()

y +atom — atom™ +e”
Electron energy:

- Ee = hV = B E (B E = b|nd|ng energy) Fig. 1.3. Mass absorption coefficient /p for photons in lead.

I I I

Nucleus absorbs recoil momentum:

Increase sharply at:

— Ey ~ B.E. of e in atomic K- and L-shell

Cross section: 307 1
~ Ex< E, <mc? o =T\/§a425—l‘2

photo 7/ e
i
E. >>m.c2 o —47Z'r'20£425i
- v meC photo — e £
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Compton Scattering

O Assume electron as quasi-free

0o Energy of scattered photon:

E'=E L & —Ey
— = I 1
" 1+ &(l-cosd,) m,c’ yre—>y+e
o Cross section:
— non-relativistic limit: E, < mgc?
no energy transfer for oy
Thomson & Rayleigh scattering o—f =0, = ? re2 =665 mb
— relativistic energies: Klein-Nishina formula: E, >> m.c?
3 1(1
o, =2—0,—| =+In2¢
8 g\ 2
0o Atomic Compton cross section: tomic
o, =20

Particle Physics Detectors, 2010 Stephan Eisenhardt /17



Pair Production

O For momentum conservation: pe
— Coulomb field of nucleus (electron) needed to absorb recoill : e

- minimumenergy:  E > 2meC2 ©)

. y +nucleus — e"e” +nucleus
0 Related to Bremsstrahlung by substitution

o Cross-section:

— low energy limit: 2 << g << 137/213
7
oo #Aa 1?2 —In2¢
9
— high energy limit: g >> 137/73
/7, 183) 7 A 1 A 1
O pair ~ 4o —In— PV Independent of energy
Z3 9 N X NA ﬂ’pair
O Mean free path: A,
— Radiation length X, 9 g
ﬂ“palr - Xo 2
I cm
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Electron-Photon Shower

o High energy electron or photon starts shower:

— photon emission and pair production alternate

— statistical process

— in average: equal split of energy between particles

— until energy drops below critical energy E- where loss due to collision halt the cascade
O After t radiation lengths:

— number of particles (e, e*, y): N =~ 2!

— average energy: E(t) ~ Eo
= —2t
0125_ T T T T T T T T T I ¥ T T T T L] 1 ] I__1OO
. ; EO N o 30GeV electron i
o Maximum penetration depth:  E(t,,,) = S E.  ouwof o0 incident on iron 3 g
max - o o .
— assume abrupt stop at E.: 5 X o o ;
~ 0.075F )
| Eo w B o °No :60
n— = : o o i
% - o Ener OO o ]
_ C > 0.050F ay oNC, Jeo
max In 2 C O— Photons = . ]
- x (o] .
oosF T° I NG 320
C - Electrons O3n"no ]
. . E - 0 OOO l:ll:.'Clr;,
— maximum number of particles: N ~ _—0 07 AT I P R 0
max — E 0 5- 10 15 20
C Depth in radiation lengths
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Neutrons

Neutron detection:
— only strong interaction: needs ~10-1°>m distance to nuclei — much rarer process
— — neutrons are very penetrating
— large scattering angles

Processes: 6, = XG;

— high energy hadron shower: np—> X,nn—-> X E, >100MeV

— elastic scattering off nuclei: A(n,NA dominant for E,, O(MeV)
— inelastic scattering: A(n,n)A* +y , A(n,2n")B+y E, >1MeV

— radiative neutron capture: n+(Z,A)— y+(Z,A+1) low v,, and resonances
— nuclear reactions: (n,p), (n, d), (n, o), ... E,O(eV)...0O(keV)

— fission: (n, f) E, thermal

Mean free path (like for photons):

3
L

3

o T
w

Attenuation: N(x) =N, *

Total cross section [barns]

2

107! 10'
Energy [MeV]
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Table of Material Properties

Table 5. Radiation length X, critical energy E_. and hadronic absorption

length A\n.q for some materials

Xo E, Ahad
Material (g/cm?) (MeV) (g/cm?)
H, 63 340 52.4
Al 24 47 106.4
Ar 18.9 35 119.7
Kr 11.3 21.5 147
Xe 8.5 14.5 168
Fe ' 13.8 24 131.9
Pb 6.3 6.9 193.7
Lead glass SF § 9.6 ~11.8
Plexiglas 40.5 80 83.6
H,O0 36 93 84.9
Nal(T1]) 9.5 12.5 152.0
Bi4Ge3012 8.0 10.5 164
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