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integration, we compared the total cross section of elastic scattering with those published
by L. Kissel et al. [12] and also with the EPDL calculations. Table 3 shows the integrated
cross section for the elastic scattering of photons by lead at energies starting from 22.1
keV to 2750 keV. Since the total cross section provided by Ref. [12] are for Rayleigh and
nuclear Thomson processes, we exclude Delbriick amplitude from this integrated cross
section only for comparison purposes. The deviation between our integrated cross section
and the Kissel’s cross section is in the order of 1% and increases to 3% at low energy. This
is in sharp contrast with the EPDL data which deviates up to 20% at high energy from

our data.

In addition, we performed the integration of the differential cross section including
Delbrick amplitudes. As an example, Fig. 16 shows our calculations of the integrated
cross section of uranium in comparison with those retrieved from the EPDL. The inset of
Fig. 16 illustrates the difference between the two data sets. In this inset a ratio of the
integrated cross section calculated in this work (denoted as JtOt-S—matrix) to that retrieved
from EPDL (detonated as Jtot.EpDL)- The ratio increases with energy as the Delbriick
scattering amplitudes become more effective. Moreover, the deviation depends on the
phase difference between scattering amplitudes from different processes. Consequently,

the deviation from the EPDL data may be positive or negative.

Table 3: Total cross section of elastic scattering in lead (Z= 82). Rayleigh scattering and

nuclear Thomson scattering are only included.

Total cross section (b)
Energy (keV)
Ref. [12] EPDL This Work

2750 0.114 0.139 0.114
1330 0.484 0.588 0.491
1170 0.624 0.756 0.634
1120 0.684 0.824 0.691
889 1.08 1.30 1.09
662 1.94 2.29 1.96

412 4.97 5.68 5.03

279 10.6 11.8 10.7

145 35.8 38.4 36.5

75 94.2 118 97.7
59.5 150 171 153
22.1 695 708 727
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Fig. 16: Integrated cross section including Rayleigh, nuclear Thomson, and Delbriick
scattering (blue) and the integrated cross section of coherent scattering retrieved from
the EPDL (red).

It worth noting that the differential cross section has a greater effect on the
simulation than the integrated cross section. This is because the elastic scattering is
forward peaked and therefore, the integrated cross section is mainly a result of the

forward angle scattering.
2.4 Data file structure

As mentioned earlier, differential and integrated cross sections are necessary
parameters for running the simulation. Also, the way that these parameters are
arranged and read throughout the simulation may affect the simulation accuracy and
computational performance. Therefore, we deal with building data files very carefully.
The primary grid size that the differential and integrated cross section are based on is
721 angular points time 300 energy points. Since this number is large, we reduce the grid

size to 181 angular points and 300 energy points.

All required pieces of information are stored in a single data file per element. These
files are invoked in the initialization phase of the simulation according to all materials
involved in the simulation geometry. Both cross sections, integrated and differential, are
tabulated at each energy and for all angles, respectively. A sample of data files is shown
in Table 4. The table is constructed such that it contains 300 (representing the energy
from 10 keV to 3 MeV) columns and 183 rows. The first row is the energy while the
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second row is the integrated cross section at the corresponding energy. Rows from the
third to 183rd represent the differential cross sections at the energy of the top for angles

from 0° to 180°. Note that only a reduced version of such data file is depicted in Table 4.

Each data file contains approximately 54900 numbers, each of which is formatted in
13 characters. As a result, the uncompressed file size is about 714 KB. For all elements,
the total uncompressed size of the whole database is about 70 MB. This size is
comparable to the databases sizes encountered in a typical Geant4 physics model.
However; the size of the database could be reduced to 29 MB by normal compression or

by reducing the number of characters which numbers are formatted.
3. Coding
3.1 EM physics process in Geant4

In Geant4 simulation toolkit, electromagnetic processes such as Compton scattering,
photoelectric effect or even elastic scattering can be realized by means of a common
framework called G4EmProcess [24]. Each process may have different approaches to
implementation, data sets, and valid ranges of energy. Depending on the user’s interest,
one can select the appropriate model via the so-called G4VEmModel [24]. In fact,
G4VEmModel usually handles all the required pieces of physics information such as
calculation of cross sections, sampling the process within a simulation run, and sampling
secondary particles. For example, G4RayleighScattering is an abstract class derived
from G4EmProcess while G4LivermoreRayleighModle or G4PenelopeRayelighModle can

be invoked to simulate Rayleigh scattering.

