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Abstract

Auger emitting radioisotopes are of great interest in targeted radiotherapy because, once
internalised in the tumour cells, they can deliver dose locally to the radiation sensitive targets,
while not affecting surrounding cells. Geant4 is a Monte Carlo code widely used to
characterise the physics mechanism at the basis of targeted radiotherapy. In this work, we
benchmarked the modelling of the emission of Auger electrons in Geant4 deriving from the
decay of 23|, 124, 125 radionuclides against existing theoretical approaches. We also compared
Geant4 against reference data in the case of '3!Cs, which is of interest for brachytherapy. In
the case of 12l and 131Cs, the simulation results are compared to experimental measurements
as well. Good agreement was found between Geant4 and the reference data. As far as we
know, this is the first study aimed to benchmark against experimental measurements the
emission of Auger electrons in Geant4 for radiotherapy applications.

Keywords
Auger electron, radioactive decay, Monte Carlo, Geant4.
1. Introduction

The Auger effect involves the emission of atomic electrons as alternative channel to X-ray
fluorescence in the atomic de-excitation, which follows the creation of a vacancy in an atomic
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shell [1], [2]. Auger electron emitting radionuclides are of great interest in targeted
radiotherapy because Auger electrons have high Linear Energy Transfer (4—26 keV/um) and
short range [3]-[6].

The present paper reports on the Auger electron emission following the radioactive decay of
123) 124| 125] gnd 131Cs. The iodine radioisotopes are widely used in nuclear medicine for the
labelling of monoclonal antibodies, receptors and other radio-pharmaceuticals, especially in
diagnostic and therapeutic applications, where quantitative imaging over a period of several
days is necessary [7]—-[9]. The optimal combination of half-life and energy of the emitted
radiation makes '31Cs an attractive radioisotope for brachytherapy of malignant tumours.

Geant4 [10] is a Monte Carlo code which is extensively used in medical physics applications,
including micro- and nano- dosimetry [11], [12] , brachytherapy and targeted radiotherapy
[13], [14]. Therefore, it is important to benchmark the emission of Auger electrons in Geant4
against reference data.

The goal of this work is to benchmark, for the first time, Geant4 in terms of emission of Auger
electrons. A Geant4 simulation was developed to calculate the emission yields and energy
spectra of Auger electrons emitted from 23|, 1241, 125| and 31Cs radionuclides. The results were
compared to other Monte Carlo based calculations available in the literature and
experimental measurements performed at the Australian National University (ANU) and the
Joint Institute for Nuclear Research (JINR) in the case of 2°| and 31Cs, respectively.

2. Materials and methods
2.1. Radioactive decays under investigation

123] (half-life T1/2 = 13.224 hr) decays by electron capture (EC) (100% probability) to an excited
state of 123Te. The strongest transition at 159 keV carries 99% of the total intensity and 19%
of the time will decay via internal conversion (IC) to 123Te, which has a very long half-life (T12
=9.2x10%® year) [15].

1241 (T1/2 = 4.176 d) decays via either B* (22.7% probability) or EC (77.3% probability) to either
excited states (65% probability) or to the ground state (35% probability) of 24Te [16].

1251 (T1/, = 59.49 d) decays by EC (100% probability) followed by either gamma ray emission
(6.68% probability) or IC (93.32% probability), to the ground state of the stable ?°Te [17].

131Cs decays directly via EC decay to the ground state of 13!Xe, hence, Auger electrons are only
emitted from the atomic relaxation in 3Xe from the vacancy created by EC. *31Cs is one of
the pure Auger emitters for nuclear medicine [18].

2.2. Atomic Relaxation in Geant4

Geant4 has the functionality of simulating both the radiative (X-ray) and non-radiative (Auger)
atomic relaxation process of singly ionised atoms [19], [20]. Geant4 treats ionised atoms as
isolated entities [21]. This means that an atom exists separately without bonding with any
other atom. The creation of a vacancy is handled by the Geant4 electromagnetic physics
package. The generation of the relaxation cascade is handled by the atomic relaxation
component, which is used by all the primary processes generating a vacancy [19], [20], [22].
The simulation of atomic relaxation takes place in two stages:
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1) determination of the shell (or sub-shell) where the vacancy is created by the primary
process, radioactive decay in this case;

2) the relaxation cascade is then triggered, starting from the vacancy created by the
primary process; secondary photons or electrons are generated through radiative and
non-radiative transitions, based on the respective transition probabilities [19]-[22].

