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Introduction

This technical note explains the implementation of EPICS2017 database for photoelectric process,
which includes the following parts:

- Section 1: description of Livermore cross section data format for photoelectric process
- Section 2: format of original EPICS2017 data library relating to photoelectric process

- Section 3: implementation of cross sections for Geant4 11.0

- Section 4: plots and comparison

1. Livermore model for photoelectric process

1.1. G4LivermorePhotoelectricModel model class
For the sprocess in Geant4, the G4LivermorePhotoelectricModel class performs the following tasks:

- read the tabulated cross section data from Geant4 data library
- compute the interpolated cross section for the energy value of the incident gamma
- generate the final state.

1.2. Location of cross section data files

For the previous version of Geant4, the Livermore total cross section data files that the class reads are
contained in the directory:
SGA4LEDATA/livermore/phot_epics2014

The previous work is accomplished by Marilena Bandieramonte, based on EPICS2014 data (EPDL2014).

Her work could be referred to from the repository: https://gitlab.cern.ch/mbandier/epics2017

While for the implementation of EPICS2017, the new data will be placed in $G4LEDATA/epics2017/phot

1.3. Files in database

There are 5 types of files relating to total or subshell cross section data of photoelectric process in the
SGALEDATA/livermore/phot_epics2014

e pe-cs-Z.dat, total cross sections above K shell binding energy for element Z

e pe-le-cs-Z.dat, total cross section below K shell binding energy for element Z
e pe-high-Z.dat, high fitting parameters for subshell cross sections of element Z
e pe-low-Z.dat, low fitting parameters for subshell cross sections of element Z
e pe-ss-cs-Z.dat, subshell cross sections for element Z

where Z is the atomic number of elements.
The format of these files are given in the following section.

The calculation of total cross section is done according to 4 intervals, depending on the energy of the
incident gamma E,, low fit limit, high fit limit and K binding energy.

C e G A a3 44 45 Gg
1) IfE, = high fit limit: o(E) = E+ ﬁ-l_ F-i‘ﬁ ﬁ-l_ﬁ
b b b b b b
2) Iflow fitlimit < E, < high fit limit: oE)= o+ttt gt pe

3) If Kbinding energy < E, < low fitlimit: use tabulated values above K binding energy
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4) IfE, < Kbinding energy: use tabulated values below K binding energy

1.3.1. Total cross sections above K shell binding energy

The total cross section above K shell binding energy is tabulated in pe-cs-Z.dat when the energy of
incident gamma is higher than the binding energy, but lower than the low limit, which depends on the
atomic number.

A pe-cs-Z.dat file is composed of two header lines and a series of “cross section” data lines (energy
— “cross section” points?!)

III

Fig. 1 represents an example of a part of total “cross section” data file pe-cs-1.dat for Hydrogen.

= pe-cs-1.dat 4 ‘
1 1.360000000e-05 5.015100750e-03 335

2 header [iNeS mumm——)| 2 335
3 1.360000000e-05
1.361000000e-05
1.397175180e-05
1.429616350e-05

.589355217e-08
.589706352e-08
.602289160e-08
.613380787e-08

data lines  e——pp| _

= e

Energy of incident Energy? x Cross section
gamma (MeV) (MeV-MeV-MeV-barn)

Fig. 1. Example of the beginning of the pe-cs-1.dat file for Hydrogen
1.3.2. Total cross section below K shell binding energy

The total cross section below K shell binding energy is tabulated in pe-le-cs-Z.dat when the energy of
incident gamma is lower than the binding energy.

|ll

Fig. 2 displays an example of a part of total “cross section” data file pe-le-cs-5.dat for Boron.

= pe-le-cs-5.dat 4 ‘
1 8.300000000e-06 1.920000000e-04 339

2 header liNeS m——{ 2 339
8.300000000e-06

5.1611733176-09
_ 4 8.413951000e-06 5.283825906e-00
datalines =i 5 g 511380000e-06 5.387824886e-09
6 8.734740130e-06 5.620372464e-09

Energy of incident Energy? x Cross section
gamma (MeV) (MeV-MeV-MeV-barn)

Fig. 2. Example of the beginning of the pe-le-cs-5.dat file for Boron
1.3.3. High fitting parameters for subshell cross sections

When the energy of incident gamma is higher than the high fit limit, each subshell cross section value
is parameterized as follows, depending on the energy of incident gamma:

a, a, as a, Qas Qg
0(E)= =+ =+ —=+ —+ —+ —
() E EZ E3 E* ES5 ES

Where as, a, a3, as, as, ag are fitting parameters which are indicated in the pe-high-Z.dat file.

A pe-high-Z.dat file is composed of a header line and fitting parameter lines. Here we take pe-high-
5.dat of Boron as a specific example to explain the format, shown in Fig. 3.

The header line includes two times of the number of subshells for Boron, namely 4, followed by the
high fit limit 0.0367282 MeV.