Table 4: An example of a data file structure. The numbers are for uranium.

Energy (keV) 10 20 30 40 3000
Integrated cross section (b) | 1.96E+03 | 8.15E+02 | 6.09E+02 | 4.11E+02 1.05E-01
Scattering Angle (deg.) Differential cross section (b/st.)

1 6.20E+02 | 5.76E+02 | 6.51E+02 | 6.58E+02 6.49E+02

2 6.19E+02 | 5.74E+02 | 6.46E+02 | 6.50E+02 1.54E+01

3 6.17E+02 | 5.68E+02 | 6.33E+02 | 6.28E+02 | - | 3.40E+00

4 6.14E+02 | 5.59E+02 | 6.14E+02 | 5.98E+02 | .. | 7.44E-01

180 1.20E+02 | 2.64E+01 | 1.68E+01 | 9.59E+00 4.88E-05
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3.2 JAEAElasticScattering process
Our simulation of the elastic scattering is based on implementing a new
G4EmProcess with a new G4VEmModel. All classes and functions required for the
process and the model were implemented and coded. Four files, which contain all classes
and functions, were created. In the following, we shall describe the important functions
within these files reasoning the methods used to implement the code. The complete
versions of these files will be made available as supplementary materials along with this

report.

3.2.1 Enumerator of the process

A new electromagnetic process in Geant4 must have enumerator which defines the
sub-type of the process. All processes have their enumerators registered in the header
file: G4EmProcessSubType.hh. According to the latest release of Geant4, 24
electromagnetic processes exist. So, enumerator of JAEAElasticScattering process is
declared, in the header file JAEAElasticScatteringProcess.hh, following the existing

processes as:

enum G4EmProcessSubType

{fJAEAElasticScattering=25};

3.2.2 Reading the data

As shown in Sec. 2, our simulation uses a special data set with a particular structure.
Therefore, an implementation for reading the data is necessary. Reading the data
required for the simulation is realized in the function JAEAElasticScattering-
Model::ReadData. A global three-dimensional array is declared in the JAEAElastic-
ScatteringModel such that to make this array visible within all the class’s functions. Two
dimensions of the array store differential and integrated cross sections and the
corresponding energies while the third dimension is reserved for the atomic number of
the element being selected randomly from the simulation geometry. Moreover, the path
of which the data are retrieved is linked to the environment variable responsible for the
Geant4 low energy data, G4ALEDATA. The implementation of reading data is shown in
the following box,

const char* datadir = path;

// Invoking the G4ALEDATA environment variable.
if(!datadir)
{
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datadir = getenv("G4LEDATA");
if(!datadir)
{
G4Exception("JAEAElasticScatteringModel: :ReadData()","em0006",
FatalException,
"Environment variable G4LEDATA not defined");

return;

}
// Get the data file path.

std::ostringstream ostCS;

ostCS << datadir << "/JAEAESData/cs_Z " << zZ <<".dat";
// Create data input buffer.

std::ifstream datainput(ostCS.str().c_str());

// Store data for a specific element.

while (!datainput.eof())

{
for (int i=0; i<183;i++)
{
for (int j=0; j<300; j++)
{
data >> temp;
data[z][1i][]] = temp;
}
}
if (!datainput) break;
}

An additional task of the JAEAElasticScatteringModel::ReadData function is to
prepare a continuous source of the integrated cross section at an arbitrary energy rather
than the discrete values provided in the data file. This procedure is accomplished using
the G4LPhysicsFreeVector() which is a special tool dedicated to handling cross section
data. The main advantage of this vector is that it is capable of providing the integrated

cross section at any energy by implying a fast interpolation algorithm.

