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To make sure that we were setting the physics interaction flags and the tracking cuts right
for amulations of gammarays from energy 180 keV to few MeV we wrote asmple
Geant program cadled ‘stopl’. Our previous experience with Geant has been limited to
more than 100s of MeV so we fdt it necessary to go through this exercise. This program
iswritten to caculate the deposited energy spectrum in various materid with varying
thickness and a cross-sectiond area of 10 cm X 10 cm. We aso provided ourselves an
option of placing an atenuator in front of the detector. Geant is able to smulate the
dominant processes, which can occur in the energy range from 10 keV to 10 TeV for
electromagnetic interactions. In this document we discuss how Geant treats the main
gamma ray/eectron interactions and what flags control these reactions and how we
intend to st these flags. The Geant program is part of the CERN program library. Fig. 1
shows the geometry of the sopl program and tracks from 3MeV gamma interaction with
BGO detector material.
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Fig. 1. Geometry used in stopl program. Dotted linesindicate blue gammatracks
(dashes) and red tracks (solid lines) indicate eectrons and positrons. Electron/positron
track length is very smdl and sometimes cannot be seen in this picture.
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Photoelectric Effect" "

In a photoel ectric interaction the gammaray disappears and an ectron appears with
energy equd to E — Be, where Beisthe binding energy of that eectron and E isthe
energy of the incident gamma. The range of dectronsin solid materidsis o short that
one can usudly assume that dl of the electron energy will be deposited. However if the
interaction happens too close to the wall then the eectron may deposit only part of its
energy before escaping (the probability of this hgppening is very smdl). In practice one
assumes that dl of the energy of the photodectron will be deposited in the detector.
However this photod ectron energy is less than the gamma energy E by an amount Be.
The atom iseft in the excited gate with excess energy of Be. The atom recoversits
equilibrium in one of two ways. The alom may redistribute its excitation energy between
its remaining eectrons. This can result in release of further dectrons from the atom (an
Auger cascade), which transfers a further fraction of total gammaray energy to the
detector. Alternatively, an dectron from higher energy level may fill the vacancy |eft by
the gection of photodectron by dropping into it with the emission of characterigtic X-ray,
which is caled X-ray fluorescence. This X-ray may then in turn undergo photoelectric
absorption, perhaps emitting further X-rays, which are absorbed in turn until ultimately
al the energy of the gammaray is absorbed. When an eectron is gected from the atom,
to conserve momentum some energy islogt to the recoiling atom. Thisrecoiling energy is
very smdl.

The energy level from which the eectron is emitted depends on the energy of incident
gammaray. The most likely electron to be gected is a K-shdl eectron (column 3 of the
Table 1). If sufficient energy is not available to gect K dectron then L and M eectrons
will be gected instead. For the events near to the surface of the detector thereisa
reasonable probability that some fluorescent X-rays, most probably K X-rays might
escape from the detector. The net energy deposited in the detector is then BEg- Exx, where
Exx istheenergy of K X-ray of the detector materia. This process is known as X-ray
ecape. Since precise amount of energy islog, this gives rise to a definite peak a the low
energy side of the full energy peak. Such peaks are prominent for thin detectors, high Z-
detectors (e.g. BisGes;O1» or BGO, Z for Bi is 83, Density = 7.13 gnmvent) and low energy

gammarays.
Treatment of photoelectric effect in Geant'
According to the Geant documentation, the photoelectric effect is treated as follows: If

the energy of the radiation incident on an atom is Eg, then the quanta can be absorbed if
Eg >Eshdl . The photoelectron is emitted with tota energy:

Ephotoelectron =Eg- Eshdl +m.

i W. R. Leo, “Techniques for Nuclear and Particle Physics Experiments: A How-to Approach,” 2nd edition, 1994, Sxinga-Velag
ii Nicholas Tsoulfanidis, “Measurement and Detection of Radiation,” Second Edition, Taylor & Francis Ltd., (1995) p. 382 —383.
iii CERN Program Library Long Write-up W5013, “GEANT: Detector description and simulations tool,” Application SoftwareGroup
Computing and Networks Division, CERN Geneva, Switzerland, 1993 (PHY S 231-1 & 2)
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Probability of the interaction with an atom is caculated by taking into account partia
cross-sections of atoms of a mixture or acompound. After this Geant caculatesthe
probability of theinteraction with a particular shell (K, L, L;; and L) of the chosen
atom. For this Geant uses jump ratios". Using formulas given in the Geant manua we
caculated the probability of the interaction with particular shell for few dements. Results
for the nude used in materidsin our TPC desgn are tabulated in Table 1. In thistable
we have not caculated the probabilities of the L, and L. The equations used for
caculating the probabilities of the four shells mentioned above add up to thetotal
probability of 1.