As for the fitting parameter lines, they are composed of 7 columns. The first column indicates the
binding energy for subshells, starting from K subshell. The 6 following columns are cumulative fitting

1 “cross section” refers to energy x energy x energy x cross section in this technical note
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parameters. For instance, the last 6 values of line 3 are sum of fitting parameters of the first two
subshells. The value calculated using these 6 fitting parameters is the sum of subshell “cross sections”
of the first two subshells. Similarly, the 6 parameters of last line (line 5) correspond to the sum of all
subshells’ fitting parameters. In other words, they correspond to the total “cross section” parameters.
ape'hlghﬁdmﬂ‘
header line > 1 44 0.0367282 |
g 2 0.000195¢1l 3.4895e-06 3.2304%9e-06 2.73193e-06 7.39221e-07 -2.92007e-08 5.00551le-10

1.258e-04 3.65998e-06 3.38917e-06 2.86491le-06 7.74993e-07 -3.05695e-08 5.23066e-10
.67e-06 |3.65998e-06 3.38918e-06 2.86492e-06 7.74995e-07 -3.05695e-08 5.23066e-10

o

fitting = :

5 6.66e-06 [3.65999e-06 3.38919¢-06 2.86492e-06 7.74999e¢-07 -3.05693e-08 5.23066e-10
parameter
lines Binding energy (MeV) Cumulative fitting parameters

Fig. 3. pe-high-5.dat file for Boron
1.3.4. Low fitting parameters for subshell cross sections

Low fitting parameter files (pe-low-Z.dat) share the same format as high fitting parameter files, except
that the last number in the header line, which represents the low fit limit. When the energy of incident
gamma is higher than low fit limit and lesser than high fit limit, the calculation of cross section will be
made using low fitting parameters.

1.3.5. Subshell cross sections

Subshell “cross sections” are provided too in the case of sampling ionized subshell in the method
G4LivermorePhotoelectricModel::SampleSecondaries().

We explain the format using the example of Boron. The file pe-ss-cs-5.dat contains the 4 subshells
“cross section” data, each subshell “cross sections” starts with a header line, indicating the minimal
and maximal energies of tabulated data, the number of data points as well as the index of the given
subshell. For instance, Fig. 4 illustrates the beginning of the K subshell, whose index equals to 0.

[= pe-ss-cs-5.dat
header line —10.00019561 0.0732824 37 0
.00019561 1.11671e-05
.0001974 1.088c1le-05
.000199 1.0716%e-05
.000201 1.05941e-05
.000203 1.05445e-05

data lines | =sep

H
Lo T T s Y s T e

Energy of incident  Energy? x Cross section
gamma (MeV) (MeV-MeV-MeV-barn)

Fig. 4. Beginning of pe-ss-cs-5.dat file for Boron

2. Format of photoelectric data in EPICS2017

In EPDL2017.ALL, as introduced in Technical note 1, original data relevant to photoelectric are
categorized under two processes that are more specific:

e total photoelectric process
e photoelectric process by subshell

However both can be located by specifying 73 for the reaction descriptor in the second header line
(Fig. 5, line 2).
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2.1. Total photoelectric process

There are four kinds of data relevant to total photoelectric process:
1) cross section (Fig. 5)

2) average energy to the residual atom

3) average energy of the secondary photons

4) average energy of the secondary electrons

Since we are only interested in the cross section data in this technical note for the purpose of updating
the Geant4 database, we will not spare time on the other data here.

Fig. 5 represents an example of a part of cross section data table relevant to the total photoelectric
process for Hydrogen.

In this example:

- Inthe first header line:

Z=1

A =000

Yi = 7, means the incident particle is photon

Yo =0, means that the given information is not about the secondary particles
- Inthe second header line:

C =73, means the reaction is about photoelectric

| =0, means that the data lines below are the cross section data

2 header lines =p| 1000 1[7] [0] 1.00797 1807172 2 0.0 0.0 0.0
[73 [0O] o o.0 0.0 0.0 0.0 0.0
T.360000000E-05 6.3153502505108
1.361000000E-05 6.305834000E+06
1.397175180E-05 5.874735370E+06
data lines mmmp| 1.429616350E-05 5.521770620E+06
1.458619680F-05 5.230366940E+06
1.484479870FE-05 4.988031990E+06

Energy of incident  Cross section (barn)
gamma (MeV)

Fig. 5. Example of total cross section data relevant to the total photoelectric process
for Hydrogen in EPDL2017.ALL

2.2. Photoelectric process by subshell

Just as total photoelectric process, four kinds of data are available for photoelectric by subshell:
1) subshell cross section (Fig. 6)

2) average energy to the residual atom

3) average energy of the secondary photons

4) average energy of the secondary electrons

Only format of subshell cross sections is explained here.

Fig. 6 shows an example of a part of K subshell cross section data for Boron.

