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Interaction of radiation and matter
Interaction of charged particles
Interaction of photons
Interaction of neutrons



A few pictures from IPF:



Quantities to be measured

The type of a radiation detection system required depends on the
properties that we plan to study:

I Existence of particles or radiation, i.e., simple counting the
total number on quanta N, during time t

I Identity of the particle or radiation, γ ray, electron, charged
particle, neutron, neutrino

I Mass, charge

I Energy, velocity, momentum, etc.

I Angular distributions and angular correlations

I Coincidence between various events, e.g. βγ, γγ, γX, etc.
double coincidence, or coincidences with higher multiplicities
(6×γ).

I The general idea is that an electric signal related to the
radiation is recorded as a function of some parameter of
interest.
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I Limit on ionising radiation that is capable of creating
electron-ion or electron-hole pairs in media

I Radiation can consist of particles (ions, α, p, n, e±, µ, etc.)
or electromagnetic radiation (γ, X-rays)

I Primary aims to measure (i) energy ~ω ↔ momentum, (ii)
intensity n~ω, (iii) directional and spatial distribution

I Device for measurement of radiation ≡ detector (detects the
presence and intensity of radiation). A detector capable of
discriminating quanta according to different energies ≡
spectrometer

I In the following, we use detector as a generic term.

I Ionizing radiation ↔ energy ≈ 10 eV

I Direct detection is based on EM interaction: γ, X, e±,
ions,. . . , indirect detection on reactions induced by (i) weak
interaction: νe, νµ or (ii) hadronic interaction: n

I EM interaction always involved at the “final” phase of the
detection.



Interaction phenomena
Charged particles (e±, p, α, HI, µ,. . . ) ionise atoms of the medium
(return to this later)
Gamma and X-ray interactions

I Coherent scattering phenomena (=elastic): Rayleigh
scattering from atomic electrons, Thomson and Delbrück
scattering from nuclei, all relatively unimportant at nuclear
energies: Rayleigh scattering cross-section, for
θ > θ0 = sin−1[0.026Z 1/3E0/E ] (E0 = 0.511 MeV)
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2
cm2,

I Thomson scattering total σ = 8π
3

Z4e4

M2c4 , M the nuclear mass.
Differential cross-section
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Z 4e4

2M2c4
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Photoelectric effect

I Photon looses all its energy and ejects a bound electron from
an inner atomic shell

I If Eγ > Be,K, 80% of the electrons come from the K shell,
with E kin

e = Eγ − Be,K resulting in a free electron and an
excited ion

I Secondary process: emission of (i) X-ray quantum or (ii)
Auger electron e−Auger

I Produces a line spectrum

I Process dominates for small Eγ and/or large Z

I If E kin
e is small, the range of electron is small and there are no

escape effects



Compton effect = Compton scattering

I Of increasing importance when Eγ > max{Be}
I Can be described as scattering from a free electron, if

Eγ � Be, the energy of the photon scattered to angle θ:

Eγ(θ) =
E 0
γ

1 +
Eγ

mec2 (1− cos θ)
, (1)

Energy of the Compton electron,

E kin
e = E 0

γ − Eγ(θ),

is maximum at θ = 180◦.



I The higher the primary
energy, the larger the energy
loss at increasing angle. At
Eγ = 10 MeV, more than
90% of energy lost when
scattered into 90◦

I Backscattering “peak” at
∼200 keV, produced from
scattering into θ ≥ 160◦

I Low-energy photons lose
rather small amount, a
50-keV photon has 42 keV
after 180◦ scattering.



I Differential scattering cross-section (angular distribution per
steradian of solid angle Ω) given by Klein-Nishina formula:

dσC

dΩ
=

1

2
r 2
e [1 + αC(1− cos θ)]−2 (2)

×
[

1 + cos2 θ +
α2

C(1− cos θ)2

1 + αC(1− cos θ)

] [
cm2

sr electron

]
,

where αC =
Eγ

mec2 and re = e2

4πε0mec2 ≈2.818 fm is the classical
electron radius.
The differential cross-section represents the probability that an incoming photon
undergoes a scattering event and produces a secondary quantum per solid angle
(steradian), at a mean angle θ, the azimutal angle being fixed.









Pair production (external)

I Possible only when Eγ > 2mec2 = 1022 keV

I Photon materialises into an e+e− pair near the nucleus (not
the same that emitted the photon originally ⇒ “external”)

I Energy spectra of electron or positron similar to those in IPF

The cross-sections of all three processes
increase with increasing electron density,
thus the larger the Z of the medium,
the more efficient absorber and
detector! For total attenuation, the
probability of any interaction at all,
µtot = τ + σC + κ, because the three
processes (photoelectric, Compton, and
pair formation) are independent.