Table I: The caculated probakility of the photodectric interaction with particular shell

using Geant equations
Z Element Probability of the interaction with
K shell L, shdl
8 0 94.77% 0.87%
32 Ge 86.50% 2.25%
53 I 82.93% 2.84%
54 Xe 82.80% 2.87%
55 Cs 82.68% 2.89%
83 Bi 80.02% 3.33%

To be accurate the angular distributions of photoe ectrons should be calculated using the
partid wave analyssfor the out-going eectron. Since this method is very time
consuming Geant uses approximations of the angular distributions caculated by F. von
Sauter for K shell and Gavrilafor K and L shells. The cross-section gpproximetion leads
to zero scattering amplitude in the direction of incident gammaray while experimentally
the cross-section at zero degree angle is nortvanishing. After the photoelectron emisson
the atom is left in an excited sate. The excitation energy is equd to the binding energy B
of the shell in which the interaction took place. Subsequently the atom emits an X-ray
gammaray or Auger dectron. The selection of radigtive or non-radidive trangtion is
based on cross-section compilation by Krause. The Auger trangitions are represented by
the most probable line for agiven vacancy. The emitted eectron energy Ee

Ee=E- (g +Ek) (1)

where B , Bj, Ek are the subshdl binding energies and § >Ek . For emitted X-raysthey
use trangition rates of Scofield. Geant only uses those trangtions where the occurrence
probability is greater than 1%. The X-ray photon is emitted with energy Eg¢ where Ege=
Ei - F (2), for trangtion between the subshdlsi and | . In addition, to fulfill the energy
conservation law, emisson of an additiona photon is Smulated instead of smulating
recoil of the atom. (In the Geant trestment of photoel ectric effect it is assumed that the
atom has an infinite mass,) For nontradiative trangtions this emitted photon energy is Bk
(seeformula(1)). In case of X-ray trangtion this emitted photon energy is§ (see
equation (2)). Below in Fig. 2 we show particle tracks from an event. Here, an X-ray
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particle escapes from the active detector, but the rest of the incident gammaray energy is
detected.
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Fig. 2. Photoelectric interaction in GEANT.

The horizontd dotted line coming in from the left Sde of the picture represents an
incoming 500 keV gammaray. Near the center of the picture, there is a photodlectric
interaction with Bi atomsin the BGO. Some useful cross-sections are shown in Table 2.
These cross-sections were obtained using the commercia program PHOTKOEFA . This
produces an electron (the short red track which goes down and to the right), a 75 keV
photon from Ly (Ejeve = 15711.1 €V)"V to K (Ejeve = 90525.9 V) transition of 3B
(which goes up and to the left and eventudly leaves the picture), and a 15.7 keV photon
(which goes only 37 microns before "stopping”).

iv CRC handbook of Chemistry and Physics, 81st edition, © 2001 Knovel.
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Table 2. Photod ectric cross-section in barns at 500 keV and 1.5 MeV gammarays on
some nudle.

E(keV) Oxygen lodine Cesium Germanium | Bismuth

5.00E+02 | 5.63E-04 | 4.19E+00 | 4.94E+00 | 4.27E-01 2.99E+01

1.50E+03 | 5.05E-05 | 3.99E-01 | 4.74E-01 | 3.97E-02 3.03E+00

Because the particles do not dl get very far from the vertex in this picture, hereisa
verson that zooms in on the region around the vertex. In this plot the 15.7 keV photon
can be seen:

___?4,8 ke v goes B33 um then exits BGO

15.7 keV » goes 37 um

incarning 00 kel -
photc—electron

E =409.5 keV

photo—electric interaction

103 ferm

Fig. 3: Expanded verson of the tracks shown in Fg. 2.

In thisexample, the 74.8 keV photon escapes from the system. This happens often

enough to produce a sharp pesk in the energy loss spectrum in the BGO a an energy
corresponding to the photo- pesk minus 74.8 keV when energy resolution is 0%. Fig. 2

and Fig. 3 were generated using the Geant drawing package (see manua for the details))
Theinteraction length used by Geant for the 15.7 keV photon in the example above is

13.6 microns and the interaction length for the 74.8 keV photon is 785 microns.

