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Consistency of the decay scheme
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Clover

~1 mm thin Al window inserts
for Ge detectors

Tunnel : 8 detectors x 16x16 strips
Thickness: 750 ym

DSSD : 128x128 strips
Thickness: 300 pm -
500 pm
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GABRIELA

Clover

~1 mm thin Al window inserts GABRIELA in Geant4

for Ge detectors

Implantation detector .
Stainless steel

insert

Ge crystal

BGO Shields

Tunnel : 8 detectors x 16x16 strips
Thickness: 750 ym

DSSD : 128x128 strips
Thickness: 300 pm -
500 pm

hin Al winc
Tunnel detectors

Courtesy of K. HAUSCHILD
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Characterisation of
GABRIELA
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Radioactive decays In
Geant4 for Z > 100

Geant4 allows addition of:

** Nuclear level data (photon
evaporation) using
AddPrivateData(Z,A, ’fileName_zZ.aA")

** Radioactive decay data using

AddUserDecayDataFile(Z,A,”’fileName_zZ.

aA")
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** Nuclear level data (photon
evaporation) using
AddPrivateData(Z,A, ’fileName_zZ.aA")

** Radioactive decay data using

AddUserDecayDataFile(Z,A,”’fileName_zZ.
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Limitations:

For Z > 100 internal conversion
processes (important for heavy
elements) are not simulated. Hence, no
X-ray or Auger e- emission.

> Fluorescence, Auger and electronic
Binding energy data are limited to Z =

100.
> Hard code limits on Z = 100



Radioactive decays In
Geant4 for Z > 100

Solutions:
Geant4 allows addition of: d Add atomic relaxation process in the
< Nuclear level data (photon simulations (event generator)
- . [A. Lopez-Martens et al., Nucl. Phys. A852, 15 (2011)].
evaporation) using d Use the built-in Geant4 libraries (but,

AddPrivateData(Z,A, ’fileName_zZ.aA")
** Radioactive decay data using
AddUserDecayDataFile(Z,A,”’fileName_zZ.
aA")

Limitations:

For Z > 100 internal conversion
processes (important for heavy
elements) are not simulated. Hence, no
X-ray or Auger e- emission.

disguise heavy nuclei as lighter ones by
modifying the atomic properties such as
electron binding energies, occupancy, X-ray

and Auger energies)
[L.G. Sarmiento, EPJ Web Conf. 131, 05004 (2016)].

> Fluorescence, Auger and electronic
Binding energy data are limited to Z =
100.

> Hard code limits on Z = 100



Radioactive decays In
Geant4 for Z > 100

Geant4 allows addition of:
“* Nuclear level data (photon
evaporation) using

AddPrivateData(Z,A, ’fileName_zZ.aA")

** Radioactive decay data using

AddUserDecayDataFile(Z,A,”’fileName_zZ.

aA")
Limitations:

For Z > 100 internal conversion
processes (important for heavy
elements) are not simulated. Hence, no
X-ray or Auger e- emission.

> Fluorescence, Auger and electronic
Binding energy data are limited to Z =
100.

> Hard code limits on Z = 100

Solutions:

d Add atomic relaxation process in the

simulations (event generator)
[A. Lopez-Martens et al., Nucl. Phys. A852, 15 (2011)].

d Use the built-in Geant4 libraries (but,
disguise heavy nuclei as lighter ones by
modifying the atomic properties such as
electron binding energies, occupancy, X-ray

and Auger energies)
[L.G. Sarmiento, EPJ Web Conf. 131, 05004 (2016)].

This work:

v Using data from Z =90 to Z = 100,
extrapolated Auger and Fluorescence
data up to Rf

v Modify Geant4 source code: change
the atomic number limits in the
relevant classes, addition of atomic
shell data, electron binding energies
and so on.