Attenuation of the photon beam

Consider the attenuation of
collimated beam of γ rays
(“good geometry”):

I Observed intensity, after passing a layer of thickness x :

I (x) = I0e−µx = I0e−µ%d

I0 the original intensity, µ = µtot the linear absorption
coefficient [cm−1], µ% = µ

% the mass-absorption coefficient

[cm2g−1].

I A more informative form

I (d) = I02
− d

d1/2 ,

where d1/2 = ln 2
µ%

is the half-thickness



I For compound absorber

µ% =
∑
i

aiµ%,i
∑
i

ai = 1

ai is the mass fraction of element i .

I The half-thickness is then

1

d1/2
=
∑
i

ai
(d1/2)i

I A rule of thumb:
The half-thickness of any absorber for 1-MeV γ rays is about
10 g/cm2

I The K-absorption edges are used in critical absorbers to filter
interfering gamma rays

I They also help in fighting against coincidence summing
effects.









Comparison of different materials:



The detection of radiation occurs at a certain probability of less
than one, and it’s meaningful to define a quantity describing the
efficiency or effectivity of the detector as

η =
Nobs.

Ntot
= η(Eγ),

where Nobs is the number of photons registered by the detector,
Ntot the number of photons emitted by the radiation source. The
efficiency so defined is the total or absolute efficiency.
If Ntot is defined as the number of photons hitting the detector,
then η is called internal efficiency.
Absolute measurements require that the absolute efficiency for all
energies ηEγ is known, but in relative measurements the energy
dependence of η is sufficient, i.e., the ratios η(E1)/η(E2).
A link to D. Weisshaar: An introduction to gamma rays, detectors,
spectrometers

http://www.courses.physics.helsinki.fi/fys/nucphys/weisshaar.pdf
http://www.courses.physics.helsinki.fi/fys/nucphys/weisshaar.pdf


Review of photon interactions



Charged-particle Interactions, stopping power

I Energy loss ∆E in passing through a thickness of ∆x of
material (mean, median, most probable ∆E )

I In the limit ∆x → 0:

S(E ) = − lim
∆x→0

∆E

∆x
= −dE

dx
, (3)

Stopping power (specific energy loss), typical unit 1 keV/µm
or 1 keV/nm.

I Mass stopping power, S(E )/%, (% density), typical unit 1
MeVcm2g−1 or 1 keVcm2mg−1.

I Stopping cross-section, ε(E ) = S(E )/N (N atomic density)

I Note on nomenclature: S is in fact a frictional force that the
particle feels!

I Velocity of particle in units of c or v0 = αc ≈ c/137





Interaction processes

1. Electronic stopping power: inelastic collisions with electrons
I large number of collisions but only small change in direction
I capture/loss of electrons and excitation of target or projectile

atom ⇒ secondary effects: atomic excitation, ionizsation, δ
electrons, X rays, Auger electrons

2. Nuclear (or atomic) stopping power: elastic collisions with
target nuclei

I large energy loss in single collision
I large change in direction

3. Radiative stopping power: processes not included in 1. and 2.
I Bremsstrahlung
I Cerenkov (Tsherenkoff) radiation
I Nuclear reactions
I Processes important usually only at E > 1 GeV

Consider next 1. and 2. in more detail.



Electronic stopping power Se

I At energies > 0.5A·MeV, the Bethe-Bloch formula applies:

1

%
Se = −1

%

(
dE

dx

)
el

= 4πr 2
e mec2 1

β2

ZT

AT
Z 2

PL(β), (4)

where re is the classical radius of the electron, u the universal
atomic mass unit, β = v/c , and ZT,AT atomic and mass
numbers of the target, ZP projectile charge (in e). The factor
4πremec2/u = 0.307075 MeVcm2g−1

I L(β) = L0(β) + ZPL1(β) + Z 2
PL2(β) is the stopping number

I L0(β) is the primary stopping number given by

L0(β) =
1

2
ln

[
2mc2 Wm

I 2

β2

1− β2

]
− β2 − ln I − C

ZT
− δ

2
, (5)

and the parameters fitted to experimental data (see, e.g.,
NIST):

I I is the mean excitation energy of the medium (specific to the
material only)

http://www.nist.gov


I C
ZT

is the shell correction, important when velocity comparable
to velocity of bound electrons of target material,

I δ
2 is the density correction, significant only at higher energies
(for a 500 MeV proton a 1% contribution),

I Wm is the kinematic factor (maximum energy transferred in a
single collision):

Wmax = 2mc2 β2

1− β2

[
1 + 2

m

M

1√
1− β2

+
(m

M

)2
]−1

≈ 2mv 2 for a non-relativistic particle.
I ZPL1(β) ∝ (eZP)2n+1 (n = integer) is the Barkas correction,

accounting for the fact that stopping power of negative ion is
smaller than that of positive ion at the same v . Significant at
small E .

