Romanian Reportsin Physics, Volume 55, Number 4, P. 396-403 2002

ENERGY LOSSAND STRAGGLING OF ELECTRONS
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Abstract. A computer program, written in FORTRAN, able to simulate the energy distribution of an initial
monoenergetic dedron beam up to 100 MeV incident energy was conceved. The mean energy lossby collisions and
by bremsstrahlung emisson is caculated for different media or mixtures by using very acarrate theoretica formulas.
The distribution function of the energy losses is determined within an approximation of the Landau's function and
using the Bethe and Heitler formula for the radiative loss. The straggling distribution function is renormalized to
reproducethe average value of the energy loss.
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1. INTRODUCTION

During the past several yeas, a wide number of applicaions for the bremsgrahlung radiation were developed,
beginning with the production d neutron rich nulei using the gammea-induced fission [1] processand finishing with
the radiation therapy. A numericd code was conceved for modeling the bremsgrahlung emission from different targets
[1] up to an incident eledron energy of 100 MeV. In this program, only the average energy of the dedron beam is
determined in order to caculate the bremsdrahlung cross ction, the distribution function being considered as a delta
function centered in the average energy of the dedron beam. The problem of the spedral distribution was disregarded.
In the following, an estimation of the dedron beam stragdliing is redised. In traversing a given thickness of the
scatering medium, the dedron urdergo discrete energy loss The variation in energy losss is referred as energy
straggling.

2.ELECTRON SLOWING DOWN AND STRAGGLING
The dowing down of the dedron is produced mainly by two effeds: the inelastic collision and the

bremsdrahlung production. The mean energy loss due to inelastic oollisions is given by the following numericd
formulas appropriate for low and highincident energies|[2], respedively.
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The Bohr expresdgon for the mean energy loss reads

for # <0.5 and the avail able Bethe-Bloch expression in the relativistic region is
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for £>0.5. The mean energy loss is given in MeV/cm, the density p is considered in gem?, here E, isthe kinetic energy
inMeV, mc?>=0.51 MeV, and | are the ionizaion potentials which are listed in the literature [3]. The parameter 6 is
known as a density effed. The semi-empirica form of § originally proposed by

Sternheimer [4] is gill used:
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Where

X:Iogogr[;)%% (4)

isavelocity dependent parameter,

C =—2|nEhc'o—E-1 (5)

isamaterial dependent parameter, with a,’=4zNe’/m being the bulk plasma frequency. Numerically
h,=30.47(Zp/A)"? in eV. The density p is expressed in g/cm?®, m=3,

a=—C+4.60640) /(X1 = Xo)" (6)

50.2 for | <1@eV and|d <3681

032631 for 1 <1@eV and|d=3681

“H2 for 121® eV and |d <5215 )
326315 for | 21® eV and |d=5215

_E2 for I<1®eV and|d <3681
BB for | 21M eV and|d <525 (8)

Sincethe experimental systematic of bremsstrahlung spedrais not acarate, and the cverage istoo sparse, one must
rely on the theoreticd results. The bremsstrahlung differential crosssection in photon energy formulas are obtained by

using the prescriptions given by Koch and Motz [5]. The same forms were used in the dectron slowing down
evaluations of Ref. [6]:
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In the previous relations, r, denotes the dassicd eledron radius, E isthe total eledron energy in mc>=0.51 MeV units,
E'=E-k isthe final energy of the dedron after the emission of a quanta of energy k, p and p' are theinitial and final

momentum of the dedron in mc units:

p=V(E-DE+)
p=V(E-DED
B=t

E

(23
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Also, Arepresentsa rredive fador for the Born approximation obtained by
interpolating the data of Koch and Motz [7], fz isthe Elwert fador restricted to nonrelativistic dedron energies:
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and y=100k(EE'Z**)™ is a screening fador.

The mean energy lossdue to the radiative processis

Ex

B _602451G°mc ¢, do
x A KgckK

0
so that the total energy lossis given by the relation
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The average energy at the depth xis:
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where E; isthe incident energy. Our numericd results agree within few percents with the previous published values

[11].