Extrapolation of
Fluorescence Data

TABLE VI. Atomic Subshell Designators

Desig- Subshell De g Subshell Desig- Subshell
Initial PesTg owbste

0.297058 0.115888 vacancy I TR K2

3. Ll (2s1/2) 23. N67 (4f) 43, P2 (6p1/2)

0.454157 0.121786 | subshell PR E, 2 F e i 4G
) jol . . P (6d

0.0533827 0.135896 ORI A R G VRN M i 1

0.106009 0.137287 0. e Gm B G GEE % B @

Ener 12, M5 (3q) 32. oi ()2 2. es (eaw2)

0.00223099 0137919 | - M?’/ T TEE R AR

. N (4) 35. o_6 (E_)f5/2) 55. P10 (6h9/2)

0.00240819 0.138187 TR VRN S

0.0136759 0.140941 oo o w s B
0.0286788 0.14132 | Radiative B
0.000699076 0.141618 transition

0.000760166 0.141686 probability Perkins, S T, and Cullen, D E. ENDL type
0.00354388 0'142312 formats' for the LLNL Evaluated Atomic

Data Library, EADL, for the Evaluated

0.00736636 0.142411 : | glecl:trczndD;zatLibgaiy,Lbj'ﬁ'DL, angplj_;zr the
0.000160799 0.142526 | F'na et Sty Mo o 1000, fibe dos
0.000172719 0.142541 vacancy 10.2172/10172308.

0.000596927 0.142639 | subshell

0.00105819 0.142654
-1 End of data set

Evaluated Atomic Data Library notation



Extrapolation of
Fluorescence Data

0.454157
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0.00223099
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-1

Evaluated Atomic Data Library notation

O 121786
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Energy
in MeV
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0.34565300E-02
0.70246600E-02
0.19702200E-02

0.18830300E-03
0.30001900E-02
0.13242500E-02

0.11558800E-02
0.32593500E-03
0.54621400E-03

0.62100000E-07

0.87436000E-01
0.88266000E-01
0.94164000E-01

0.89096000E-01
0.94994000E-01
0.10870800E+00

0.10089200E+00
0.11460600E+00
0.11500200E+00

0.14227200E+00

Extrapolation of Auger Data

Initial
vacancy
subshell

Energy

in MeV
Non-
Radiative
transition
probability

Subshell of
relaxing
electron

Subshell of
Auger
electron

End of data set
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Extrapolation of Auger Data
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Probability

0.45F
0.4F

0.35

0.3f
0.25F
0.2F
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0.1

0.05F

Comparison with the values given in the
Table of Isotopes
=104

AP = Extrapolated — Tol
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Fluorescence probabilities for a K-shell vacancy in Rf

R.B. Firestone et. al. Table of Isotopes. John Wiley and Sons, New York, 8th edition, 1996.
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Probability

Comparison with the values given in the
Table of Isotopes
Z=100

AP = Geantd — Tol
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Auger probabilities for a K-shell vacancy in Fm



Probability
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Comparison with the values given in the
Table of Isotopes
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Auger probabilities for a K-shell vacancy in Fm

In Geant4
Auger = Auger + Coster-Kronig



Data Addition

* binding energy information form Tol in G4AEMLOW/flour(_Bearden)/binding.dat
* Fluorescence data in G4AEMLOW/flour/ and flour_Bearden/

fl-tr-pr-101.dat

fl-tr-pr-102.dat

fl-tr-pr-103.dat

fl-tr-pr-104.dat

e Auger data in G4AEMLOW/auger/

au-tr-pr-101.dat

au-tr-pr-102.dat

au-tr-pr-103.dat

au-tr-pr-104.dat



Modifications In the source
code

: :DecayIt(G4double)

G4int aZ = G4MT_daughters|[0]->GetAtomicNumber();
G4int nShells = G4AtomicShells::GetNumberQOfShells(aZ);
(shellIndex >= nShells) shellIndex = nShells;
G4AtomicShellEnumerator as = G4AtomicShellEnumerator(shellIndex);
atomDeex—>GetAtomicShell(az, as);