In stage 1, the G4RadioactiveDecay module is used to simulate the decay, either at rest or in-
flight, of radioactive nuclei by electron capture (EC) and by a, B~ and B* emission or isomeric
(IT) decay. If the daughter of a nuclear decay is an excited isomer, its prompt nuclear de-
excitation is treated using the G4PhotoEvaporation class [10].

The subshell ratios for electron capture is calculated according to Bambynek [23]. In this
model only electrons from the s1/2 and p1/2 subshells (K, L1-L2, M1-M2, N1-N2) are captured.
Whereas, for internal conversion the probabilities are specified in Geant4
PhotoEvaporation5.5 data library (version used in this work). These probabilities are
computed with BRICC code [24], except if they are provided in the ENSDF files.

Geant4 uses the Livermore Evaluation Atomic Data Library EADL [21] in stage 2 to calculate
the complete radiative and non-radiative emission of X-rays and Auger electrons as the atom
relaxes [10]. The energy of the relaxation product is calculated as the difference of the sub-
shell binding energies involved with the atomic de-excitation process [21]. It is assumed that
the binding energy of all subshells are the same for neutral ground state atoms as for ionised
atoms [10], [21]. The Geant4 Atomic Relaxation model does not distinguish between Auger
and Coster-Kronig transitions [20], thus, the term Auger is used for both transitions.

2.3. Geantd simulation setup

The Geant4 extended example rdecay01 was used in this study and Geant4 10.05.p01 version
has been adopted. A cube of 20 mm size of vacuum is modelled, with a point source of 123,
124) 125 and 31Cs in the centre of the box. The radioactive decay and the full atomic relaxation
are modelled. The output of the simulation is the emission yield per radioactive decay and
the energy spectra of the emitted Auger electrons. The number of histories in the Geant4
simulation is 107 to obtain a statistical uncertainty below 1%. Nevertheless, it should be noted
that the uncertainty of EADL Auger electrons yields for an inner shell vacancy is less than 15%
[21]. Only inner shell vacancies are considered in this work when comparing the simulation
results to experimental data. The calculated Auger electron spectra were binned using 50 eV
bin width. In the analysis of the results, the Auger electrons have been grouped according to
the IUPAC notation, based on the atomic shells involved in the transition [25]. Following this
notation, Auger MXY, M-shell Auger transition where neither of the two new vacancies is in
the N-shell. Auger LMX, L-shell Auger transition where one of the vacancies is in the M-shell.
Auger LMM, L-shell Auger transition where both new vacancies are in the M-shell. Auger KLL,
K-shell Auger transition where both new vacancies are in the L-shell. Auger KLX, K-shell Auger
transition where one of the two new vacancies is in the L-shell. And Auger KXY, K-shell Auger
transition where neither of the two new vacancies is in the L-shell.

keV 0.40 235 3.74

3.17

0.001

0.23 0.97, 4.32 21.97 23.12 25.89 27.45 29.82
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Fig. 1 Energy ranges for Auger electron groups in tellurium according to EADL [21].
Overlapping energy ranges are indicated with red squares below the axis.

Each individual Auger electron energy line calculated by means of the Geant4 simulation
needs to be associated to the specific transition producing it, as this information is not
provided automatically in a Geant4 user application. This method has been adopted as
currently it is not possible to directly retrieve the transition type in a Geant4 user application.
In the analysis of the simulation results, Auger KLL, KLX, and KXY lines were grouped according
to their energy ranges in EADL [21], as shown in Fig. 1 (e.g., the line 3.6185 keV matches with
L2M103 transition energy (EADL [21]), so it belongs to group LMX). To note, the Geant4
simulation results showed a slight energy broadening of the Auger lines due to momentum
transfer to the daughter of the radioactive decay. When we find two transitions for the same
energy in overlapping energy ranges as represented in Fig. 1, the difficulty to retrieve the
transition shows up. This problem is due to the fact that the bin width in the simulation is 1
eV, which is greater than the difference between a few transition energies (e.g., the line
L3M5M5 3.17422 keV and L3M1N1 3.17429 keV (EADL [21])). In these situations, we decided
to choose the most probable transition for the specific line.