In this example:

- In the first header line:
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Z=1

A =000

Yi =7, means the incident particle is photon

Yo =0, means that the given information is not about the secondary particles
- Inthe second header line:

C =73, means the reaction is about photoelectric

| =0, means that the data lines below are the cross section data

S =91, means X1 filed data required

X1: subshell designator, X1 = 1, means it is K subshell

2 header lines =] [0] 10.811 1807172 2 0.0 0.0 0.0
[0][e1] 0.0 0.0 0.0 0.0
1.920000000E 04 1.662159570E106
1.937965950E-04 1.574781050E+06
) 1.956100000E-04 1.491996000E+06
data lines === | 974000000E-04 1.415240000E+06
1.990000000E-04 1.359908000E+06

Energy of incident
gamma (MeV)

Cross section (barn)

Fig. 6. Example of K subshell cross section data
for Boron in EPDL2017.ALL

2.3. Units
Energy used in EPDL2017.ALL is in MeV.

Cross section is in barn.
3. Implementation of cross sections in Geant4

3.1. Preliminary preparation of files
To start with, we need to make preliminary preparation of some files by running the following macros:

e generate_ss_cs_2017.c generates subshell cross section files, which will be read by
fitForSubshellCS2017.c

e generate_bindingEnergy_2017.c generates binding.dat file containing binding energies for all
the elements

e generate_pe_cs_2017.c generates total cross section data files, which will be read by
generate_outputs.c to generate final total cross section data files for Geant4 database

3.1.1. generate_ss_cs_2017.c macro

generate_ss_cs_2017.c is used to read subshell cross sections from EPDL2017.ALL and generate
output files:

pe-ss-cs-Z.dat, where Z is the atomic number of the element,
They are saved in epics2017/phot_preliminary folder.

Format

For a given element, the pe-ss-cs-Z.dat contains all the subshell cross section data of this element. The
energy — cross section data points start with a header line in which, the first value indicates the binding
energy of a specific subshell while the second is always 0. Furthermore, each subshell data are
separated by -1 -1.
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Fig. 7 shows a part of pe-ss-cs-1.dat file:

[= pe-ss-cs-1.dat 4 ‘
header e =™ — 15 [1.360000000e-05 0.000000000e+00
2 11.360000000e-05 €.318358250e+06
3 |1.361000000e-05 6.305834000e+06
datalines  m——— (1. 397175180e-05 5.874735370e+06
5 [1.429616350e-05 5.521770620e+06
& [1.458619680e-05 5.230366940e+06
J |1.484479870e-05 4.988031990e+06
1.507483360e-05 4,785217340e+06
Energy of incident Cross section (barn)
gamma (MeV)
Fig. 7. A part of pe-ss-cs-1.dat file
Command

To use the generate_ss_cs_2017.c macro, firstly you should place this macro and the EPDL2017.ALL
file in the same directory. Secondly, type the following command in the Terminal:

root generate ss cs_2017.c

Note that generate_ss_cs_2014.c is available to extract subshell cross sections data from

EPDL2014.ALL

Anomaly in the initial data

We would like to mention that for subshell cross section data, there are some completely repeated
points in in terms of both energy and cross section for some elements in EPDL2017.ALL. For example,
for Chlorine (Z = 17), L1 (251/2) subshell (Fig. 8), the point (2.77e-4, 3.2529e+5) is repeated, which is

not necessarily needed.

It is worthwhile to mention that such anomaly did not exist in EPDL2014.ALL.

. )
EJEPDLZW.ALLMpmt_pe_cs_zumszum: 1| B pe-sscs-6.dat }

174132

17
17
17000 7
73 10 91

7

0.0 1 0.0 0.

2.829000000E-03 6.018672537E-05
1.000000000E+05 6.018672537E-05

35.453 1807172 2 0.0

Fig. 9 gives a summary of all these anomalous data, indicating the atomic number, index of the subshell

16 23

2.829000000E-03
1.000000000E+05

17000 7 9
73 10 91 0.0
2.829000000E-03
1.000000000E+05

17000 7 0
Q.01 0.0

35.

S50

2.471151521E-04
2.471151521E-04
453 1807172
1.

2.521698123E-03
1.000000000E+05
453 1807172
3

2.770000000E-04
.770000000E-04

.252900000E+05
.252900000E+05

.818383000E-04
-851018000E-04
.900000000E-04
.951209000E-04
.000000000E-04

[PSERSRRASRRN I S B N

3

3

3.20604T000E+05
3.313795000E+05
3.325800000E+05
3.320123000E+05
3.298960000E+05

Fig. 8. Repeated point for L1 subshell of Chlorine

and the repeated point as well.
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Fig. 9. A summary of all completely repeated points for subshell cross sections

3.1.2. generate_bindingEnergy_2017.c macro

generate_bindingEnergy_2017.c is used to read binding energies from EADL2017.ALL and generate
the output file:

binding.dat, which contains the binding energies for all the elements.
It is saved in epics2017/phot_preliminary/bindingEnergy folder.

Format
In Fig. 10, we can see the binding energies for the first four elements separated by -1 -1.

First column indicates the subshell designator(], the second is the binding energy value.

[= binding.dat E3

L [1.000000000e+00
—1 -1

1.360000000e-05]|

(W %]

1.000000000e+00
-1 -1

2.459000000e-05

n

1.000000000e+00
3.000000000e+00
-1 -1

o))

-]

5.800000000e-05
5.390000000e-06

Subshell designator

Binding energy (MeV)

Fig. 10. A part of binding.dat file

Command

To use the generate_bindingEnergy_2017.c macro, firstly you should place this macro and the
EADL2017.ALL file in the same directory. Secondly, type the following command in the Terminal:

root generate bindingEnergy 2017.c

Note that generate_bindingEnergy_2014.c is available to extract binding energies from EADL2014.ALL
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3.1.3. generate_pe_cs_2017.c macro

generate_pe_cs_2017.c is used to read total cross sections from EPDL2017.ALL and generate the
output files:

pe-cs-Z.dat, where Z is the atomic number of the element
They are saved in epics2017/phot_preliminary folder.