G4DecayProductsx G4ITDecay::DecayIt(G4double)
{l-

(applyARM) {
G4int shellIndex = photonEvaporation—>GetVacantShellNumber();
(shellIndex > -1) {
G4VAtomDeexcitationx atomDeex =

41 0O AhleMAanager®*1n ANCE —

(atomDeex—>IsFluoActive() && parentZ > 5 && parentZ < 105)



http://G4ECDecay.cc
http://G4ITDecay.cc

odifications in the source
code

G4ShellData. hh

G4ShellData(G4int minZ = 1, G4intjmaxZ = 104, Gdbool isOccupancy = 5

G4AtomicTransitionManager.cc

G4AtomicTransitionManager: :G4AtomicTransitionManager ()

: augerData(0),
zMin

(1)
acrablolidit (6) |
supTableLimit(104),

U []

verboselLevel(0)

G4AugerData.cc

G4AugerData: : G4AugerData()

G4int n =
G4int pos

(G4int element = 6;f element < 105;

augerTransitionTable.insert(trans_Table::value_type(element,LoadData(element)));


http://G4AtomicTransitionManager.cc
http://G4AugerData.cc

Modifications In the source
code

G4UAtomicDeexcitation: :GenerateParticles(
std::vector<G4DynamicParticlex>x vectorOfParticles,
G4AtomicShellx atomicShell,
G4int Z,
G4double gammaCut,
G4double eCut)

(Z>5 && 7Z<105) {

(IsAugerCascadeActive())

vacancyArray.push_back(givenShellld);

(Z<6 || Z>104){



http://G4UAtomicDeexcitation.cc

Modifications In the source
code

G4GammaTlransition.cc

G4GammaTransition::SampleTransition(G4Fragmentx nucleus,
G4double newExcEnergy,
G4double mpRatio,
G4int
G4int
G4int
G4int
G4bool isDiscrete,
G4bool isGamma)

G4Fragmentx result =
G4double bond_energy = 0.0;

('isGamma) {

(0 <= shell) {
i — els—>GetZ _asInt();



http://G4GammaTransition.cc

Modifications In the source

G4AtomicShells. hh

G4int fNumber0fShells [105];

G4int fIndex0fShells[105];
G4int fNumberOfElectrons [1650];
G4double fBindingEnergies[16501];

G4AtomicShells.cc

G4AtomicShells: : fNumberOfShells [105]<

27, 27 , 28 , 28 -
} Electron Binding energy from Table of Isotopes 8th
G4int

GaAtomicShells: : fIndex0fShells [105] = Electron Configuration from CRC Handbook of Chemestry and Physics 8th Ed
{
%54@, 1567, 1594, 1622

G4double G4AtomicShells::fBindingEnergies[1650]

146526.
4615.
471.
37.

(SESESES]
[(SESESES]
((O NSRS

149208.
4741.
490.
38.

[SESESES]
[SESESES
[SESESES]

152970.
4876.
516.
44,

[(SESESES]
[SESESES]
(O NS HS NS

156288.
5014.
535.
55.

(SESESES)
[SESESNS)
[SESESNS)

G4int G4AtomicShells::GetNumberOfElectrons(G4int Z, G4int ShellNb), G4double G4AtomicShells::GetTotalBindingEnergy(G4int Z)
(Z<0 || Z>104)


http://G4AtomicShells.cc

EM classes that do (not)
work after modifications

EM process

cl

c2

el e
G4EmStandardPhysics_option4 | G4EmStandardPhysics_optionl
G4EmLivermorePhysics G4EmStandardPhysics_option2
G4EmLowEPPhysics G4EmStandardPhysics_option3