std::ofstream fout("temp.txt", std::ofstream::out);
fout<<lOe-3<<""<<3<<""<<300<<G4endl;

fout<<300<<G4endl;
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fout<<scientific;
// Energy and integrated cross sections are stored in the first and // second
rows, respectively.
for (int i=0;i<300;i++)
// Unit conversion according to the Geant4 units.
fout<<data[Z][0][i]*1le-3<<" "<<data[Z][l][i]*le-22<<G4endl;
fout.close();
std::ifstream finCS("temp.txt");
dataCS[Z] = new G4LPhysicsFreeVector();
// Activation of spline interpolation.
dataCS[Z] ->SetSpline(true);

dataCS[Z]->Retrieve(finCS, true);

3.2.3 Compute cross section

Sampling of an electromagnetic process in Geant4 is drawn according to the
integrated cross section. The integrated cross section for the JAEAElasticScattering
process is prepared as shown in Sec. 3.2.3. Nevertheless; the integrated cross section is
assigned to the standard G4PhysicsVector in order to interpolate the integrated cross
section depending on the photon energy. It worth noting that because the data grid is
with good resolution, the interpolation would not degrade the accuracy of the total cross

section.
3.2.4 Sampling secondary particles

Secondary particles in the elastic scattering process are only photons with the same
energy as the incident photons and scattered at a direction determined by a probability
distribution function. The sampling of secondary particles is performed using a function
called JAEAElasticScatteringModel::SampleSecondaries. The main task of this function
is to export the direction of scattered photon throughout the simulation. Depending on
the energy of incident photon, the angular distribution function that will be used to

sample the direction of the scattered photon is selected.

Since the resolution of the data grid is only 10 keV, a special procedure is followed to
round the incident photon energy to the closest distribution within 5 keV. This procedure
employs the C++ function of lower bound () as shown below to increase the accuracy of
the simulation. It should be emphasized that the probability of occurrence of the elastic
scattering process is a continuous function owing to the interpolation made by the

G4LPhysicsFreeVector as shown earlier. Since the elastic scattering cross section is a
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slowly varying function of energy, the accuracy of selecting a probability distribution

within 5 keV is quite satisfactory.

Once the angular distribution is correctly assigned, an inverse transform method
can be applied to sample the scattered photon direction. The inverse transform requires a
normalization of the probability distribution function (PDF). Then, the normalized PDF
is used to calculate the cumulative distribution function (CDF). Finally, the CDF is
employed with a uniform random number generator to produce the scattering angle
according to the intended angular distribution. Finally, when the scattering angle is

determined, the azimuth is uniformly sampled.

//Select the energy-grid point closest to the photon energy in keV
G4double *whichdistribution =
lower bound(data[Z][0],data[Z][0]+300,photonEnergy0);
int index = max(0, (int) (whichdistribution-data[Z2][0]-1));
//rounding up to half the energy-grid separation (5 keV)
if (photonEnergy0>=0.5*(data[Z][0][index]+data[Z][0][index+1]))
index++;
G4double normdist=0;
//normalization factor to create the probability distribution function
for (int i=0;i<180;i++)
{
distribution[i]=data[Z][i+2][index];
normdist = normdist + distribution[i];
}
//Create the probability distribution function (pdf) and cumulative
distribution function (cdf)
for (int i =0;i<180;i++) pdf[i]=distribution[i]/normdist;
cdf[0]=0;
G4double cdfsum =0;
for (int i=0; i<180;i++)
{
cdfsum=cdfsum+pdf[i];
cdf[i]=cdfsum;
}
// Apply inverse transform
G4double r = G4UniformRand();
G4double *cdfptr=lower bound(cdf,cdf+181,r);
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int cdfindex = (int) (cdfptr-cdf-1);

G4double cdfinv = (r-cdf[cdfindex])/(cdf[cdfindex+1l]-cdf[cdfindex]);
G4double theta = (cdfindex+cdfinv)/180.;

theta =theta*CLHEP::pi;

// Uniform azimuth

G4double phi = G4UniformRand()*2*CLHEP: :pi;