Format
For a given element, the pe-cs-Z.dat is composed of two header lines and energy — cross section data
points.

Fig. 11 displays a part of pe-cs-1.dat file:
[= pe-cs-1.dat E4 |

1. - 1. 9
5 header lines l éozﬁOOOOOOOe 05 1.000000000e+05 904
3 |11.360000000e-05 6.318358250e+06
4 11.361000000e-05 6.305834000e+06
data lines —e—————) (1 .397175180e-05 5.874735370e+06
> 11.429616350e-05 5.521770620e+06
7 11.458619680e-05 5.230366940e+06
1.484479870e—-05 4.9880319%0e+06
Energy of incident Cross section (barn)

gamma (MeV)
Fig. 11. A part of pe-cs-1.dat file

Command
To use the generate_pe_cs_2017.c macro, firstly you should place this macro and the EPDL2017.ALL
file in the same directory. Secondly, type the following command in the Terminal:

root generate pe cs_2017.c

Note that generate_pe_cs_2014.c is available to extract binding energies from EPDL2014.ALL

3.2. fitForSubshellCS2017.c macro
As explained in section 1.3, for each subshell, cross-sections are parameterized in two different
intervals (“low fit” and “high fit”), using a fitting function as follows:
a, a, a3 a, Qs Qg
o(E)= =+ =+ =+ —+ —=+ —¢
() E E? E3 E* ES5 ES
fitForSubshellCS2017.c reads subshell cross section data files extracted according to section 3.1.1 and
calculates fitting parameters for both low fit and high fit in the same time. A special attention was paid
to avoid discontinuity at the junction of two consecutive regions

Command
To use the fitForSubshellCS2017.c macro, make sure you have followed the steps explained in section
3.1, then type the following command in the Terminal:

root fitForSubshellCS2017.c
After running this macro, we will obtain the following output files:

e Jlow_high_limits.dat contains energy limits of low fit and high fit intervals for all the elements
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It is composed of three columns. The first column indicates the atomic number; the last two
are respectively low energy limit and high energy limit for this element. Fig. 12 shows the first
5 elements of low_high_limits.dat.

[=] low_high_limits_final.dat E3

1 1

2 2
3 3
4 4
5 5

Low energy limit (MeV)

4.901995190e-03
4.953922720e-03
4.953339460e-03
4.975938260e-03
4.984281350e-03

Atomic number Z

6.917352220e-02
6.939481560e-02
6.925599700e-02
6.957401830e-02
6.957401830e-02

High energy limit (MeV)

Fig. 12. A part of low_high_limits.dat file

e lowFittingParams.dat contains low fitting parameters for all subshells
It is composed of 8 columns, the first two are atomic number of element and subshell index

starting from 0, as illustrated in Fig. 13.

[ lowFitingParams_finaldat £3 ‘

1

s W

)~ &Y

9
10

il

oo s ww

[WN = O - OFOOO

Atomic
number

z

displays the first 5 elements of this file.

4.
.799268779e-05
.528577505e-04
.261087482e-06
.311233831e-04
.555194943e-05
.881275611e-03
.232525418e-05
.484571574e-09
.540592407e-08

GV R (S

013689865e-07

-6

-208079593e-08
-2.
-2.
-3.
-9.
-3.
-2.
-1.
-1.
—2.

77028248%6e-06
358135585e-05
496396065e-07
691483496e-05
931713865e-06
889087833e-04
428720897e-05
199516781e-09
110000587e-09

4.333195665e-09
1.956335792e-07
1.677377200e-06
2.480890175e-08
6.957399314e-06
2.
2
1
5
8

801525410e-07

.089589433e-05
.035641728e-06 . .
.191313588e-11 1.735328994e-12 2.553645993e-14 -6.367430296e-17
.264439462e—-11 3.731656237e-12 4.780345647e-14 -1.178936308e-16

=5
-3.
-4.
-6.
-1.
-8.
-6.

-3

773626723e-12
655232940e-10
194718629 e-09
668092646e-11
917584609e-08
956248047e-10
778340176e-08
702548653e-09

1.856332381e-13
8.266299557e-12
6.788475296e-11
1.021501452e-12
2.
1
7
3

6le7767ele-10

.101814233e-11
.661965096e-10

884635604e-11

=5
-2.
-1.
-2.
-71.
-2.
-2.
-1.

211927627e-16
336728655e-14
884933494e-13
822884360e-15
239759765e-13
998336702e-14
084142433e-12
039704062e-13

Subshell
index

Six fitting parameters

Fig. 13. A part of lowFittingParams.dat file
e highFittingParams.dat contains high fitting parameters for all subshells
The format of highFittingParams.dat is the same as lowFittingParams.dat.
e  MaxDifferenceForTwoFitsOfSubshellsUsingNewParametersFor2017.dat contains maximal
difference of fitted subshell cross section values compared with tabulated subshell cross
sections for both low fit and high fit, which is meant to be used later in section 4.4.1.
It is composed of 4 columns. The first two are atomic number and subshell index starting from
0. The last two gives the maximal difference of low fit and high fit for a given subshell. Fig. 14




Technical note 4: photoelectric process 3. Implementation of cross sections in Geant4

