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Energy deposition model for low-energy electrons (10-10000 €V) in air
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An energy deposition model for electrons in air that can be useful in microdosimetric applications
is presented in this study. The model is based on a Monte Carlo simulation of the single electron
scattering processes that can take place with the molecular constituents of the air in the energy range
10-10000 eV. The input parameters for this procedure have been the electron scattering cross
sections, both differential and integral. These parameters were calculated using a model potential
method which describes the electron scattering with the molecular constituent of air. The reliability
of the calculated integral cross section values has been evaluated by comparison with direct total
electron scattering cross-section measurements performed by us in a transmission beam experiment.
Experimental energy loss spectra for electrons in air have been used as probability distribution
functions to define the electron energy loss in single collision events. The resulting model has been
applied to simulate the electron transport through a gas cell containing air at different pressures and
the results have been compared with those observed in the experiments. Finally, as an example of
its applicability to dosimetric issues, the energy deposition of 10000 eV by means of successive
collisions in a free air chamber has been simulated.2@4 American Institute of Physics.
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I. INTRODUCTION material and usually fills the ionization chambers which are
the basis of some radiation detectors. Monte Carlo methods

Important radiological and dosimetric applications re- . . .
: . L . are commonly used to simulate the electron interaction and
quire detailed energy deposition models of electrons mteract[-

ing with matter, not only in terms of the total absorbed doseransport through thq matter. Most of them use, as input pa-
- o : rameters, cross section data calculated in the framework of
but giving the energy distribution along the particle tracks

Energetic particlegphoton, electron or ionpassing through the first Born approximatioh.However, we have shown in

matter produce secondary electrons that are mainly respo'p_rewous studies’ that, for energies below 10000 eV, this

sible for the energy transfer by means of successive Cc)”ig;\pproximation overestimates the total electron scattering

sions with the constituent atoms or molecules. Therefor&0SS Sections from several molecular targets, as those con-

1 i i i i i 0,
these models should consider secondary electron interadtituting ar, reaching discrepancies of the order of 40% for

tions, at molecular level, over a wide energy range. In prin_energles below 1000 eV. Therefore models based on a more

ciple, energies from the incident particle energy down to theorecise description of _the electron scattering processes are
final step of the energy degradation procedure should be coﬁ'—eedid at thesgdenergles. . d thi K The aim of
sidered. However, the great diversity of possible processes in . T ese consl er-at|ons mojuvate this work. The aim o
this range makes difficult a complete treatment of the prob!HiS Study is to obtain a realistic energy deposition model for
lem, being necessary reasonable approximations support&FCcrons in air, based on a Monte Carlo simulation of the
by experiments. Among the wide variety of targets of interesP2'ticle tracks and the energy losses derived from single
in these applications, air is one of the most suitable, as |0nslectron scattering events with the main molecular constitu-

as this gas is commonly adopted as a reference radiologica"t ©f @i, namely N and Q. The simulation program was
based on the Gearftéode with significant modifications de-
manded by the physics of this problem. The main input pa-

dAuthor to whom correspondence should be addressed. Instituto de Matemz waters are the electron interaction cross sections. both dif-
aticas y Fsica Fundamental, Consejo Superior de Investigaciones Cienti ’

ficas, Serrano 121, 28006 Madrid, Spain; electronic mail: f€r€ntial and integral, corresponding to the most probable
g.garcia@imaff.cfmac.csic.es processes occurring in the considered energy raige-
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10000 eV. The required electron scattering cross-sections/3(r) is the absorption potential derived from ab initio
data have been calculated fop, lind G by using an im-  procedure based on tiggiasifreeelectron modef;” including
proved optical potential procedutélhe air composition as- all the improvements that we have proposed recénfgl-
sumed for these calculations, as well as the reliability of thgoying the method described in Ref. 5, the complex partial
calculation procedure have been checked by comparisofjayve phase shifts derived from the above potential allowed
with accurate measuremerttgithin 3%) of the total electron 5 determine the differential elastic cross section
scattering cross sections from air performed in a transmissioaael(E)/dQ and, applying the optical theorehthe total ab-
b_eam experiment. Nprmalized energy Ios_s distribution fU”CSorption or integral inelastic cross sectians.(E). The in-
tions have been derived from the experimental energy l0Sggral elastic cross sections,(E) were determined by inte-
spectra obtained with the same experimental system.  grating the corresponding differential values for a given
The present energy deposition model has been applied {ghergy. Finally, molecular cross section data have been de-