3.3 Code evaluation methods

Two criteria were employed to evaluate the simulation code. The first criterion is to
test the process against the reproduction of the differential cross section data
(verification) and reproduction of the measured experimental results (validation). The
second criterion is to assess the computational performance of the process in terms of the

performance of similar processes in Geant4.
3.3.1 Verification and validation

To verify the JAEAElasticScatteringProcess, we simulated the angular distribution
of the process using a dedicated example, namely TestEM14, attached in the latest
Geant4 release. In this example, the user can activate any physics process of interest and
extract the angular distribution of the secondary particles (in our case the scattered
photons) created by the physics process. Furthermore, the example provides an easy
modification of the simulation geometry by changing the scattering material via a
macro-file.

We tested 5 elements in the range 50 = Z < 92 using one billion events as primary
(incident) photons with an energy of 2.754 MeV. The simulation results were then
normalized and plotted with differential cross sections of the corresponding elements at
the same energy of the incident photons. The histograms shown in Fig. 17 are the
angular distributions of elastically scattered photons for different elements. The
corresponding differential cross sections are overlaid as smooth curves. When comparing
the simulation results with the differential cross section, we can see an excellent y? as
illustrated in Fig. 17. The very small values of x? indicate that the
JAEAElasticScatteringProcess can reproduce the input data efficiently. Despite the 4
keV difference between the incident photon energy (2.754 MeV) and the closest energy
bin in the data grid (2.74 MeV), the angular distribution is correctly reproduced.

To validate the simulation by testing its ability to reproduce the experimental
results, we designed a specific simulation by which a beam of photons is allowed to
scatter elastically off a scatter and the scattered photons are recorded by a y-ray detector.

Since the photo-peak count in the detector is proportional to the differential cross section,
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it may be possible to test the simulation code using experimental results from the
literature. However; precise experimental conditions are usually not known. To overcome
this problem, we proposed a ratio approach [2] so that we can compare a quote of the
differential cross section relative to a reference element. In such a case, all parameters
concerning the experimental conditions such as detector efficiency, thick target

corrections, and detection geometry will be canceled out.

B. Kasten et al. measured the differential cross section of elastic scattering for the

elements shown in Fig. 17 using the same apparatus [25]. If we define Rexp and Rg, as:

Dif ferential cross section of areference element

(11D

R =
exp Dif ferential cross section of the element of interest

Counts in photo—peak for areference element (12)

Rgim = - -
Counts in photo—peak for the element of interest

then, how equal the two ratios would be a metric for the validation of the simulation code.
Table 5 shows the experimental differential cross section from Ref. [25], differential cross
section used in our simulation, and the values of the two ratios R.y, and Rgp,. It is clear
that R.y, = Rsim when the differential cross sections are very close. Equality of the two
ratios indicates that the simulation code could reproduce the experimental results. It
should be noted that there is approximately 6% difference between the experimental and

theoretical differential cross sections at high Zelements.

107
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Fig. 17: Comparison between the angular distributions of elastically scattered 2.754
MeV photons, extracted from the simulation (histograms), and the differential cross

section for different elements (smooth curves).
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Table 5: Validation of the simulation code.

d exp b d Data b R |

o —R..

Z — (U—> bl <M—> Rexp Rsim =P = (%)

d0 ST. 40 ST. Rexp

92 47.6 + 3.1 44.7 0.14 £ 0.012 0.17 21

82 31.0+ 1.6 29.0 0.21 £ 0.016 0.26 24

73 19.2 + 0.60 19.9 0.34 + 0.019 0.33 3.0

58 10.6 + 0.33 10.2 0.63 + 0.034 0.68 8.0

50 6.62 + 0.15 7.10 1.00 £ 0.045 1.00 0.0

Although the difference is less than the experimental uncertainty, its systematic
appearance only at high Z may be attributed to the Coulomb correction to Delbriick
amplitudes. These corrections are made in higher orders of Born approximation and they

are not taken into account in our data for Delbriick amplitudes [2].
3.3.2 Computational performance