The spedral distribution of the dedron energy loss of fast eledrons is ruled by two main Coulomb
interadions: (i) collisions with atomic dedrons, the so cdled ionizaion processes and (ii) collisions with atomic
nuclei, which produces the bremsstrahlung radiation. The variation in energy loss due to bah type of collisions is
commonly referred as energy straggling. In the following, f(E;,E;,X) refers to the energy loss sraggling distribution in
MeV™? units. An eledron initially with kinetic energy E;, after passng through a target of thickness x, will have a
probability f(E;,E;,X)dE; of being in the kinetic energy interval between E; and Eq+dE;. The energy loss straggling
distribution cerived by Landau is evaluated by taking into acount only the energy loss due to ionization. Therefore,
this distribution must be furthermore wrreded to take into acwunt the radiative processes. Within the gproximation
of the universal function appeaing in the Landau theory reported in Ref. [7], the Landau distribution can be

represented as foll ows:
1
fion (Ei, E¥ ,X)=E¢(A) (28)

where
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Here N=6.024%10% is Avogadro's number, r,=2.82x10-** the dasscd eledron radiusin cm, u=myc*=0.51
MeV the dedron rest energy, x isthe depth in glem? (so that ¢isin MeV units), | istheionizaion potential and & the
density effed. The parameters in the function ¢(4) have the following values: 1,=-2.9, 1,—w®, 4,=-0.2225
$a_{o}=$0.17904, $a {}$=-0.0253, $b_{} $=0.0482, b,=0.1132 c,=0.17904, d;=0.0134 and d,=0.1355. This
approximation reproduces the Landau formula within an absolute eror of 2x10°.

Theradiative energy loss $raggling can be parametrised with the Bethe and Heitler formula. The form given
in Ref. $[8]$ was retained:
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where |=x/(X¢In2) is the thicknessin units of radiation length X,. The radiation length can be obtained with the
parametrization found in Ref. [9] which gvesvaluesin glcm?*

716405A
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(33

where L,=In(184.152"3), L,'=In(11942%%), f=1.202z-1.03692°+1.0087/(1+2) and z=(Z/137)>.

Thetotal probability that an eledron of the initial energy E; readesthe energy E; whil e traversing a material of
thicknessx is obtained by a folding procedure:

E\

f(E Er.0)= Ifion(Ei’va)frad(vaf »X)dy (34

Thisintegral contains a singularity in the limit y=E; if I<1. To handle this problem in numericd computations, by
following the prescriptions of Ref. [8], the foldingintegral is approximated with the expression:
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where yo=¢E; and ¢ is a number dlightly larger than one. In the present cdculation ¢=1.002 In principle, the radiative

distribution is not normali zed:

E;

[T EqxdE, =C (36)
0

E= lJ'E f(E;,E;,x)dE; (37)

so that the mean value of the energy is obtained by performing the renormalization with the constant C

This average energy is derived within the Landau distribution function which assumes that the ionization
losses are small compared to the initial energy. Therefore, this kind of simulation does not take into acwmunt the
attenuation of the dedron beam due to energy loss comparable to the dedron energy before mllisions. In these
circumstances, the average energy of the beam will be larger than that obtained within acarrate formalism of the
eledron sowing down. To reproduce the average energy oltained with the theory used in computing the dedron
sowing down and to take into acount the atenuation of the beam, the function distribution is multi pli ed with the ratio
r=EyE, so that our distribution function becomes rf(E;,E;,x).

To compute the slowing down and the bremsstrahlung cross dion for mixtures, the eff ective values of the
target parameters can be deduced using the Bragg rule [ 10] which stipulates that the stopping of the individual elements
are gproximately additive.

3. RESULTS

The dependence of the alli sion energy loss upon the layer thickness was investigated. The Fig. 1 shows the
cdculated eledron kinetic energy for 30 MeV eledrons travelling through various path lengths in carbon, beginning
with zero up to the maximal range in steps of 0.5 cm. In the upper part, the Fig. 1(a), the spedral distribution is due to
ionizaion processes only. The shape of the distribution is asymmetric around the maximum probable value of the
energy eledron, with a longer tail towards low energies. The increase of the path length leads to an increase of the
width of the distributions. The Fig. 1(b) the folded distributions between those due to radiative and ionization proceses
are displayed. The radiative processhas an visible dfed on the shape of the spectral distribution increasing the number
of lower energy eledrons at the expense of the higher energy eledrons. The asymmetry of the distribution function
increases while the most probable energy deaeases. These behaviors are more visible for larger travelled depths.
Findly, in Fig. 1(c), the dtenuation of the dedron beam is taken into acount by performing the renormalisation
procedure with the mean energy obtained from the stopping pover theories. An deaease of the overall distributions can
be remarked for path lengths in the vicinity of the end of the eledron range.

This computer code can be used for an acarrate description of eledron transport phenomena in matter, as
needed for the bremsstrahlung modeling described in ref. [1,11].
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FIGURE CAPTION

FIG. 1 Spedral distributions f(E;,Ez,x) due to colli sion lossfor 30 MeV eledrons traversing various lengthsin carbon
are represented as function of the final kinetic energy E;. The distributions are cdculated for diff erent absorber
thicknessesin stepsof 0.5 cm up to the range of the dedrons. (a) The Landau ionization distribution. (b) The
ionizaion distribution folded with the radiative distribution. (c) The total distribution normalised to take into acaunt
the atenuation.