The mean energy, E of each Auger transition groups (MXY, LMM, LMX, KLL, KLX and KXY) was
evaluated as:

2i(E; " Yy)

E =
YTotal

, (equation 1)

where E;j is the energy and Y; is the yield of an Auger line in the group. Y7ot is the total yield
of the Auger group.

2.4. Theoretical approaches used to benchmark Geant4 atomic relaxation
The theoretical approaches used to benchmark Geant4 are based on the Monte Carlo based
calculations by Pomplun [26], Stepanek [27] and the BrlccEmis by Lee et al., developed at the
Australian National University (ANU) [3], [4], [28], [29]. Table 1 summarises the models and
data libraries used in the calculations. In the BrlccEmis calculations the so-called “isolated
atom” approximation was used, namely once a vacancy reached the valence shell, it remained
unfilled.

Table 1. Atomic and nuclear data used in the calculations by Stepanek [27], Pomplun [26]
and in BriccEmis [4], as well as in Geant4.

Geant4

Stepanek [27]

Pomplun [26]

BriccEmis [4]

Nuclear decay
data

ENSDF [30]

ICRP38 [31]

ENSDF [30]

ENSDF [30]

Electron capture
probabilities

Gove et al. [32]
Martin et al. [33]

Gove et al. [32]

Schonfeld [34]

Bambynek et al.
[23]

Atomic shells

K-N

K-N

K-O

K-O
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Storm et al. [35]

Atomic transition | Perkins et al. Chen et al. [36] | Perkins et al. Perkins et al.
rates (EADL) [21] McGuire et . | (EADL) [21] (EADL) [21]

[37]
Atomic transition | Dirac-Hartree- Dirac-Fock Dirac-Fock Perkins et al.
energies Slater [38] Deslaux [39] Band et al. [40] (EADL) [21]

The yields of Auger electron emission have been calculated as described in Section 2.3 and
also computed analytically (called here Geant4Lib analytical code) by using directly the
radioactive decay, nuclear de-excitation, and atomic relaxation data contained in the Geant4
data libraries. This approach allows to verify that the input data libraries are used correctly by
the Geant4 kernel when performing simulations of radioactive decay.

In the Geant4lib analytical code, the yield of a given Auger electron line is obtained by the
sum of the probabilities of the different disintegration branches leading to the emission of
this specific line. Each disintegration branch consists in the succession of a radioactive
disintegration of the parent nucleus to an excited state of the daughter, a cascade of nuclear
deexcitation with at least one electron conversion emission, and an atomic relaxation cascade
leading to the emission of the considered Auger line. The probability of a branch is obtained
by the product of the probability of all steps involved in the branch. This code does not take
into account the nuclear recoil broadening, which is instead considered in the full Geant4
simulation used in this work.

2.5. Reference experimental measurements

Two sets of experimental measurements of Auger electron spectra were used in this work.
The first set derives from experimental measurement with an 12°| source performed at the
ANU obtained with an electron momentum spectrometer (EMS) which can measure electrons
from 2 keV to 40 keV (the energy resolution of the spectrometer is = 6 eV) [8]. The iodine
source was prepared at ANSTO (Australia’s Nuclear Science and Technology Organisation)
with a Nal solution deposited on top of a 200 pg/cm? gold substrate, following the procedure
described by Pronschinske et al [41]. The resulting source was a monolayer of *2°| on top of
the gold substrate [42].

The second set of experimental measurements is documented in [43]. A BaCOs target was
irradiated in the nuclear reactor IBR-2 of the JINR lab, Dubna, at the neutron flux of

~2.5 x 102 — for 10 days. The electron spectrum was measured using a combined

electrostatic spectrometer [44], consisting of a retarding sphere followed by a double-pass
cylindrical mirror energy analyser [43].