However, the 74.8 keV dectron only needs to go 693 microns to escape from the detector
volume-- 0 in this case it does.
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The IPHOT flag controls the photoe ectric effect in Geant. It can be zero, which smply
turnsthe effect off, 1 (default value) which works as described above, or IPHOT=2. If
IPHOT=2, dl the energy produced in the photoe ectric interaction is deposited directly at
the vertex without generation and transportation of electrons and X-rays. Since we are
trying to model reconstruction of Compton-scattering using electron tracks, it is
necessary for usto be able to tdll the difference between photo-electric interaction and
Compton interaction, so we did not want to use IPHOT=2.

Compton Scattering

Compton scattering is a scattering of gammarays on ‘free’ eectrons. In redlity eectrons
are bound in an aom. If the incident gammaray energy is much greater than the binding
energy of the dectron then the binding energy can be ignored and electrons are
congdered to be ‘free’. The variable ICOMP controls this process. Y ou can completely
turn off thisinteraction usng ICOMP =0. The default vaue of ICOMP is 1. At thisvaue
of ICOMP the Geant simulation proceeds as follows:

The quantum mechanicd Klen-Nishina differentid cross-section used in Geant is

F (E,EQ= (Xonpro’my)/E? [(1/e)+€] [1-(e srPq)/(1+€)]

where,

E = energy of the incident gammaray, E¢= energy of the scattered gammaray, e = E/E¢
me = electron mass, n = eectron density, ry = classicd dectron radius, Xy = radiation
length.

Assuming an eadtic collison, the scattering angle q is defined by the Compton formula:
E¢=E my/[me +E (1 - cosq )]

Geant uses the combined “composition and rejection” Monte Carlo method for sampling
of e. After the successful sampling of e, Geant generates the polar angles of the scattered
gammaray with respect to the direction of the parent gammaray. The azimuthd angle, j ,
is generated isotropically and q is as defined above. The momentum vector of the
scattered gammaray is then caculated according to kinematic consderations. Both
vectors are then transformed into the GEANT coordinate system. In Geart, the
differentid cross-sectionisonly vdid for those collisons in which the energy of the

recoil eectron is large compared with its binding energy (which isignored). After the
Compton interaction dl of the generated secondaries are appropriately tracked. If
|COMP=2 Compton scattering proceeds without generation of electrons. For our
smulations we have set ICOMP flag to 1 as we want to study the electron tracks from
thisinteraction. Fig. 4 shows a Geant event where a 1.5 MeV incoming gamma interacted
in the BGO with the Compton interaction generating an eectron. The 671.8-keV eectron
goes 0.063 cm before stopping. The red track indicates el ectron and dashed blue lines
indicate gammarays.
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Elzctron with kinetic energy = 671.755 kel
Track length is 0.063 cm.

1.5 MeV gamma-ray .

Compton scatterad gamma-ray
E =8525245 ke¥

Track length iz 0.163 cm

Fig. 4: Geant event showing a Compton interaction in BGO medium

Pair Production

Here agammaray is converted into an eectron-positron pair. In order to conserve
momentum, pair production can only occur in the presence of athird body i.e. anucleus

or an eectron. For thisinteraction to happen the incident gammaray must have minimum
energy of 1.022 MeV. (Note that pair production can take place in the field of an eectron
but the probability for that to happen is very smdl and the threshold for gamma-ray

energy is2.04 MeV.) The screening by the atomic e ectrons surrounding the nucleus

plays important role in this interaction. In Geant the IPAIR flag controls this resction.

With IPAIR = 0 you can choose to turn off this interaction. For IPAIR = 1 Geant uses the
Bethe-Heltler differential cross-section with the Coulomb correction for agammaray of
energy E to produce ae'e” -pair with one of the particles having energy eE (isthe

fraction of the gammaray energy carried by one particle of the pair) isgiven as

ds (ZEe)lde = ro’aZ [Z +x(Z )J/E? {[€°+(1-€)?][F 1(d)-0.5F(Z)]+(2/3)e(1-€)[F 2(d)-0.5
F2)I}

where F i(d) are screening functions depending on the screening varigble d, a=1/137, and
ro = classical eectron radius. For detailed description of the screening functions please
look at the Geant manud. Effects due to the breakdown of Born approximation at low
energies are ignored (but the Coulomb correction is included).

for very low energy gammarays(E 2.1 MeV ) the electron energy is gpproximated by
sampling from auniform digribution over theintervd m  1/(2E).
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For target materials composed of compounds or mixtures are treated identicaly to
chemical dements (thisis not the case when computing the mean free path!) using the
effective atomic number computed. In Geant, the differentid cross-section implicitly
accounts for pair production in both nuclear and atomic dectron fields. However, the
recoil momentum of the target nucleus/eectron is assumed to be zero. Fig. 5 shows apair
production event generated using Geant. The positron interacts with the Nal medium via
annihilation interaction generaing two gammarays. For IPAIR = 2 the interaction is
congdered but no eectrons or positrons are generated. We will use IPAIR = 1 for our
cdculations.