[=] MaxDifferenceForTwoFits OfSubshellsUsingNewParametersFor2017_final dat £

1 |l 0 -1.790300541e+00 -1.435799909e+00
2 210 -1.923832622e+00 1.988691761e+00
5 310/ -1.9925799%966e+00 3.905463990e+00
4 311 -1.928070903e+00 3.800069520e+00
5 4|0 -2.085862140e+00 2.871797592e+00
4111 -1.922078818e+00 2.8892187307e+00
7 510 -2.069089049%9=+00 2.616686999e+00
511 -1.986492821e+00 2.542145522e+00
9 5121 -1.2645560956e+00 -2.166886050e+00
1 513] -1.292496444=24+00 2.376380271e+00
Atomic  Sybshell Maximal difference Maximal difference
number jndex of low fit of high fit
Z

Fig. 14. A part of MaxDifferenceForTwoFitsOfSubshellsUsingNewParametersFor2017.dat file

AverageDifferenceForTwoFitsOfSubshellsUsingNewParametersFor2017.dat contains the
average of absolute relative difference of fitted subshell values compared with tabulated
subshell cross sections for both low fit and high fit, which is meant to be used later in section
4.4.1.

The format of this file is similar to MaxDifferenceForTwoFitsOfSubshellsUsingNewParametersFor2017.dat.

In the meantime, figures showing the difference of fitted values compared with tabulated values are
also plotted after running fitForSubshellCS2017.c macro. They are automatically saved in epics2017/fit
directory. More information are given in section 4.5.1.

3.3. generate_outputs.c macro

Once you finish the fit process by running fitForSubshellCS2017.c, you can now generate the final
outputs, which are about to be placed in Geant4 database and employed by Geant4 applications.

generate_outputs.c macro reads the following files:

pe-ss-cs-Z.dat
binding.dat
pe-cs-Z.dat
low_high_limits.dat
lowfFittingParams.dat
highFittingParams.dat

Then, it finally generates 5 types of files, as follows:

pe-cs-Z.dat, total cross sections above K shell binding energy for element Z

Energy interval included in the file: [K binding energy; the closest energy point higher than
low fit limit]

pe-le-cs-Z.dat, total cross section below K shell binding energy for element Z

Energy interval included in the file: [minimal tabulated energy; K binding energy]
pe-high-Z.dat, high fitting parameters for subshell cross sections of element Z
pe-low-Z.dat, low fitting parameters for subshell cross sections of element Z

pe-ss-cs-Z.dat, subshell cross sections for element Z

Enerqy interval included in the file: [minimal tabulated energy; the closest energy point
higher than high fit limit]

10
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These files are automatically saved in the folder epics2017/phot

Command
To use the generate_outputs.c macro, make sure you have prepared all the files that need to be read
by this macro, then type the following command in the Terminal:

root generate outputs.c

4. Plots and comparison

4.1. Comparison of total cross sections

plot_pe_cs.c macro is capable to compare total cross section data from EPDL2017.ALL with that from
EPDL2014.ALL by reading data extracted according to section 3.1.3. It finally generates a figure
composed of two graphs for each element:

e the top graph is the comparison of total cross sections between EPDL2017 and EPDL2014
e the bottom is the relative difference of total cross sections of EPDL2017 compared to that of
EPDL2014, only points with same energies are taken into account

All the figures are saved automatically in plots/totalCS_comparison
Fig. 15 shows an example for element Boron.

The energy edge is represented as “repeated pair(s)”.

Cross section of total photoelectric reaction for element Z = 5
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Fig. 15. Comparison of total cross sections between EPDL2017 and EPDL2014 for Boron

Command
To use the plot_pe_cs.c macro, make sure you have prepared total cross section files that need to be
read by this macro, then type the following command in the Terminal:

root plot pe cs.c
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4.2. Comparison of subshell cross sections

plot_ss_cs.c macro is capable to compare subshell cross section data from EPDL2017.ALL with that
from EPDL2014.ALL by reading data extracted according to section 3.1.1. It finally generates a figure
composed of two graphs for each subshell:

e the top graph is the comparison of subshell cross sections between EPDL2017 and EPDL2014
e the bottom is the relative difference of subshell cross sections of EPDL2017 compared to that
of EPDL2014, only points with same energies are taken into account

All the figures are saved automatically in plots/subshellCS_comparison

Fig. 16 shows an example for the K subshell of Boron.

Cross section of photoelectric reaction by Subshell_0 K(1s1/2) for elementZ = 5
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Fig. 16. Comparison of K subshell cross sections between EPDL2017 and EPDL2014 for Boron

Command
To use the plot_ss_cs.c macro, make sure you have prepared subshell cross section files that need to
be read by this macro, then type the following command in the Terminal:

root plot ss cs.c
4.3. Comparison of binding energies

plot_bindingEnergy.c is used to plot the difference of binding energies between EADL2017 and
EADL2014. It generates a figure composed of two graphs for each element:

e the top graph is the comparison of binding energies
e the bottom is the relative difference of binding energies of EADL2017 compared to that of
EADL2014

All the figures are saved automatically in plots/bindingEnergy_comparison/2014VS2017

Fig. 17 demonstrates the comparison of binding energies for Iron.