Table 2 summarises the radioisotopes under study and the reference theoretical and
experimental data used to benchmark Geant4.



178
179

180

181

182
183
184
185

186

187
188
189

190

Table 2. List of reference published data used in this study. We compare only K-lines in the
case of validation against experimental data.

Calculations Experimental

BrliccEmis [4]
123|

Pomplun [45]
124) BriccEmis [4] -

BrliccEmis [4]

ANU (KLL
125) Stepanek [27] (

spectrum) [8]
Pomplun (KLL spectrum) [26]

JINR (KLL

131
C -
> spectrum) [43]

3. Results

The first section shows the comparison of Geant4 results against the theoretical predictions
by BriccEmis [4], [29], Pomplun [26], [45] and Stepanek [27] for 23], 124 and '?°| in terms of
emission yields of Auger electrons. The second section is dedicated to the comparison against
experimental measurements for 12°| and 31Cs radioisotopes.

3.1. Comparison to other theoretical approaches

Fig. 2, 3 and 4 present the generated energy spectra and yield of Auger electrons for 23], 124|
and 2°| decays, respectively, using the Geant4 simulation described in Section 2.3 and
BrlccEmis [4].
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Fig. 3 Calculated Auger electron spectrum following the radiactive decay of 1?4,

normalized for 1 radioactive decay.
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Pomplun [45]

Yield

1.93

0.711

0.200

0.0731

0.0328

0.00280

7.3

194  Tables 3, 4 and 5 show the Auger electron energies and emission yields for 23|, 124| and 12°|
195  decay, respectively, as calculated by means of the Geant4 simulation described in section 2.3,
196 the Geant4lib analytical code, BrlccEmis [4], Pomplun [45] and Stepanek [27].
197
198 Table 3. Mean Auger electron energies and emission yields per decay calculated for ?3I. E
199 is the mean energy of the transition as calculated in equation 1.
Geant4 Geant4lLib .
. . Analytical Code BrlccEmis [4]
simulation
Line
E E E E
Yield Yield Yield
(keV) (keV) (keV) (keV)
Auger MXY 0.435 2.286 0.453 1.946 0.411 1.94 0.394
Auger LMM 3.067 0.653 3.085 0.734 3.047 0.733 3.028
Auger LMX 3.565 0.305 3.679 0.208 3.675 0.206 3.656
Auger KLL 22.666 | 0.0807 22.665 | 0.0807 | 22.525 | 0.0805 22.52
Auger KLX 26.505 | 0.0355 26.506 | 0.0355 | 26.456 | 0.0354 26.43
Auger KXY 30.348 | 0.00375 | 30.346 | 0.00374 | 30.312 K 0.00362 | 30.30
Auger total 0.499 14.89 0.529 13.67 0.933 7.39 -
Auger above 500 eV - 1.30 - 1.29 - 1.27 -
200
201 Table 4. Mean Auger electron energies and emission yields per decay calculated for ?*I. E
202 is the mean energy of the transition as calculated in equation 1.

Line

Auger MXY
Auger LMM
Auger LMX

Auger KLL

Geant4
simulation
E
Yield

(keV)
0.435 1.533
3.086 0.491
3.680 0.135
22.666 | 0.0538

Geant4lib

Analytical Code

E
Yield
(keV)
0.453 1.306
3.085 0.492
3.679 0.139
22.665 | 0.0541

BrlccEmis [4]

E
Yield
(keV)
0.413 1.30
3.048 0.492
3.676 0.138
22.525 | 0.0539
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204
205

206

207
208
209
210
211
212
213
214
215
216
217

218
219

Auger KLX 26.506 | 0.0239 | 26.506 | 0.0238 | 26.460 | 0.0240

Auger KXY 30.348 | 0.00250 | 30.346 | 0.00251 | 30.308 | 0.00256
Auger total 0.499 9.99 0.528 9.17 0.922 5.04
Auger above 500 eV - 0.87 - 0.87 - 0.85

Table 5. Mean Auger electron energies and emission yields per decay calculated for 1%°I. E is
the mean energy of the transition as calculated in equation 1 and Yield is Yiotai Of €q. 1.