simulate the electron beam transport through a gas cell cOyved from those of the constituent atoms following the ad-
taining air at different pressures. The energy and intensityjjtion procedure described in Ref. 5.

distributions of the simulated transmitted beam will be dis-  The calculated differential elastic cross sections for elec-
cussed by comparison with the experimental results. Finallyyon scattering from Mand Q, are shown in Fig. 1 for some
the applicability of this energy deposition model to dosimet-jncigent energie¢50, 500, 1000, 3000, and 10 000 )e\o-

ric issues has been shown by simulating the particle traCk@ether with representative experimental ditd® Taking
and the energy degradation process of 10000 eV electrofisto account that experimental differential cross section val-
passing through a chamber filled with air at atmospherig,eg usually have large error limitabove 20% because of

pressure. the normalization procedures needed to obtain absolute val-
ues, there is a reasonable agreement between theory and ex-

Il. CROSS SECTION DETERMINATION PROCEDURE periment for both molecules.

AND ENERGY LOSS SPECTRA Integral cross-section values for electron interaction in

dry air have been determined from its molecular constituents
by assuming a target composition of 78.09%ad 21.19%
O,. Results for the integral elastic, integral inelastic, and

The principles of the optical potential procedure fol- total electron scattering cross section from air are shown in
lowed to calculate differential and integral electron scatteringrig. 2 for energies ranging from 10 to 10 000 eV.

cross sections from molecules have been described in previ-  As will be described in the next section, the consistency
ous paper§.” Basically, we have considered that the incidentof these results has been checked by comparison with direct

electron energy is appropriate for the application of the in-measurements of the electron beam attenuation in air for se-
dependent atom mod&IThe electron—atom interaction is |ected energies.

then represented by an approximate optical potential given
by B. Total electron scattering cross section and energy
Vopt(r)=V(r)+iVa(r) loss measurements
. Total electron scattering cross section from air have been

= V(1) +Ve(r) +Vp(r) +iVA(r), @ directly measured in the energy range 1000-5000 eV by us-
where the real parV(r) is the effective atomic potential ing a transmission beam technigtfélhe experimental setup
which includes three terms: the static potential calculateds shown in Fig. 3. Both the system and the experimental
from the charge density derived from a relativistic Hartree—procedure have been described elsewHéfeand will only
Fock proceduréV(r), the exchange potentisl,(r) as de- be briefly reported here. The primary electron beam, pro-
fined by Riley and Truhldf and the polarization potential duced by an emitting filament, was collimatedairg 1 mm
Vp(r) in the form given by Zharet al* The imaginary part diameter beam and deflected by a combination of electro-

A. Differential and integral electron scattering cross
section calculations
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FIG. 2. Integral electron scattering cross sections from air. Present 0 10 20 30 40 50
calculations:—, total electron scattering cross section;---, integral elastic Energy loss (eV)
cross sections;---, integral inelastic cross sections. Present measurements:
A, total electron scattering cross sections. FIG. 4. Experimental energy loss spectrum at 5° for 2000 eV incident elec-

trons and 20 mTorr of air in the collision chamber.