12



Technical note 4: photoelectric process 4. Plots and comparison

Binding energy for element Z = 26
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Fig. 17. Comparison of binding energies between EADL2017 and EADL2014 for Iron

Moreover, in the end of running this macro, ratioMax_ratioAverage_ForBindingEnergy_2014_2017.dat
will be created, which contains

e maximal difference of binding energies of EADL2017 compared with EADL2014 for each
element

e absolute average difference of binding energies of EADL2017 compared with EADL2014 for
each element

These values can be read and plotted by plot_MaximaiDifference_AverageDifference_BindingEnery_2014_2017_WithZ.c
Besides, there are three kinds of available binding energy data in Geant4 database:

e  SGALEDATA/fluor/binding.dat
e SGALEDATA/fluor_Bearden/binding.dat
e SGA4LEDATA/fluor_XDB_EADL/binding.dat

We have studied that binding energies in $G4LEDATA/fluor/binding.dat and SGALEDATA/fluor_Bearden/binding.dat are
the same, they both come from EADL97 (EADL2014).

While binding energies in SG4LEDATA/fluor_XDB_EADL/binding.dat are combinations of different
sources, which are well illustrated in SG4LEDATA/README file.

Here we also provide a macro plot_bindingEnergy_XDB_EADL.c to achieve the comparison of binding
energies between fluor_XDB_EADL and EADL2017.

It generates a figure composed of two graphs for each element:

e the top graph is the comparison of binding energies amongst EADL2014, EADL2017 and
XDB_EADL

e the bottom is the relative difference of binding energies of XDB_EADL compared to that of
EADL2014 and EADL2017

All the figures are saved automatically in plots/bindingEnergy_comparison/XDB_EADL

Fig. 18 demonstrates the comparison of binding energies for Iron.
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Binding energy for element Z = 26
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Fig. 18. Comparison of binding energies between EADL2017, EADL2014 and XDB_EADL for Iron

Command

To use the plot_bindingEnergy.c or plot_bindingEnergy_XDB_EADL.c macro, make sure you have
prepared binding energy files that need to be read by this macro, then type the following command in
the Terminal:

root plot bindingEnergy.c // or plot bindingEnergy XDB EADL.c

4.4. Comparison of between fitted total cross sections and tabulated total cross
sections

In order to evaluate the performance of new fitting parameters for total cross sections, we offered
several ROOT macros to plot the relative difference of fitted total cross section values compared to
the tabulated values in three cases:

e case 1: EPDL2017 data using new fitting parameters
e case 2: EPDL2017 data using existing? fitting parameters
e case 3: EPDL2014 data using existing fitting parameters

4.4.1. EPDL2017 data with new fitting parameters

plot_pe_fittedTotalCSUsingNewFitParameters2017.c reads EPDL2017 data and fitting parameters
generated in section 3.2 in order to compare the values of fitted total cross sections with the tabulated
values. It generates at last:

e one figure of comparison for each element, saved in plots/fittedTotalCSUsingNewParameters
e ratioMaxForFittedTotalCSUsingNewParams2017_plotting.dat, contains the maximal
difference values of low fit and high fit for all the elements

Fig. 19 represents a part of this file, for the first 5 elements

2 “existing fitting parameters” refer to the those in SG4LEDATA/Livermore/phot_epics2014 of Geant4 version
10.7. We recall that existing fitting parameters were obtained based on EPDL2014 data, which are the same as
EPDL97
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IE ratioMaxForFitted T otalCSUsingNewParams2017_plotting_final.dat E3 |
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Fig. 19. A part of ratioMaxForFittedTotalCSUsingNewParams2017_plotting.dat file

An example of Hydrogen is given in Fig. 20.

EPDL2017: Relative difference of fitted total cross sections using new fitting parameters for element 1
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Fig. 20. Relative difference of fitted total cross sections for low fit and high fit based on EPDL2017 data and
EPDL2017 fitting parameters

4.4.2. EPDL2017 data with existing fitting parameters

plot_pe_fittedTotalCSUsingExistingFitParameters_2017.c reads EPDL2017 data and existing fitting
parameters. You need to make sure this macro has access to existing fitting parameters
(SG4LEDATA/livermore/phot_epics2014). It enables to compare the values of fitted total cross
sections using existing fitting parameters with the tabulated values. It generates at last:

e one figure of comparison for each element, saved in plots/fittedTotalCSUsingExistingParameters

e ratioMaxForFittedTotalCSUsingExistingParametersFor2017_plotting.dat,  contains  the
maximal difference values of low fit and high fit for all the elements. The format is the same
to ratioMaxForFittedTotalCSUsingNewParams2017_plotting.dat explained in 4.4.1

Fig. 21 shows the comparison for Hydrogen.
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EPDL2017: Relative difference of fitted total cross sections using existing fitting parameters for element 1
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Fig. 21. Relative difference of fitted total cross sections for low fit and high fit based on EPDL2017 data and
existing fitting parameters

4.4.3. EPDL2014 data with existing fitting parameters

plot_pe_fittedTotalCSUsingExistingFitParameters_2014.c reads EPDL2014 data and existing fitting

parameters. It compares the values of fitted total cross sections using existing fitting parameters with
the tabulated values. It generates at last:

e one figure of comparison for each element, saved in plots/ fittedTotalCsUsingExistingParameters_2014

e ratioMaxForFittedTotalCS2014_plotting.dat, contains the maximal difference values of low
fit and high fit for all the elements. The format is the same to
ratioMaxForFittedTotalCSUsingNewParams2017_plotting.dat explained in 4.4.1