Geant4 Geantdlib
BriccEmis [4] Stepanek [27]
simulation Analytical Code
Line
E E E E
Yield Yield Yield Yield
(keV) (keV) (keV) (keV)

Auger MXY 0.435 3.800 0.453 3.224 0.408 3.20 0.380 3.24

Auger LMM 3.093 1.228 3.090 1.218 3.047 1.21 3.01 1.22

Auger LMX 3.692 0.331 3.684 0.345 3.676 0.339 3.63 0.339

Auger KLL 22.666 | 0.1286 | 22.665 | 0.129 | 22.522 | 0.129 22.6 0.126
Auger KLX 26.506 | 0.0568 | 26.506 | 0.0566 | 26.454 | 0.0565 26.5 0.0580
Auger KXY 30.349 | 0.00604 | 30.346 | 0.00597 | 30.322 | 0.00595 | 30.3 | 0.00550

Auger total 0.490 24.85 0.519 22.81 0.953 11.8 - 8.92

Auger above 500 eV - 2.15 - 2.14 - 2.08 - -

In reference to Fig. 2, 3 and 4, the Auger electron lines can be separated according to the
atomic shell of the initial vacancy: above 20 keV for the K-shell, 2-5 keV for the L-shells, 0.2—
1 keV for the M-shells, and below 0.2 keV for the remaining outer electron shells. It can be
observed that the Auger electrons spectra calculated with Geant4 and BrlccEmis are similar
from 500 eV to higher energies. For lower energies, the two theoretical approaches show
differences in the calculation of the yields. In particular, Geant4 calculates higher Auger yields
than BrlccEmis for all the radionuclides considered. It was also noticed that the major
contribution to Auger emissions with energy below ~500 eV derives from N shell transitions.
These discrepancies between the two theoretical approaches should be compared with
absolute N-shell Auger electron transition rates, however we are not aware of the existence
of suitable experimental data.

Table 3 shows the Auger electron energies and emission yields for 23| decay as calculated by
means of BrlccEmis [4], Pomplun [45] and Geant4. Geant4 calculates by default the full decay

10
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chain, therefore the decay of 123Te was switched off in the simulation, in order to compare
the same physical quantity against the other data. The Geant4 simulation results agree with
the Geant4Lib analytical code data in terms of Auger electron kinetic energies and in terms of
radiation yields with 4%, apart from the case of the radiation yield of the MXY, LMM and LMX
lines (17%, 11% and 46% of difference, respectively). This difference is ascribed to the
difficulty to identify the yields of specific lines in the Geant4 simulation using the methodology
described in 2.3 because of the overlapping of some group lines (see Figure 1). Apart from
this discrepancy, the results show consistency between the Geant4 simulation output and the
Geant4 data libraries used as input to describe Auger emission from radioactive decay, as
expected.

In terms of both energy and radiation yield, BriccEmis [4] agrees within 1% with the Geant4
data libraries, apart from the case of Auger electron kinetic energies of MXY line where an
agreement within 9% has been observed and from the case of the radiation yield of the KXY
line where a difference of 5% was found. For Pomplun [45], an agreement within 2% with
Geant4 data libraries was found in terms of Auger electron kinetic energies, apart from 12%
difference for MXY line. In terms of radiation yield, there is an agreement within 10% apart
from the case of the KXY line where a difference of 25% was found. The total emission yield
above 500 eV shows a very good agreement for Geant4lib analytical code and Geant4
simulation (within 1%) and BrlccEmis [4] (within 2%).

Table 4 displays the Auger electron energies and emission yields for 24| decay calculated by
means of Geant4 and BrlccEmis [4]. The Geant4 simulation results agree with the Geant4Lib
analytical code data in terms of Auger electron kinetic energies within 1% for all lines, apart
from the case of MXY line where an agreement within 5% was found. In terms of emission
yields, Geant4 simulation results are consistent with Geant4Lib analytical code, apart from a
17% difference for the MXY line. As in the case of 123, we ascribe the difference to the
difficulty to determine the transition line (see Section 2.3 and Figure 1), complicated by the
overlapping of the Auger emission energies. BriccEmis [4] agrees with Geant4 data libraries
within 1%, apart from the case of MXY line where an agreement within 8% has been observed.
With regard to the total emission yield above 500 eV, there is excellent agreement between
the Geant4 simulation and the Geantdlib analytical code (within 0.5%), as expected.
Agreement within 3% was found between the Geant4 data libraries and BrlccEmis [4].