static plates and a transverse magnetic field. Typical operat-
ing currents were between 18 to 10 4 A with an energy  ments due to forward scattered electrons is less than 1%. As
resolution of 500 meV. The collision chamber was defined bya combination of the partial error sources, a total experimen-
two apertures each of 1 mm diameter separated by a lengthl error of 3% can be assumed for the present total cross-
of 100 mm. Electrons emerging from the collision chambersection measurements Experimental results for total elec-
were deflected by an electrostatic plates system to select thieon scattering cross sections in air are shown in Fig. 2
angle of analysis. The transmitted electrons were energy anéegether with those calculated with the above procedure. As
lyzed by an electrostatic hemispherical spectrometer conthis figure shows, for energies above 1000 eV there is a
bined with a retarding field. Under these conditions a congeneral agreement, within 5%, between the present theoreti-
stant energy resolution of about 0.8 eV was obtained over theal and experimental data. We can expect a similar behavior
whole energy range considered here. The acceptance angleaiflower energies while the above method to calculate elec-
the analyzer was in the order of 10Dsr. Electrons were tron scattering from molecules is applicable, above 50 eV.
detected at the exit of the energy analyzer by a two stag&herefore, for the computing procedure proposed in this pa-
microchannel platdMCP) electron multiplier operating in per, the calculated integral cross-section data will be used by
pulse counting mode. The gas pressure in the chamber wassuming, for this energy range, an error limit of about 7%.
measured within 1% by an absolute capacitance manomet&elow 50 eV the results of this study should be considered
(MKS Baratron 127 A. The ultimate pressure in the region only qualitatively.
of the energy analyzer and electron detector was lower than The electron energy loss spectra have been obtained with
10 ® Torr. The total cross sections were derived from thethe same experimental system by sweeping the retarding
attenuation of the transmitted electron beam when the targdield at the entrance of the energy analyzer with a voltage
pressure was varied from 1 to 20 mTorr. In these conditionstamp generator synchronized with a multichannel system
we have showhthat multiscattering processes are negligiblecontrolled by a computer. In this case, some changes in the
and that the error contribution to the attenuation measurescattering geometry have been introduced to improve the an-
gular definition. The scattering chamber length was reduced
to 10 mm while the exit aperture diameter was enlarged to 2

Magnetic field Retarding mm. The angle of analysis was selected by deflecting the
field / E transmitted beam with the electrostatic parallel plate system,
i 14 covering an angular range from 0 to 15 degrees. For the

analyzer

g % — Il

o T

Electron Gas cell  Deflecting
gun plates

energies considered in this experiment the differential elec-
tron scattering cross sections are strongly peaked on the for-
ward direction, being the ratio between the intensity of elec-
trons scattered at higher angles than 15° and that of the
forward scattered electrons less than 0.1 for energies above
500 eV. A typical energy loss spectrum of electrons scattered
at 5° for 2000 eV incident energy and 20 mTorr of air in the
collision chamber is shown in Fig. 4. Energy spectra were

FIG. 3. Experimental setup used for total electron scattering cross sectiod€corded at d_ifferent incident energies ranging from and dif-
and energy loss measurements. ferent scattering angles between 0° and 15°. We found that

P

Electron multiplier detector —» ?
(Microchannel plate) 2
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0.003 — tion of the physics to be used is open. Specifically, the
5 Geant4 code gives the opportunity of using databases and
g J processes different to the implemented ones, allowing new
= physics be tailored to the standard procedures to simulate
-g particles and materials. Thus, the Geant4 code can naturally
= 0.002 be used for our purposes of implementing new electron in-
8 teraction models, taking advantage of its already tested tools
§ . for geometry modeling, material and particle definitions,
3 Monte Carlo tracking of events, collection of data about in-
o 0.001 teraction positions and deposited charge in sensitive materi-
2 als, etc. In other words, we simply implement new physical
8 processes in a fully operative simulation platform, in order to
g 1 include low energy(below 10000 eV electron interaction
3 N processes according to our calculated and experimental re-
0 . | . ' . I - ' sults.
0 20 40 60 80 The electron elastic and inelastic interaction processes
Energy loss (eV) have been introduced in the code as a new program. Both,

experimental and calculated cross-section data are used by
this program as input parameters. Standard Monte Carlo

techniques applied to the distribution functions generated

from the input data decide the trajectories and energy depo-
the scattered signal decreased as the scattering angle isition patterns of electrons in the target chamber.

