Ionization




onization 2

4 N

Tonization

The basic mechanism is an inelastic collision of the moving charged
particle with the atomic electrons of the material, ejecting off an
electron from the atom :

p + atom — p + atom™ + e~

In each individual collision, the energy transfered to the electron is
small. But the total number of collisions is large, and we can well

define the average energy loss per (macroscopic) unit path length.

N /
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G/Iean energy loss and energetic J-rays \

do(Z, E,T)
dT’
is the differential cross-section per atom for the ejection of an

electron with kinetic energy 7' by an incident charged particle of
total energy E moving in a material of density p.

One may wish to take into account separately the high-energy
knock-on electrons produced above a given threshold T,,; (miss
detection, explicit simulation ...).

Teut > I (mean excitation energy in the material).
Teut > 1 keV in GEANT4

Below this threshold, the soft knock-on electrons are counted only
as continuous energy lost by the incident particle.

Above it, they are explicitly generated. Those electrons must be
@ccluded from the mean continuous energy loss count. /
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The mean rate of the energy lost by the incident particle due to the

soft o-rays is :

ABsost (B, Tew) _ /T do(Z,E,T)
— llat ~°
0

Tdr 1
dT d (1)

Nqt - Nb of atoms per volume in the matter.

The total cross-section per atom for the ejection of an electron of

energy 1" > Tyt 1S :

T
mas do(Z, B, T
o(Z, E,Teyt) :/T ( - )

where T},,, is the maximum energy transferable to the free

dT (2)

electron.

N /
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Mean rate of energy loss by heavy particles

truncated energy loss formula [PDG] :

2
d_E] — 27‘(‘?“ng277,€[ <Zp2) X
dx T<Tcut /6
omc23242T,
lm( me i; p> e (1+

N

The integration of equation 1 leads to the well known Bethe-Bloch

~
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4 N

where

r.  classical electron radius: e?/(4mwegmc?)
mc* energy-mass of electron

ne;  electrons density in the material

Zp charge of the incident particle

Tup min(Teut, Timaz)

1 mean excitation energy in the material
0 density effect function

Ce shell correction function

Nawp 2mc? (2 — 1)
Traz =
A 1+ 2ym/M + (m/M)?

N /
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ﬁnean excitation energy \

There exists a variety of phenomenological approximations for I,
the simplest being I = 10eV x Z

In GEANT4 we have tabulated the recommended values in
[ICRU84].
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the density effect

0 is a correction term which takes into account of the reduction in
energy loss due to the so-called density effect. This becomes
important at high energy because media have a tendency to
become polarised as the incident particle velocity increases. As a
consequence, the atoms in a medium can no longer be considered as
isolated. To correct for this effect the formulation of Sternheimer
[Ster71] is generally used.

N /
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the shell correction

2C. /7 is a so-called shell correction term which accounts for the
fact that, under certain conditions, the probability of collision with
the electrons of the inner atomic shells (K, L, etc.) is negligible.
The semi-empirical formula used in GEANT4, applicable to all
materials, is due to Barkas [Bark62]:

a(I) N b(I) (I
(By)2 (B (BY)°

Ce(I,By) =

N /
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low energies

The mean energy loss can be described by the Bethe-Bloch formula
only if the projectile velocity is larger than that of orbital electrons.
In the low-energy region where this is not verified, a different kind
of parameterisation must be used.

For instance:
e Andersen and Ziegler [Ziegl77] for 0.01 < 8 < 0.05
e Lindhard [Lind63| for 5 < 0.01
See ICRU Report 49 [ICRU93] for a detailed discussion of

low-energy corrections.

N /
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low energies

in G4hIonisation, a simple parametrisation gives the energy loss

as a function of 7 = (T'/Mprotonc?) :

dE/dx = ne - (AyT+ Bt) for 7<m
dE/dx = ne - C/\/T for 71 € [19, T]

The parameters A, B, C are such that dF/dx is a continuous

function of the kinetic energy 1" at 79 and 7.

Above T7 the truncated Bethe-Bloch formula is used.

N /
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PhysicsTables

At initialization stage, the function BuildPhysicsTables ()
computes and tabulates the dF /dx due to the soft d-rays, as a

function on energy, and for

The dE /dx of charged hadrons is obtained from that of proton (or
antiproton) by calculating the kinetic energy of a proton with the

same /3, and using this value to interpolate the proton tables.

T L Mproton T
roton —
P M

N /
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Fluctuations in energy loss

(AF) = (dE/dx). Az gives only the average energy loss by
ionization. There are fluctuations. Depending of the amount of
matter in Ax the distribution of AFE can be strongly asymmetric
(— the Landau tail).