Table 5 reports the Auger electron energies and emission yields for 12°| decay calculated by
means of Geant4, BriccEmis [4] and Stepanek [27]. In terms of Auger electron energy, Geant4
simulation results agree within 1 % with the Geant4 data libraries, apart from the case of the
MXY line (within 5%) and the total Auger electron emission. The differences are ascribed to
the difficulty to identify some lines (see Fig. 1), which is further complicated by a slight
broadening of the Auger electrons kinetic energies due to the momentum transfer to the
nuclear recoil. The Geant4 data libraries agree with BrlccEmis within 1% apart from the MXY
line (10%) and when considering the full spectrum of the Auger electrons. In terms of emission
yields, Geant4 simulation results are consistent with the Geant4Lib analytical code apart from
the case of MXY line, where differences up to 18% have been observed. This difference again
should be due to the method to distinguish the transition lines in the Geant4 simulation.
BrlccEmis [4] agrees with Geant4 data libraries within 2%. Besides, Stepanek [27] agrees
within 3% with Geant4 data libraries, while 17% difference has been noticed in terms of Auger
electron kinetic energies. In the matter of the total emission yield above 500 eV, there was
an excellent agreement (within 0.5%) between the Geant4 data libraries and the Geant4
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simulation. An agreement within 3% was found between the Geant4 data libraries and
BrlccEmis [4].

These results show, as expected, agreement between the Geant4 simulation and the
Geant4Lib analytical code. Eventual disagreement is ascribed to the difficulty to identify the
yields of specific lines in the Geant4 simulation. In addition, the results show an agreement
within few percent between BrlccEmis [4], Stepanek [27] data and the Geant4Lib analytical
code. Pomplun [45] data show less agreement with Geant4 and BrlccEmis [4].

3.2. Comparison with experimental data

Fig. 5 shows the yield per ?°| decay for K Auger electrons using Geant4, BrlccEmis [4] and
Pomplun [26] data compared with the experimental results performed at ANU [8]. Fig. 6
shows the ratio of the Auger electron emission yield calculated by either Geant4 or BrlccEmis
[4] and the experimental results [8]. Fig. 7 shows the comparison of the Auger electron
emission vyield of '3!Cs decay calculated by means of Geant4, BriccEmis [4] and the
experimental data [43]. Fig. 8 illustrates the ratio of the emission yields calculated by either
Geant4 simulation or BrlccEmis [4] and the experimental results [43].

1.2 T T T
ANU-exp I I 2 I
Pomplun ﬁ
@ Geantd X
14 M BriccEmis A.. ]
> 0.8 .
©
O
35 2
[ N « ™
o© 0.6 1 = = 2
o ~— | —
) = < < A o
o) < Amo -
> 0.4 1 -
AR g
A o
0.2 3 -
. N
|
4
(
0 e ]
21.5 22 22.5 23
Energy (keV)

Fig. 5 Comparison of the Auger electron yields calculated by means of Geant4, BriccEmis
[4], and Pomplun [26] with experimental data [8] for KLL peaks in the case of 1?°I decay.
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Fig. 6 Ratio of the Auger emission yield calculated by means of either Geant4, BriccEmis
[4], and Pomplun [26] and the experimental data [8]. The ratio has been calculated for KLL
peaks in the case of %I decay.

