Chapter “3”

Interaction of Nuclear Radiation with Matter

Nuclear radiations can be divided into three types:
(1) Charged particles (P, d, a - particles, ....).

(2) Uncharged particles (neutrons, Jv,9).

(3) Electromagnetic radiation (y - rays, X - rays, ....).

The interaction and detection of the three types will be treated separately.
The intensity (number of detected events per unit time) and the energy (kinetic) of
radiation is determined.

L Interaction of Charged Particles with Matter

When a charged particle passes through neutral atoms interacts mainly by
means of the Coulomb force with the electrons in the atom and loss only few
electron volts in ionization and excitation of the atoms.

Energy Loss by Collision

For the energy loss calculation we assume that the heavy charged particle will
collide with a free electrons of the atom, so the loss will be equal to the gain of
kinetic energy of the electron and this can be estimated as follows :
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b = impact parameter which is the smallest distance at which the centers of
the particles (heavy charged particle and the electron) would pass each other,
if there were no force between the particles.

The impact equations for the electron (in the X - y coordinations) are :

JF, dt = Pg - @

Note that the velocity of the heavy particle is practically unaffected by the
interaction.

Where F= ﬁx + ﬁy , F = is the coulomb force exerted on the electron

P, = is the momentum imparted (given) to the electron (only the y
component is non-zero)

The momentum imported to the electron can be obtained by an application of
Gauss’s law of electrostatics.

95E.dS= ! ><§/f[q=i (in SI units)
0

}'ﬁeo €

Where E = the electric field at the surface of any closed volume surrounding
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and the energy gained by the electron and lost by the heavy particles
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Total number of electrons within a distance b to b+ db for a path length dx is
equal to:

Total number =nZ. 2nb db.dx, where nZ number of electrons per unit volume
in stopping material , i.e. in n atoms

Z = number of electrons in each atom.

n = number of atoms per volume (atoms/volume).

Each of these electrons will gain an amount of energy given by eq. @), i.e. the
heavy particle will lose total energy per unit length equal to :
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This is an approximate expression, because for nearly head - on - collision
0 = 180° and the electrons are not free but bound to atoms.

To calculate b,,, and b, :

For b,,.x : The impact time At must not be longer than the period of rotation of an
electron in its orbit in order that energy will be transferred to atomic electron.
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For_b,,i, : The minimum impact parameter b,;, is limited by the uncertainty
principle , because the electron cannot be located with respect to the heavy
particle more closely than its de Broglie wavelength.

In (a) the wavelength A =bg;,, in (b) A> by, the electron inters into the
nucleus, in (¢) A < b, , i.e. impact parameter b > b,
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Where I yerage = I is the mean ionization and excitation potential of atoms in
the stopping material . in practice I, is regarded as an empirical constant, with
avalue in (eV) of the order of 10 z. in air, I,,, = 86 eV, while for 23Al,

Lve. =163 eV.



The correct theoretical relationship between range and energy including
relativistic corrections were done in 1930 by Hans Bethe sometimes this relation
called “Stopping Power” of the materials.
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Therefore Bethe formula will be in the form :
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Where ( =

4meE(

) = 1.44 MeV - fm. Z,p and A are the atomic number density

and the atomic weight of the stopping material . m(c? = the rest energy of the
electron. mc? = 0.511 MeV.

d
Experimentally, the energy loss (— d_Z) is determined by the number of

“ion pairs” (+ and —) produced along the path of the particle :

Ax.Ap=h uncertainty principle
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® In head - on elastic collision

Conversion of energy and momentum in a head - on - elastic collision between a
heavy particle of mass M and an electron of mass m (which we assume to be at rest
for simplicity) gives for the loss in kinetic energy of the particle.
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A head - on - collision gives the maximum energy transfer to the electron . in
glancing collision between the electron and the heavy particle , the heavy particle is
deflected by a negligible angle , and so the particle follows very nearly a straight -
line path.
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Where I = number of ions per unit path of the heavy particle.

W = is the energy needed to produce one ion pair and it is practically
independent of the kinetic energy and the type of the incident particle.

Particle Energy W(eV)
Electron 5 KeV 35.0
o - particle 5.3 MeV 35.2
Proton 340 MeV 33.3




Mean charge

Mean Range R :

The mean range is the average distance travelled by the incident particle before
it loses all its kinetic energy.
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This is a very simple range relation.
The range of a single particle may be slightly
larger or smaller than expression (1), because o
there are statistical variations in the amount of :h;o
dT S
energy lost per unit path length (— E) and in F
the total number of ion pairs formed.
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This statistical nature is responsible for the Kinetic energy
straggling phenomenon which states that : identical Fig. 2
particles of identical energies do not lose the same energy
in passing through a target of given thickness.
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Fig. 4 Residual range in air

v



The residual range : is the distance left to travel until the particle comes to rest.
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Bragg — Kleeman rule : the relationship between ranges in different materials can be
obtained using a semi empirical relationship known as the Bragg — Kleeman rule.

Where R is the range, p the density and A the atomic weight. The subscripts 0
and 1 refer to the known and unknown ranges and materials respectively.
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