The large fluctuations are due to a small number of collisions with

large energy transfers.

N /
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/The figure shows the energy loss distribution of 3 GeV electrons in 5 mm\
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Energy loss fluctuations : the models in Geant

The straggling is partially taken into account by the simulation of
energy loss by the production of d-electrons with energy 1" > T..,;.

However continuous energy loss also has fluctuations.

Two diffterent models of fluctuations are applied depending on the
value of the parameter x which is the lower limit of the number of

potential interactions of the particle in the step:

_AE

| —
Tcut

where AFE is the mean continuous energy loss in a track segment of
length Azx.

N /
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4 N

Energy loss fluctuations : Gaussian regime

For v > 10 and if T},,4z is not too big ( Tiar < 2Teyt) the
straggling function approaches a Gaussian distribution with Bohr’s
variance [ICRU93]:
ZQ 2
0? = 27T7°g MeC® N —22 Az Ty [ 1 — ﬁ—
3 2

(Zp, is the charge of the incident particle in units of positron charge.)

N /
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Energy loss fluctuations : Urban model

For v < 10.
It is based on a rather simple model of the particle-atom

interaction.
The atoms are assumed to have only two energy levels E7 and FEs.
The particle-atom interaction can be :

e an excitation with energy loss Eq or Es

e an ionization with energy loss distribution g(E) ~ 1/E?,
with E € [Eo, Tup].

T
up EqT, 1
g(E) dE =1 = g(E) = .
/Eo Tup _ EO E?

N /
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The macroscopic cross section for excitation (¢ =1,2) is :

~/dE\ fi Wn[2mc* (8v)*/Ei] — B
i = < dx > E; In[2mc? (8v)*/1] — 32

I = mean excitation energy

(1=7)

E;, f; = energy levels and oscillator strengths of the atom

r is a model parameter.

fi; and E; must satisfy the sum rules [Bichs88] :

fit+fa=1
fl-lnEl —|—f2-lnE2 =1In/

N /
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e

For
5, <

Tup — min(Tmaxa Tcut)

N

d_E
dx

)

Tup - EO

EoTyp In(322)

Ey = ionization energy of the atom

r

/
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In a step of length Ax the nb of collisions n;, (i = 1,2 for excitation,

3 for ionization) follows a Poisson distribution with :

The mean energy loss in a step is the sum of the excitation and

ionization contributions :

dE T
o cAx = X1 By + Yo ks + Eg(E)dE » Az
T

Eo

E» is approximately the K-shell energy of atoms : Fy = 10 eV Z?
Eo=10eV

Z fo = 2 is the number of K-shell electrons.

f1 and E4 can be obtained from the sum rules.

N /

‘EANT4 Tutorial May 23, 2007




onization 23

4 N

The parameter 7 is the only variable in the model which can be
tuned. This parameter determines the relative contribution of

ionization and excitation to the energy loss.

Its value has been parametrized from comparison of simulated

energy loss distributions to experimental data :

T
r =0.03+0.231n [ln (Tp>]

N /
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/Sample the energy loss : the loss due to the excitation is \
AEcz. = niEy +noko

where n; and ny are sampled from Poisson distribution.

The energy loss due to the ionization can be generated from the
distribution g(F) by the inverse transformation method. Then, the
contribution from the ionization will be :

n3

Z Lo
A-EWZ'On — Tup—Eo

ns is the nb of ionizations sampled from Poisson distribution,

u; is uniform € [0, 1].

The total energy loss in a step Ax is AE = AFE .. + AE;,,
The energy loss fluctuation comes from the fluctuations of the

\Coﬂision numbers n; /
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This simple model of the energy loss fluctuations is rather fast and

it can be used for any thickness of the materials, and for any 7..,;.

This has been proved performing many simulations and comparing

the results with experimental data, see e.g [Urban95].

Approaching the limit of the validity of Landau’s theory, the loss
distribution approaches smoothly the Landau form.

N /

‘EANT4 Tutorial May 23, 2007




onization

26

-

(

Fluctuations on AFE lead to fluctuations on the actual range

penetration of e~ (16 MeV) and proton (105 MeV) in 10 cm of water.
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Bragg curve. More energy per unit length are deposit towards

the end of trajectory rather at its beginning.

proton 105 MeV in water: Bragg peak
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Energetic 0 rays

The differential cross-section per atom for producing an electron of
kinetic energy T, with I < T,.,; <1 <T,,.. , can be written :

T T
Trae 2FE?

(the last term for spin 1/2 only).