Fig. 22 shows the comparison for Hydrogen.
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EPDL2014: Relative difference of fitted total cross sections using existing fitting parameters for element 1
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Fig. 22. Relative difference of fitted total cross sections for low fit and high fit based on EPDL2014 data and
existing fitting parameters

4.4.4 Comparison of maximal difference of fitted total cross sections according to Z

plot_compare_MaximalDifferenceOfFittedTotalCS_2014_2017.c is able to read maximal difference
of fitted values compared with tabulated values according to Z in the three cases mentioned above:

o fitted total cross sections VS tabulated values for EPDL2017 data using new fitting parameters

o fitted total cross sections VS tabulated values for EPDL2017 data using existing fitting
parameters

o fitted total cross sections VS tabulated values for EPDL2014 data using existing fitting
parameters

It then plots the comparison respectively for low fit and high fit according to Z, as shown in Fig. 23.
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Fig. 23. Comparison of maximal difference of fitted total cross sections according to Z for the three cases

Based on the absolute maximal difference values, we can calculated the improved precision (IP)
according to the following formula:

z=100 Roia ((Z))

= R Z

IP — new
100

where R0, (Z) and R,;4(Z) are the maximal relative difference of new fit and previous fit of
scattering functions for the element Z.

For low energy fit, IP = 1.9, case 1 VS case 3;

For high energy fit, IP = 1.3, case 1 VS case 3.

4.5. Comparison between fitted subshell cross sections and tabulated subshell
cross sections

Similarly, the comparison for subshell cross sections is also discussed in three cases.

4.5.1. EPDL2017 data with new fitting parameters

Itis mention in section 3.2 that figures showing the difference of fitted values compared with tabulated
values are generated simultaneously while running fitForSubshellCS2017.c. These figures are saved in
plots/fit/Histo_low_high.

An example of Hydrogen is displayed in Fig. 24.

EPICS2017: Relative difference of fitted subshell cross sections using new fitting parameters for element 1_0
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Fig. 24. Relative difference of fitted subshell cross sections for low fit and high fit based on EPDL2017 data and
new fitting parameters
4.5.2. EPDL2017 data with existing fitting parameters

plot_pe_fittedSubshellCSUsingExistingFitParameters_2017.c is able to plot the relative difference of
fitted subshell cross sections for EPDL2017 data using existing fitting parameters. This object requires
fitting parameters of each single subshell, which we successfully reproduced by using the macro
fitPhotoelectricEffect.c, left by Marilena Bandieramonte. See section 4.5.3.

In the end of running this macro, the following files will be created:
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MaxDifferenceForTwoFitsOfSubshellsUsingExistingParameters_2017.dat contains maximal

difference of fitted subshell cross section values compared with tabulated subshell cross

sections for both low fit and high fit.

Its format is similar to MaxDifferenceForTwoFitsOfSubshellsUsingNewParametersFor2017.dat in

the section 3.2.

AverageDifferenceForTwoFitsOfSubshellsUsingExistingParameters_2017.dat contains the

average absolute difference of fitted subshell cross sections values compared with tabulated

values for both low fit and high fit.

Its format is similar to AverageDifferenceForTwoFitsOfSubshellsUsingNewParametersFor2017.dat

in the section 3.2.

An example for Hydrogen is given Fig. 25.

Figures of relative difference of fitted subshell cross sections compared to tabulated values

EPDL2017: Relative difference of fitted subshell cross sections for subshell_0 K(1s1/2) of element Z = 1
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Fig. 25. Relative difference of fitted subshell cross sections for low fit and high fit based on EPDL2017 data and

existing fitting parameters

4.5.3. EPDL2014 data with existing fitting parameters

If you want to get the same type of figures, at first place, you should run the macro
fitPhotoelectricEffect.c, left by Marilena Bandieramonte. It can reproduce the exact fitting parameters
as those in Geant4 database. With appropriate modifications, it eventually performs in the same way
as fitForSubshellCS2017.c does. It is placed in epics2017-master/fitPhotoelectricEffect.

After running this macro, we will obtain the following output files:

e low_high_limits.dat
lowFittingParams.dat

highFittingParams.dat

Information that is more precise is given in section 3.2.

Fig. 26 illustrates the relative difference of low fit and high fit for Hydrogen.
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EPICS2014: Relative difference of fitted subshell cross sections using new existing parameters for element 1_0
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Fig. 26. Relative difference of fitted subshell cross sections for low fit and high fit based on EPDL2014 data and

the existing parameters

4.5.4 Comparison of maximal difference of fitted subshell cross sections according to Z

Once we have possessed the following three files, we could make use of
plot_compare_MaximalDifferenceOfSubshellsWithZ_2014_2017.c to plot the comparison of
maximal difference of low fit and high fit according to Z:

e MaxDifferenceForTwoFitsOfSubshellsUsingNewParametersFor2017.dat
e MaxDifferenceForTwoFitsOfSubshellsUsingExistingParameters_2017.dat
e  MaxDifferenceForTwoFitsOfSubshellsUsingExistingParametersFor2014

The macro plot_compare_MaximalDifferenceOfSubshellsWithZ_2014_2017.c is about to read these
three files to plot the maximal difference of low fit and high fit according to Z, see in the Fig. 27.
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Fig. 27. Comparison of maximal difference of fitted subshell cross sections according to Z for the three cases
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Since there are several relatively higher values (for instance close to 800%) in the case of EPDL2017
data using existing fitting parameters, we can not better see the distribution of the other two cases.
So Fig. 28 only represents the other two cases.