The execution time of a simulation is a crucial indicator about the goodness of the
code. Even with the high-performance computational capabilities, the simulation should
be executed within a practical timeframe. To assess our simulation model, we compare
with those of Geant4 models,
G4LivermoreRayleighModel and G4PenelopeRayleighModel.

its computational performance similar

e.g.,

A microsecond timer is started at the main function of an example that uses
JAEAElasticScatteringModel, G4LivermoreRayleighModel, or G4PenelopeRaylighModel.
This timer is declared using the C++ function gettimeofday(). Timestamps at
different parts of the code are established by invoking the timer at arbitrary points
within the code. These points start from the initialization of the process to the end of the
simulation. A total number of 8 timestamps provide a reasonable determination of the

computational performance.

// Declaring the timer

// Each time the timer is invoked, both time.tv_sec and time.tv_usec are
stored to determine the exact second when timer is invoked.
gettimeofday(&start time, NULL);

SW_s = start time.tv_sec;

SW_us = start_ time.tv_usec;
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The initialization time is defined as the time required to read data and compute
cross sections needed for the simulation. The initialization time is averaged over a total
number of 20 simulation runs. The sampling time is the time difference between the
start and the end of SmapleSecondaries function. For accurate determination of the
sampling time, the time is averaged twice. First, the sampling time is averaged over 10
million events within a simulation run. The simulation is run for 20 times with the same
number of primary events and then the sampling time is averaged again over the number
of the simulations runs. This procedure is repeated for the three processes mentioned
above. Table 6 shows the initialization and sampling times for the three processes along

with the memory footprint of each process.

All simulation runs devoted for measuring the computational performance were
executed on a single core of a 4 GHz Intel Core 17-4790K processor with a Geant4 10.3.1
installed on a Scientific Linux virtual machine. It is clear from Table 6 that the
computational performance of JAEAElasticScatteringModel is compatible with the
similar implementations in Geant4. There is almost no difference in the initialization
time. However; JAEAElasticScatteringModel is slower than the current models in
Geant4 in terms of sampling time. On the other hand, JAEAElasticScatteringModel

provides the most accurate representation of the elastic scattering of y-rays.

Table 6: Computational performance of our process in comparison to similar

Geant4 processes.

Initialization Sampling time per Memory footprint
Process )
time (s) event (u s) (MB)
JAEAElasticScatteringModel 0.42 +0.03 2.57 1+ 0.06 243 +1.54
G4PenelopeRayleighModel 0.43 £+ 0.05 1.99 + 0.08 214 +1.04
G4LivermoreRayleighModel 0.41+0.02 2.14 + 0.09 21.3+0.93

4. Summary

We developed a new Geant4 physics process to simulate the elastic scattering of
y-rays up to 3 MeV. Owing to the inclusion of scattering amplitudes due to all effective
scattering phenomena; namely Rayleigh, nuclear Thomson, and Delbriick amplitudes,
the simulation provides an accurate representation of the total elastic scattering of
y-rays. Code implementations and data required to run the simulation were described.
Tests over 5 elements showed that the simulation is verified and validated over the
anticipated energy range. Furthermore, the simulation results indicated that the newly

developed process consumes a reasonable execution time which is comparable to
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execution times encountered in Geant4. The process and the model were derived from
G4EmProcess and G4VEmModel, respectively. Therefore, the process can be run under
Geant4.10.3 and next releases. The simulation code can be easily extended to higher

energies once the corresponding data is made available.
Appendix

Supplementary materials are attached with the present report. These materials
include the following items:
1. Source code which includes the following files:
-+ Source code

JAEAElasticScattering.cc
JAEAElasticScattering.hh
JAEAElasticScatteringModel.cc
JAEAElasticScatteringModel.hh

2. Data files: Data files required to run the simulation are 99 files for all elements

having 1 < Z7< 99. A readme file is also attached to describe the structure of the

data file.

-+ JAEAESData
cs_7Z_1.dat
cs_ 7 2.dat
cs_7Z 3.dat
cs_7._99.dat

README
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