The integration of equation(2) gives :

22 7 22 1 1 3 I
B - D max
0(Z4, B, Teut) = 32 [(Tcut N Tmaa:) T In T
_|_Tma,x T TC’U,t
2F7

(the last term for spin 1/2 only).

N /
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Mean free path

—1
)\(E Tcut (Z Natq Zza E TCUt))

Nati - 1b of atoms per volume of the i*" element in the material.

At initialization stage, the function BuildPhysicsTables ()
computes and tabulates :

° for all materials

N /
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/Sample the energy of the J-ray

Apart from the normalisation, the cross-section can be factorised :

(the last term in g(7") for spin 1/2 only).

The energy T is obtained by :
1. sample T from f(T)

1 1 1
Tcut Tmaac T2

T2
* 2FE72

do :
yal f(T) g(T) with T € [Teut, Traz]
with :
FT) =
T
B 92
g(T) = 1 6 Tmax

\2. accept /reject the sampled T with a probability g(T').

~

/
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compute the final kinematic

The function AlongStepDoIt () computes the energy lost by the
ionizing particle, along its step.

The function PostStepDolt () samples the energy of the knock-on

electron.

Then, the direction of the scattered electron is generated with
respect to the direction of the incident particle :
6 is calculated from the energy momentum conservation.

¢ is generated isotropically.

This information is used to calculate the energy and momentum of
both scattered particles and to transform them into the global

coordinate system.

N /
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/delta rays \

200 MeV electrons, protons, alphas in 1 cm of Aluminium
WORL EVENT  NR 28 61910
) _ I / s — —
0.1cm

N — Y,
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muon : number of o-rays per cm in Aluminium
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Incident electrons and positrons

For incident e~/* the Bethe Bloch formula must be modified

because of the mass and identity of particles (for e™).

One use the Moller or Bhabha cross sections [Mess70] and the
Berger-Seltzer dE/dx formula [ICRU84, Selt84].

N /
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truncated Berger-Seltzer dE/dx formula

E 1
d—] = 27Tr§m02nel—2><
dx T<Tcut /6
2(v+1) +
1 F —1,7y,) — 0
[“(<I/mc2>2)+ =L 7up) ]
where

T, energy cut for 0 — ray

Te Tt/ mC?
Tma/x
Tup min(7e, Tmaz )

The functions F'* are given in [Selt84].

N

/
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/de/dx due to ionization (Berger-Seltzer formula)

~

Tables for ELECTRON in Aluminium
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e

differential cross section per atom (for 7' > I)

For the electron-electron (Moéller) scattering we have:

do 2mr2Z
= X

de B2(y — 1)

and for the positron-electron (Bhabha) scattering:

do A 1 B4
= — = + By — Bse + Byé?
de — (y—1) [6262 e T BT 46]

N

—1)? 1/1 2v—1 1 1
=17 1(1_ 2y N B
2 € \ € 2 l—e\1l—c¢

)

/
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where
E = energy of the incident particle
v = E/mc y = 1/(y+1)
By = 2—y° By = (1-2y)(3+y?%)
By = (1—2y)*+(1-2y)° B, = (1-2y)°
e = T/(E—mc?)

with 1" the kinematic energy of the scattered electron.

The kinematical limits for the variable € are:

Tcut 1
E —mc

N /
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Total cross-sections per atom

The integration of formula 2 gives the total cross-section per atom,
for Moller scattering (e”e™) :

2mr27 —1)?% /1 1 1
O-(ZaEvTcut) — 27TT€ [(’7 2> (——£C>—|———
Po-n| 2 \2 : 1z
2v — 1 1—x]
— 5 In
¥ x

and for Bhabha scattering (eTe™) :

2mr2Z [ 1 (1
0(Z,E,Tey) = (;Tiel) [52 (5 — 1) + Bilnx + By(1 — x)
B B
SRS ]

N /
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where
v = E/mc? B, = 2—qy?
B2 = 1-(1/9% By = (1-2y)3+y?)
v = Tew/(E—mc?) By = (1-2y)°+(1-2y)°
y = 1/(v+1) By = (1-2y)°

N /
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ﬁample the energy of the J-ray \

Apart from the normalisation, the cross-section are factorised as :
d
— = f(e) g(e)
for e e~ scattering :
1 €o
f(e) - 6_2 1 — 260
g(e) = - (=12 @2 2y -+ L
992 — 10y + 5 l—€e (1—¢)?
and for eTe” scattering :
1 €0
f(E) - 62 1 — €0
(O = By — Bie + Bo€e® — Bse® + Bye®
g - Bo — Bieg + BQE% — B3€% —+ B4€g
Here By = v?/(y* — 1) and all the other quantities have been defined

above. /
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