Mal material
T m

—_—

elect\rz:un positron

2 MeV gamma s
—————————————————————————————— =5

garmmas from annihilation

Fig.5: Pair production and annihilation interaction track. Incident gamma here had 3.0
MeV energy and the detector materid was Nal. This figure was generated usng GEANT
program itsdlf.

Annihilation interaction

Positron generated in the pair production dows down and reaches the end of its range
over avery short time (shorter than the time needed for pulse formation). Sometime
before stopping but most of the time at the end of itstrack, it annihilates with an aomic
electron. Most of the time two gammarays are generated with combined energy equal to
2mec?, where m is the dectron rest mass and c is the velocity of light. When annihilation
happens after the et fdls below the cutoff energy or stops, the gammeas share an equd
amount of energy i.e. mc2. In this case the angular distribution of the emitted gamma
rays isisotropic with gammas going in opposite directions. Pogitrons can aso annihilate
to asngle gammaray if the eectron involved is bound in an atom.
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If one annihilation gammaray (out of two gamma rays generated) escapes from the
medium then a pulse height proportiond to energy (E — 0.511) MeV is observed, where E
isthe energy of the incoming gammaray. Incident gamma rays who undergo pair
production, followed by annihilation, then followed by escape of one gammaray give
riseto asingle-escape peak at (E — 0.511) MeV, where E = energy of the incident
gamma. Eventsin which both annihilation gammarays escape, end up giving riseto a
double-escape peak at (E-1.022) MeV.

Only abrief summary of the Geant trestment is given in this document. In Geant if the
contral flag IANNI isequd to 1 (default value) then the type of annihilation is sampled
from the tota cross-sections for the annihilation into two gammarays and into one
gammaray. For the annihilation into two gamma rays the cross-section formula by
Heltler is used. For compounds, the cross-section is calculated using an effective atomic
number. In the derivation of the cross-section, only the interactions with the K-shdl
electrons are taken into account. As the cross-section depends on Z°. The total cross-
section for the pogitron annihiletion iss =s og+s 16 Where's o4 is the two photon
annihilation cross-section. The vaue of s 14 (Sngle photon annihilation cross-section)
pesksat it largest for heavy materids, for example, it is~20 % of the total cross-section
for apositron of 440 keV kinetic energy in lead. For lower and higher energiesthe
probability islower. Annihilation into one gammaray istreated asfollows. The
generated gammaray is assumed to be collinear with the positron. Its energy will be, k
=E + me -Ebind , where Ebind is the binding energy of the K-shdll dectron. Binding
energy is estimated as follows, Bbind = 0.5(Za )>m., where a is the fine structure
congtant.

In caculating the annihilation process it is assumed that the atomic dectron initidly is
free and at rest. Also any higher order annihilation processes leading to generation of
more than two gammarays are not Smulated in Geant. The variable IANNI controlsthis
process. Thisinteraction can be turned off by setting IANNI to zero. For IANNI = 2 it
will congder the annihilation interaction but will not generate the secondaries. We need
touse IANNI =1.

lonization by charged particles

Energy loss of charged particlesis controlled by varigble ILOSS. It is used in conjunction
with d-ray production variable IDRAY .
ILOSS =0 No continuous energy loss, IDRAY isforced to O which means no d-rays are
generated.

=1 Continuous energy loss with generation of d-rays above DCUTE (set to 1E4
GeV) and redtricted Landau fluctuations below DCUTE .

=2 (Default vaue ) Continuous energy loss without generation of d -raysand
full LandaurVavilov-Gauss fluctuetions. In this case the variable IDRAY isforced to O to
avoid double counting of fluctuations.

=3 Same as 1, kept for backward compatibility.
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=4 Energy loss without fluctuation. The vaue obtained from the tables is used
directly.
For details about how different energy lossis caculated please see the Geant manud. For
or detector we need to set ILOSSto 2 and IDRAY to 0.

Bremsstrahlung

The variable IBREM controls this process. As usud

IBREM =0 No bremsstrahlung.

=1 (Default vaue) bremsstrahlung with generation of g .