283

284  Table 6. 12°| Auger electron yield calculated by means of Geant4, BriccEmis [4], [8], Pomplun
285  [26] and experimental data [8]. The experimental energy data have an uncertainty of around

286 10 eV. The intensities are normalised to the KL2L3 line.
Geantdlib
_Geant.4 BrlccEmis [4] Pomplun [26]
simulation Analytical Code
Line
Energy Energy Energy Energy
Yield Yield Yield Yield
(keV) (keV) (keV) (keV)
KL1L1(%So) = 21.9765 | 0.309 | 21.9765 | 0.309 21.868 0.263 | 21.803 | 0.319
KL1L2(*P,)
22.2725 | 0.367 | 22.2725 | 0.367 22.210 0.397 | 22.151 | 0.384
KL1L2(3Po)
KL1L3(®P,) @ 22.5515 @ 0.459 | 22.5515  0.460
22.490 0.457 22.415 0.454
KL1L3(3P,)+
KL2L2(*So) 22.5685 | 0.047 | 22.5685 | 0.047
KL2L3('D2) | 22.8475 | 1.000 | 22.8475 | 1.000 22.792 1.000 | 22.737 | 1.000

13

Experimental [8]

Energy

(keV) Yield

21.800(5) | 0.262(5)
22.128(5) | 0.296(10)
22.151(10) | 0.086(6)

22.390(5) | 0.309(7)

22.423(5) | 0.153(6)

22.702(3) 1.000



KL3L3(3Po)

22.948(10) | 0.071(6)

23.1255 | 0.504 @ 23.1255 0.504 23.068 0.436 0.514
KL3L3(3P,) 22.995(4) | 0.364(7)
287
1.2 .
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Fig. 7 Comparison of the Auger electron yields calculated by means of Geant4 and
BriccEmis [4] with experimental data [43] for Auger electron KLL peaks produced by 131Cs

decay.
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Fig. 8 Emission yield’s ratio calculated dividing the results obtained with either Geant4 or
BrlccEmis [4] and the experimental data [43]. The ratios are shown for Auger electron KLL

peaks produced by 131Cs decay.

289
290 Table 7. 131Cs Auger electron yield calculated by means of Geant4 and BrlccEmis [46], and
291 experimental yield [43].
Geantdlib
.Geant.4 BrlccEmis [46] Experimental [43]
simulation Analytical Code
Line
Energy . Energy . Energy . Energy .
(keV) Yield (keV) Yield (keV) Yield (keV) Yield

KL1L1('So) = 23.722  0.328 | 23.722 0.329 | 23.521  0.330 | 23.526(6) | 0.269(5)

KL1L2(*P,) 23.875(8) | 0.287(5)
24.035 | 0.391 | 24.035 | 0.390 | 23.876 | 0.379

KL1L2(3Po) 23.906(12) | 0.100(5)

KL1L3(3P1) | 24.364 @ 0.472 | 24.364 | 0.470 | 24.200 0.471 | 24.181(14) | 0.256(41)

KL2L2('S,) = 24.348 | 0.047 | 24.348  0.048 | 24.178 0.047 | 24.187(18) | 0.121(41)

KL1L3(3P,) - - - - - - 24.232(10) = 0.110(5)

KL2L3('D,)  24.677 @ 1.000 | 24.677 1.000 | 24.516 1.000 | 24.522(20)  1.000
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292

293
294
295
296
297
298
299
300
301
302

303
304
305
306
307
308
309
310
311
312
313

314
315
316
317
318
319
320
321

322
323
324
325
326

327

328
329
330

KL3L3(3Po) 24.850(12) = 0.074(5)
25.007 0.501 | 25.007 | 0.500 | 24.838  0.498
KL3L3(%P,) 24.857(6) | 0.346(5)

Table 6 shows the 2| Auger electron energies and yields obtained with Geant4 simulation,
Geant4Lib analytical code, BrlccEmis [4] and Pomplun [26] models and the experimental data
[8]. The experimental spectrum and theoretical peaks are scaled to match the intensity of the
Geant4 KL2L3 Auger line. Good agreement in terms of Auger electron yield was found among
Geant4, the experimental data and the other theoretical calculations. Geant4 simulations
gave the same results of the Geant4Lib analytical code. Regarding to the emission yields of
the experimental data [8] (see Fig. 5 and 6), an agreement within 15% (corresponding to the
Geant4 model uncertainty) was found in comparison to Geant4 and 20% agreement with
Pomplun [26]. In addition, a 5% agreement was found for BrlccEmis [4] in comparison to
experimental data.