Maximal difference of low fit for subshell cross sections according to Z

g - x
g =
; 1E % P e %

E 4 [«
g L IS
= -1
© E o L o A W
2 L,k Foop o2 e “
5 E 7800, 0 X 5 oz )
5] = x D7
o -3E
any E —#&—— EPDL2014 using existing fitting parameters

-4 = e ——¢—— EPDL2017 using new fitting parameters
0 20 40 60 80 100
Atomic number Z
Maximal difference of high fit for subshell cross sections according to Z

E = —e— EPDL2014 using existing fitting parameters
—_ 4= o] :
§ = bf; ——«—— EPDL2017 using new:fitting parameters
[} =
O C
s E
= =
o -2 "
[ = ¥ P
= 4F ﬁ ooy o el o SPFS,
© C 50600 o] w0 XL X B
] E 23] ) OXOQ’CW OC#DOD& >¢<ooo°ox oé & F%t
o -8 oo < o0 %@ O o

= gFEP e o

-8
0 20 40 60 80 100

Atomic number Z

Fig. 28. Comparison of maximal difference of fitted subshell cross sections according to Z for two cases

4.5.5 Comparison of average difference according to Z

As a complementary information, we also compared the average absolute difference of fitted subshell
cross sections for the three cases by using the macro piot_compare_AverageDifferenceOfSubshellsWithZ_2014_2017.c.
It reads the following three files:

e AverageDifferenceForTwoFitsOfSubshellsUsingNewParametersFor2017.dat
e AverageDifferenceForTwoFitsOfSubshellsUsingExistingParameters_2017.dat
e AverageDifferenceForTwoFitsOfSubshellsUsingExistingParametersFor2014.dat

The output graph is represented in Fig. 29
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Fig. 29. Comparison of average difference of fitted subshell cross sections according to Z for the three cases

A comparison without EPDL2017 using existing fitting parameters is also shown in Fig. 30.

Fig. 30. Comparison of average difference of fitted subshell cross sections according to Z for two cases

It should be noted that these there files contain the average of absolute relative difference (a;) for all
subshells. For a given Z, the real average difference (AD) that we used in Fig. 29 and Fig. 30 is calculated
on all the subshells:

i=n-1

@D =2 Y @@

i=0
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Where a; is the average of absolute relative difference of subshell i for the given element Z.

List of macro files

The ROOT macro files that we mentioned above are:

=

LNV WN

11.
12.

13.

14.

15.

16.

17.

18.

19.

generate_ss_cs_2017.c, generates subshell cross section data files from EPDL2017.ALL
generate_ss_cs_2014.c, generates subshell cross section data files from EPDL2014.ALL
generate_bindingEnergy_2017.c, generates binding energy files from EADL2017.ALL
generate_bindingEnergy_2014.c, generates binding energy files from EADL2014.ALL
generate_pe_cs_2017.c, generates total cross section files from EPDL2017.ALL
generate_pe_cs_2014.c, generates total cross section files from EPDL2014.ALL
fitForSubshellCS2017.c, performs fit process based on EPDL2017

generate_outputs.c, generates final output files

plot_pe_cs.c, plots the comparison of total cross section data between EPDL2017 and
EPDL2014

. plot_ss_cs.c, plots the comparison of subshell cross section data between EPDL2017 and

EPDL2014

plot_bindingEnergy.c, compares the binding energies between EADL2017 and EADL214
plot_bindingEnergy_XDB_EADL.c, compares the binding energies between EADL2017 and
fluor_XDB_EADL

plot_pe_fittedTotalCSUsingNewFitParameters2017.c, compares the fitted total cross
sections with the tabulated values, based on EPDL2017 data and new fitting parameters
plot_pe_fittedTotalCSUsingExistingFitParameters_2017.c, compares the fitted total cross
sections with the tabulated values, based on EPDL2017 data and existing fitting
parameters

plot_pe_fittedTotalCSUsingExistingFitParameters_2014.c, compares the fitted total cross
sections with the tabulated values, based on EPDL2014 data and existing fitting
parameters

plot_compare_MaximalDifferenceOfFittedTotalCS_2014_2017.c, plots maximal difference of
fitted total cross sections according to Z in three cases
plot_pe_fittedSubshellCSUsingExistingFitParameters_2017.c, plots relative difference of
fitted subshell cross sections, based on EPDL2017 data and existing fitting parameters
plot_compare_MaximalDifferenceOfSubshellsWithZ_2014_2017.c, plots maximal difference of
fitted subshell cross sections according to Z in three cases
plot_compare_AverageDifferenceOfSubshellsWithZ_2014_2017.c, plots average difference of
fitted subshell cross sections according to Z in three cases
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