G4EmStandardPhysics
G4EmStandardPhysicsGS
G4EmStandardPhysicsSS

G4EmStandardPhysicsWVI

G4EmPenelopePhysics

Photo-
electric
effect

G4PolarizedPEEffectModel

G4PEEftectFluoModel
G4LivermorePhotoElectricModel
G4LivermorePolarizedPhotoElectricModel
G4PenelopePhotoElectricModel

Compton
scaterring

G4LivermoreComptonModel
G4LivermorePolarizedComptonModel
G4LowEPComptonModel
G4LivermoreComptonModelRC*

G4KleinNishinaCompton
G4KleinNishinaModel
G4PenelopeComptonModel
G4PolarizedComptonModel

Table C.1: Built-in EM physics lists that can (c1) and cannot (c2) be used.

Gamma
conversion

G4BetheHeitlerSDModel*

G4BetheHeitlerModel
G4PairProductionRelModel
G4LivermoreGammaConversionModel
G4BoldyshevTripletModel
G4LivermoreNuclearGammaConversionModel
G4LivermorePolarizedGammaConversionModel
G4PolarizedGammaConversionModel

Rayleigh
scattering

G4JAEAElasticScatteringModel *

G4LivermoreRayleighModel
G4PenelopeRayleighModel
G4LivermorePolarizedRayleighModel

e_
ionization

G4PAIModel
G4PAIPhotModel

G4PenelopelonisationModel
G4MollerBhabhaModel
G4LivermorelonisationModel
G4PolarizedMollerBhabhaModel

A ionisation

G4MuBetheBlochModel

ion
Tonisation

G4LindhardSorensenlonModel*
G4AtimaEnergyLossModel*

G4lonParametrisedLLossModel
G4BetheBlochModel
G4BetheBlochlonGasModel
G4BragglonModel
G4BragglonGasModel

eBremsstrah

G4PolarizedBremsstrahlungModel*
lung

G4PenelopeBremsstrahlungModel
G4SeltzerBergerModel
G4eBremsstrahlungRelModel
G4LivermoreBremsstrahlungModel

Table C.2: Models that that can (cl) and cannot (c2) be used for Z > 100. The models indicated by “*” do
not exist in the Geant4 version used for this work.




EM classes that do (not)
work after modifications

EM process

cl

c2

el e
G4EmStandardPhysics_option4 | G4EmStandardPhysics_optionl
G4EmLivermorePhysics G4EmStandardPhysics_option2
G4EmLowEPPhysics G4EmStandardPhysics_option3

G4EmStandardPhysics
G4EmStandardPhysicsGS
G4EmStandardPhysicsSS

G4EmStandardPhysicsWVI

G4EmPenelopePhysics

Photo-
electric
effect

G4PolarizedPEEffectModel

G4PEEftectFluoModel
G4LivermorePhotoElectricModel
G4LivermorePolarizedPhotoElectricModel
G4PenelopePhotoElectricModel

Compton
scaterring

G4LivermoreComptonModel
G4LivermorePolarizedComptonModel
G4LowEPComptonModel
G4LivermoreComptonModelRC*

G4KleinNishinaCompton
G4KleinNishinaModel
G4PenelopeComptonModel
G4PolarizedComptonModel

Table C.1: Built-in EM physics lists that can (c1) and cannot (c2) be used.

Build your own EM Physics list

Gamma
conversion

G4BetheHeitlerSDModel*

G4BetheHeitlerModel
G4PairProductionRelModel
G4LivermoreGammaConversionModel
G4BoldyshevTripletModel
G4LivermoreNuclearGammaConversionModel
G4LivermorePolarizedGammaConversionModel
G4PolarizedGammaConversionModel

Rayleigh
scattering

G4JAEAElasticScatteringModel *

G4LivermoreRayleighModel
G4PenelopeRayleighModel
G4LivermorePolarizedRayleighModel

e_
ionization

G4PAIModel
G4PAIPhotModel

G4PenelopelonisationModel
G4MollerBhabhaModel
G4LivermorelonisationModel
G4PolarizedMollerBhabhaModel