A comparison has been performed for the experimental KLL Auger energy spectrum deriving
from the decay of 31Cs, measured by Kovalik et al [43], with the theoretical one calculated
using Geant4 simulation, Geant4Lib analytical code, and BriccEmis [46]. The experimental
spectrum and theoretical lines are scaled to match the intensity of the Geant4 KL2L3 Auger
line. Table 7 displays the *31Cs Auger electron energies and yields obtained with Geant4 and
BrlccEmis [46] models and the experimental data. In terms of emission vyields, good
agreement (within 3%) was observed between Geant4 and BrlccEmis [46] theoretical
calculations. Geant4 simulation results are consisted with the Geant4 data libraries. In Fig. 8,
differences up to 25% were observed between Geant4 and BrlccEmis against the
experimental data [43]. The only exception is the KL2L2 line, where a ~250% discrepancy has
been noticed in comparison to the reference data [43], for both Geant4 and BrlccEmis.

In both comparisons (see Fig. 5 and 7), a kinetic energy shift (~150 eV) of the emission lines is
observed for the Geant4 results. This most likely comes from the fact that Auger electron
energies are derived from neutral binding energies (see Section 2.2). Moreover, the existing
physics models describing atomic de-excitation of Geantd4 disregard the quantum
electrodynamics (QED) and Breit magnetic electron interaction corrections which could cause
energy shift of the emitted Auger electrons and X-rays [46]. The QED effect is due to the fact
that an electron moving in the vacuum drags a cloud of virtual photons with it [47], [48].
BrlccEmis has semi-empirical correction for these effects.

Another difference in the model calculations is the atomic structure effect (~10 eV), which is
only included in BrlccEmis and arises due to the fast vacancy cascade in the atom when it
rearranges itself according to the atomic ground state of the daughter. This effect is important
especially for transitions involving K and L shells where the vacancies have short lifetimes
(~10Y —10%° sec) [46].

4. Conclusion

In this work we benchmarked for the first time the emission of Auger electrons deriving from
123) 124 - 125] gnd 131Cs decays calculated by means of Geant4 against other theoretical
approaches (BrlccEmis [4], [46], Pomplun [26] and Stepanek [27]) and experimental results
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performed at the Australian National University (ANU) [8] and the Joint Institute for Nuclear
Research (JINR) [43].

We verified the consistency between the Geant4 simulation results and the Geant4 data
libraries, input to the Monte Carlo code, to calculate Auger electron kinetic energies and
emission probabilities, deriving from atomic de-excitation after a radioactive decay.

When comparing Geant4 to other theoretical approaches, an overall good agreement, usually
within few percent in terms of Auger electron energies, was found between Geant4 and other
theoretical approaches. In terms of emission yields, a good agreement (within 3%) was found
for vacancies in the K shell. In the case of vacancies in the L and M shells, the level of
agreement was worse (within 15%) because it was difficult to determine the associated
transition lines in the Geant4 simulation. Overall, the total number of the Auger electron
emitted per radioactive decay was found significantly higher in Geant4. However, it was
noticed that the difference was mostly coming from the low energy range, below ~500 eV,
where the Auger electrons derive mainly from vacancies in N shell.

When comparing Geant4 simulation results to experimental data, a shift in the Auger kinetic
energies was found. This may be caused to limitations of the theoretical approach, which
considers the energy level of neutral atoms only and disregards quantum electrodynamics
(QED) effects, Breit magnetic electron interaction corrections and atomic structure effects.
These differences are not observed in the latest version of BriccEmis [4], as it recently adopted
a semi-empirical correction, which reduces the difference between the calculated and
experimental Auger line energies below 10 eV [29].

In terms of Auger electron emission yields, once the results were normalised to KL2L3 line, an
agreement within 15% for 1%°l and 25% !31Cs radioactive decays, was found among Geant4,
BrlccEmis [4] and the measured K Auger intensity.

For the future, we recommend extending the benchmarking to the conversion lines, other
radioisotopes and to other sets of experimental measurements. As far as we know, this is the
first time that the Geant4 Auger emission from radioactive decay of medical radioisotopes
has been benchmarked against other theoretical approaches and validated against
experimental measurements.
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