I ZPL2(β) is the Bloch correction, necessary at small impact
parameters.

The Bethe-Bloch formula is valid for p, α, µ, e(?), . . . , and can be
extended to stopping of heavier ions using the concept of effective
charge.



Heavy-ion stopping & effective charge
The slowing-down process of heavy ions (multi-electron atoms in
general) is rather complicated and difficult to describe theoretically.
At best, the approaches are semi-empirical. One such model is
based on the concept of effective charge, γ:

SHI = SHZ 2
HIγ

2 (6)

I for bare nuclei, γ = 1 (no screening!)
I fully- stripped ion, if v/v0 � 1
I Z1,Z2-oscillations in Sel, especially at lower velocities (atomic

shell effects)

Energy loss in compound media
I Approximation for a binary compound AmBn (m + n = 1), the

( Bragg-Kleeman rule),

εAB = mεA + nεB

usually rather good, but fails in light organic gases, oxides and
nitrides, where chemical bond effects are strong.



Nuclear stopping power

I The EM interaction between the charged particle and the
target atoms is described by a screened Coulomb potential

V (r) =
e2

4πε0

ZTZP

r
FS(

r

rS
)

I F (r/rS) is the screening function, rS the screening length.

I Often the form of the screening function is from ZBL model.
I Procedure to calculate the nuclear stopping power Snucl:

1. Calculate scattering angle θ
2. Scattering cross-section (p is the impact parameter)

dσ

dΩ
sin θ = −p

dp

dθ

3.
1

%
Snucl = −2πN

∫ ∞

0

p
dp

dθ
W (θ,Ekin)dp



N is the number of target atoms/g, W (θ,Ekin) = Wmax sin2(θ/2)
the energy transfer to recoil atom,

Wmax = 4Ekin
MTMP

(MT + MP)2
,

is the maximum energy transfer.
The interaction processes are most realistically described using
computer simulations (Monte Carlo and molecular dynamics),
where the propagation of each particle is followed in short time
steps until their energy is reduced to the level of thermal energies.





Straggling and range
Variations in the energy loss at individual collisions cause spread in
the particle’s energy, energy straggling.

I At small depths, energy distribution tailed towards higher
energies (Landau-Vavilov approximation), stopping power
assumed to be constant for small ∆x

I For larger ∆X , variation of dE
dx included. This makes the

energy distribution ∼ gaussian. Straggling then modelled as
Bohr’s straggling, approximately valid if ∆E

E0
< 25%.

For slow, heavy ions there is no satisfactory theory ⇒ must
rely on semi-empirical formulations.

I Total energy spread (independent processes) observed:

Γ2
tot = Γ2

det. + Γ2
stragg. + Γ2

beam

I Multiple scattering causes deviation of initial direction,

ΘRMS ≈
CZTZP

E

√
d

A
, C ≈ 1.



I Range, R(E0), is defined as a quantity which corresponds (in
some sense) the depth where the particles have lost their
energies and are finally at rest (thermalised). Has meaning
only if the particles initially are mono-energetic to a
reasonable extent and are penetrating into a thick slab of
material (solid, liquid, gas, plasma).

I For heavy ions if the slowing down is assumed continuous,

R(E0) =

∫ E0

0

dE

Stot(E )
(7)

I Varying energy loss and angular deviation from the original
direction induce range straggling.

I Projected range Rproj. is the average value of depth along
initial direction.

I Lateral range R⊥ measures the lateral distance from the
incident direction.





Secondary effects: X-rays and δ-electrons

I Ion-atom interactions in matter produce (i) ionization and
excitation and (ii) generate X-rays and δ-rays (δ electrons =
secondary electrons).

I Characteristic X-rays can be used for elemental analysis
(PIXE)

I δ-ray production related to stopping power (∝ electron
density of material)

I Angular distribution peaked strongly forward
I Classically, Eδ < 2mc2 cos2 θ when ion hitting a free electron.
I Quantum mechanics tells that

Eδ,max = 4

(
me

MP
BKE

)1/2

+ 4
m

M
E

for a K-shell electron: 20-MeV proton on 209Bi produces max
170 keV δ-rays (classically 44 keV)

I More on stopping, see pdg.lbl.gov, Exotic beam summer school 2011 (link)

I A simple derivation of the Bethe-Bloch formula (link)

http://pdg.lbl.gov
http://www.courses.physics.helsinki.fi/fys/nucphys/seweryniak.pdf
http://www.courses.physics.helsinki.fi/fys/nucphys/empp14_KM_bethebloch.pdf
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