A ionisation

G4MuBetheBlochModel

ion
Tonisation

G4LindhardSorensenlonModel*
G4AtimaEnergyLossModel*

G4lonParametrisedLLossModel
G4BetheBlochModel
G4BetheBlochlonGasModel
G4BragglonModel
G4BragglonGasModel

eBremsstrah

G4PolarizedBremsstrahlungModel*
lung

G4PenelopeBremsstrahlungModel
G4SeltzerBergerModel
G4eBremsstrahlungRelModel
G4LivermoreBremsstrahlungModel

Table C.2: Models that that can (cl) and cannot (c2) be used for Z > 100. The models indicated by “*” do
not exist in the Geant4 version used for this work.




Test of the modified code
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Geant4 simulations of the isomer decay observed in Dubna confirm the Berkeley

decay scheme.



Test of the modified code
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J. Rissanen et al., Phys. Rev C 88, 044313 (2013)

Geant4 simulations of the isomer decay observed in Dubna confirm the Berkeley
decay scheme.
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Conclusions and outlook

Geant4 is very useful in analysing
data

Extrapolated Auger and
Fluorescence data and made some
modifications in the source code

Modified code tested against
experimental data

Use JAC to calculate the atomic
properties for superheavy elements

Extend the code for Z > 104

Atomic properties

® Hyperfine splitting & representation
® Zeeman splitting; Lande factors

® Isotope shifts

® Atomic form factors

® Plasma shifts, a-variations, ...

Atomic processes
® Photon emission & transition probabilities

® Photoexcitation, ionization & recombinat.
® Auger emission & di-electr. recombination
® Rayleigh-Compton scattering

® Multiphoton (de-) excitation, ...

Atomic casca

® Average singe-configuration approach
® Multiple-configuration approach

® Incorporation of shake-up & shake-off
® lon & electron distributions, ...

S. Fritzsche / Computer Physics Communications 240 (2019) 1-14

JAC

Jena Atomic Calculator

A Julia implementation for
atomic computations.

Open-source applications
in physics, science and
technology.

Atomic responses

® Field-induced processes & ionization

® High-harmonic generation
® Particle-impact processes
® Charge exchange

Time evolution

® Liouville equation for statistical tensors
& atomic density matrices

® Atoms in intense light pulses

® Angle- & polarization-dependent
observables

Semi-empirical estimates
® Weak-field ionization rates

® Asymptotic behaviour & formulas
® Stopping powers

® Plasma Stark broadening, ...



Thank you for your
attention

BUPCKAIE
Cheromd)
7

Araceli Lopez-Martens Karl Hauschild



Position distribution of the
source
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Radioactive decays In
Geant4

RADIOACTIVE DECAY
Q mother
always set 0 2
# mother( 5s )
# Excitation flag Halflife Mode Daughter Exflag Intensity Q E,, 1), Q; Alpha
\ N & 4
P 0-© 5 a/ e | M1 4 ecay
Alph 0 1l Ey,my | 0
Alpha E, - BR, Q bra.nchmg o, 1l | 1
Alpha E, - BR, Q ratio of the :
Alpha E, - BR, Q decay mode daughter

BR, + BR; + BR, = 100 %

floating PHOTON-EVAPORATION

level

E 7l 0404 mixing
ratio

TR 0 ml il A
0 E 1 intensitly M1l & a(Tm P(L1) P(L2) P(L3) P(M1) P(M2) P(M3) P(M4) P(M5) P(I\]+)

2 - E 0 mp 2
1 Ez—zEl intensity M1 &  a(Tot) P(K) P(L1) P(L2) P(L3) P(M1) P(M2) P(M3) P(M4) P(M5) P(N+)
0 E intensity E2 &  a(Tot) P(K) P(L1) P(L2) P(L3) P(M1) P(M2) P(M3) P(M4) P(M5) P(N+)

relative gamma multipolarity
emission intensity