creased, but maintained the relative intensity distribution of ~ Once these programs are included, electrons in the code
the inelastic peaks fairly constant, within 15%, for energiesare linked only to these effects. The standard processes in
above 1000 eV. We have therefore assumed a common efseant4 for electrons are not considered. Thus, the physics
ergy loss spectrum for the whole energy range consideredpplicable when an electron is tracked relies only on the two

here. This is a rough estimation which gives the main connew processes.

tribution to the uncertainty quoted to this simulation proce- The mean free path of electrons in the chamber is de-

dure. The averaged experimental energy loss spectrum déned by the total electron scattering cross sections. When a
fined a common probability distribution function for all single collision takes place, the program decides whether it is

energies considered which was introduced in the simulatioelastic or inelastic by pondering the related cross-section

to decide the energy lost by the electrons when inelastic coldata. In a single elastic collision no energy loss of the elec-

lisions take place. This energy loss distribution functiontron is considered, but there is a change of direction given by

FIG. 5. Energy loss distribution function, from 0 to 80 eV, used to sample
the energy deposition of inelastic collisions.

(from 0 to 80 eV is shown in Fig. 5. the angular probability derived from the differential elastic
cross sections computed as described above. In order to de-
I1l. MONTE CARLO SIMULATION cide the angle of the emerging electron elastically scattered,

the energy range considered in this study has been divided
into nine bins(0-150, 150-300, 300-500, 500-700, 700—
In order to implement a Monte Carlo simulation based900, 900-1500, 1500—2500, 2500-3500, and 3500—10 000
on original cross-section data, two possibilities can be coneV) each one being represented by a fixed energy value: 100,
sidered:(a) generating a totally new simulation code aigl 200, 400, 600, 800, 1000, 2000, 3000, and 5000 eV, respec-
modifying an existing code, replacing some theoretical aptively. The differential elastic cross sections corresponding to
proximations used to describe electron interactions by inputhese representative energies have been used to derive the
databases derived from experimental cross-section resultsormalized distribution functions that have been used to
Since a Monte Carlo simulation involves many aspects, apagample the scattering angles. The same procedure has been
from the physics of interactions, we have concluded that thearried out to decide the scattering angle when the collision
most efficient way to implement an energy deposition modelvas inelastic.
at molecular level is by using reliable existing codes but In the case of inelastic scattering, some amount of en-
introducing the degree of detail required by the mentionecergy is deposited in the medium. This energy lost by the
applications. Thus, some advantages of significant aspeciiscoming electron is sorted from data tables included in the
such as generation of primaries, geometry, visualizationinelastic scattering class obtained from the experimental en-
tracking, etc., can be taken from them. ergy loss spectra. In this way, the code provides an energy
In principle, any of the highly developed codes availableloss profile and angular deflections fully compatible with our
on the market could be used for our purpose. However, onexperimental results. So, in contrast with other models avail-
of the largest developed codes for radiation-matter interacable in the literature, the molecular structure of the target is
tion simulation is Geant4.More than a single code, it is a defining here the energy deposition pattern. In this case, the
full kit of simulation tools, the result of a vast work of more energy assigned to the scattered electron corresponds to the
that 100 scientists and engineers from research laboratorietectron incoming energyimmediately before the interac-
worldwide. As an object-oriented program, the implementation) minus the energy loss.