=2 bremsstrahlung without generation of g.
Every free charged particle that accelerates or decelerates |oses part of its kinetic energy
by emitting eectromegnetic radiation. Thisradiation is called Bremssrahlung. The Geant
generates a bremsstrahlung photon from an electron as a discrete process. The photon
energy is sampled from a parameterization’ of the bremsstrahlung cross-section of Sdltzer
and Berger for eectron energiesbelow 10 GeV, and from the screened Bethe-Heltler
cross-section above 10 GeV. Midga corrections are gpplied in both cases. We have st
IBREM to 1.

Multiple scattering

The variable IMULS controls this process.
IMULS =0 No multiple scaitering.

=1 (Default) Multiple scattering according to Moliere theory.

=2 Same as 1. Kept for backward compatibility.

= 3 Pure Gaussian scattering according to the Ross formula

When traversing ordinary matter, eementary particles undergo deflection from their
original trgjectory due to the interaction with the atoms. This effect is rather large for
charged particles, which are deflected by the dectric field of nuclel and eectronsviaa
large number of smal eadtic collisons. To smulate precisaly the trangport of particlesin
matter, it isimportant to provide a precise decription of this effect. Multiple scattering is
well described by Moliere theory so we have decided to use IMULS =1 for our
smulations.

Rayleigh scattering

In Rayleigh scattering the interacting g is not stopped. The variable IRAYL controls this
process.
IRAYL =0 (Default) No Rayleigh effect.

=1 Rayleigh effect.

v Seltzer and Berger have calcul ated the spectra for materials with atomic numbers Z = 6,13,29,47,74,92 intheelectron (kinetic) energy range 1 keV -10GeV. Ther

tabulated results have been used as input in a multi-parameter-fitting procedure.

10
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In this reaction no secondary particles are generated but the direction of the gammaray is
dtered. Thiseffect is not so important above 1 MeV. For now to speed up the smulations
we will leave IRAYL = 0. For detail trestment of this problem please see Geant manudl.

Tracking energy thresholds

Lower energy thresholds for both gammarays and eectrons were set a 10 keV. While
setting up the geometry and materid definitions care was taken in setting materidsin
such away that gammaray and eectron cross-sections for that materia were computed
from 10 keV and upwards. The default vaue for the largest energy considered by Geant
is10 TeV.

Results

Fig. 6 shows the computed energy deposited spectrafor 1.5 MeV incident gammarays.
Inthe Fig. 6 BGO detector (perfect energy resolution) was used. The BGO crystal was
10 cm X 10 cm X 10 cm in dimension. No attenuator was placed in front of it. In Fg. 6
the escape pesk isseen at (1.5 MeV - .511) MeV postion. In this figure several X-ray
escape peaks aong with counts from double Compton events occupy the energy channds
between the Compton edge and the photopeak. No double-escape peak isvisble. Since
there was no material surrounding the detector there is no backscatter pesk isvisible. The
quantity LOG(counts) is plotted on the Y-axis.

Fig. 7 shows two energy deposition spectrafor 10 cm X 10 cm X 10 cm Nal detector.
The top energy spectrum corresponds to the detector with perfect energy resolution with
an air attenuator in the front of the NAI detector. The bottom spectrum corresponds to the
detector where parameterized energy resolution was used dong with an ar atenuator in
front of the detector. The incident gamma-energy was 1.5 MeV for these smulations.
Each spectrain Fig. 7 show the double-escape peak and the single-escape peak. Several
X-ray escape pesks are dso visble in the perfect resolution spectra. The bottom plot on
the Fig. 7 shows the energy deposition spectrawith parameterization for FWHM (as
function of energy) from paper by H. V. Nguyen et d."' This parameterization expresses
FWHM (keV) = 26.51 E + 4.182 SQRT(E), where E isin MeV. This parameterization
gives FWHM of 21 keV at 662 keV and FWHM of 45 keV at 1.5 MeV. The quantity
LOG(counts) is plotted on the Y-axisfor the plotsin Fig. 7.

Summary

In summary the GEANT package does a reasonable job in smulating the detector
response for lower energy gammarays.

viu Program in C for parameterizing measured 5” X 5" Nal gamma response functions and unfolding of
continuous gammaspectra,” H. V. Nguyen et al., Computer Physics Communications 93 (1996) 303-321

11
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Energy Deposited in BGO in ke {perfect energy reselution)
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Fig. 6: Energy deposited by 1.5 MeV gammaray in 10 cm X 10 cm X 10 cm BGO
detector with perfect energy resolution.

12
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Fig. 7: Energy deposited in 10 cm X 10 cm X 10 cm Nal crystd for 1.5 MeV gamma
rays. The top spectrum isfor the detector with perfect energy resolution. Energy

resol ution parameterization was applied while generating the bottom spectra (see text for
details).
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