A. Simulation model
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FIG. 7. Energy deposition model for 1 mm diameter electron beam of
10 000 eV entering along theaxis of a gas cell containing 1 atmosphere of
air. Giving thought to the cross-section data and the energy loss spectra, the
0.1 ' I . T . T . I simulation procedure decides the type of single scattering even_t tha_t takgs

0 10 20 30 40 place, as well as the amount of energy transferred to the medium in this

Air pressure (mTorr) process. This energy is represented by the plotted points as fol@ws:

between 0 and 50 e\), between 50 and 100 eV, higher than 100 eV. In
order to clarify the graph, only one of each 10 points are plotted.

FIG. 6. Transmitted electron intensity relative to the incident electron inten
sity as a function of the air pressure in the gas cell for 2000 eV electrons.

where the energy of electrons, which are generated in these
The energy lost by electrons along their tracks within thedetectors as secondary particles, is deposited inside the
gas collision chamber is stored in the code at the corresponghamber. In order to assign a dose magnitude to the collected
ing position. As expected, the simulated energy loss spesharge in these detectors some approximations are customary
trum for a 2000 eV electron beam hitting the gas cell con-used, namely the assumption of local charge equilibrium at
taining air at 20 mTorr is nearly coincident with the energythe collecting region and the use of a mean energy required
loss distribution shown in Fig. 5, for a significant number ofto produce an electron ion pair. The present simulation pro-
histories, giving the saméwithin 0.1% averaged energy cedure can also be very useful to check the reliability of
loss per inelastic event, namely 33.93 eV. these approximations for a given detector configuration, as
long as precise information about interaction positions and

B. Applications to energy deposition models energy deposition is available.

Th_e code has first been applied to the study of thg ativ. CONCLUSIONS
tenuation of an electron beam through the gas cell at differ-
ent pressures between 2 and 40 mTorr. Two collimation ap- In this paper we propose a detailed energy deposition
ertures along the axis beam, 1 mm diameter each, placed atodel for low energy electrons in gases. The model is based
the entrance and exit of the chamber have been assumedda a Monte Carlo simulation which uses our experimental
reproduce the experimental conditions. The relative intensityand theoretical electron scattering cross-section data as input
of the simulated transmitted beam is plotted in Fig. 6 as garameters, as well as the observed energy loss spectra.
function of the pressure in the chamber for 2000 eV incidenfTherefore, the developed program allows input parameters
electron energy. As this figure shows, the transmitted intenbased on experimental and theoretical electron scattering
sity follows an exponential decrease versus pressure whictlata giving information on the energy distribution along the
allows us to determine the total cross-section value for thigparticle tracks. Since electrons are produced as secondary
energy. The agreement found between the experimental totphrticles in most gaseous radiation detectors, preliminary ap-
cross section at this energy and that derived from the simuyslications to the energy deposition of electrons in air at at-
lation (4.49 and 4.2913, respectively gives an idea of the mospheric pressure have been also presented. Some restric-
self-consistency of the simulation program developed here.tive approximations, such as the assumption of an electronic
As an example of the applicability of this procedure to equilibrium and the definition of an average energy to pro-
dosimetric issues, we have simulated particle tracks and emtuce an ion pair, are generally implicit to assess the absorbed
ergy deposition of 10000 eV electrons interacting in a gaglose in gaseous radiation detectors which are based on
chamber with air at atmospheric pressure. Electrons interacharge collection. Since these simplifications tend to fail
in the gas until all its energy is deposited in it. In spite of thewhen the energy decreases, their reliability can be checked
relatively high energy of the primary electrons, the modelthrough this model.
reproduces the experimental evidence that each electron de- In this paper we have shown the first stage of the work in
posits its energy through many interactions giving the al-which the main features of the method have been developed,
ready mentioned average energy loss. A viewgraph of a regsut considerable experimental effort to include more pro-
resentative computed energy deposition map is shown in Figesses and to reduce the energy steps, and therefore the en-
7. As can be seen in this figure, the energy deposition modedrgy resolution, should be made to extend the applicability of
proposed in this work can be a useful complement for radiathis model to other radiological problentmicrodosimetry,
tion detectors, giving additional information on how and radiation damage In order to reduce the uncertainties re-
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