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OUTLINE

—  General introduction

— Brief description of the Geant4 code

— Description of the code Nuclide++ (data, implementation...)

— Validation of Nuclide++ through chosen radionuclides examples

—  Conclusion and comment
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INTRODUCTION (1)

® Motivation:

® Monte Carlo (MC) simulation codes: widely used to assess the response of detectors

® Radioactive decay (RD) play an important role for many experiments
4 particle and nuclear physics, medical physics, ionizing radiation metrology...
v comprehensive and accurate knowledge of the decay schemes data is crucial

® [n ionizing radiation metrology: Penelope and Geant4 are common used

® PENNUC (Fortran): RD routine using DDEP database is available in Penelope (2017)
V" developed at CIEMAT, LNHB - Garcia-Toraiio et al. Nucl. Instrum. Meth. B396 (2017)

® (Geant4: Radioactive Decay Module is available, based on popular ENSDF data library
4 original implémentation: Lei & Truscott, Tech. Rep. Qinetiq (2002), Geant4.9.4-p04 version
v" functional per-decay approach with a few inconsistencies and missing features
v e g., low intensity emissions not taken into account for certain radionuclides,

missing in B-decay (sample continuous decay emission), or deexcitation of the daughter atom...

® O(bjective of this work:

=» Develop of a new C++ module (Nuclide++) for precise simulation of radionuclide sources
v" based on DDEP recommended data — Kellett and Bersillon, EP.J Web Conf. 146 (2017)
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INTRODUCTION (2)

® The new Nuclide++ radioactive decay module:
=2 Able to generate decay schemes of radionuclides using DDEP recommended data

Requirements

® Decay an unstable nucleus

=>» sample discrete decay (., y) and continuous decay (3~, B*) emissions

® Deexcite daughter nucleus
=>» sample gamma, X-rays and conversion electrons resulting from atomic deexcitation

=>» sample fluorescence and Auger electrons due to shell vacancies

e Simplify the physical process of the radioactive decay and just generate particles
associated to the spontaneous emission of 10onizing radiation

Improve and detail where necessary

Handle large number of decays

Handle decay chains efficiently

Handle single or multiple radionuclides sources

Include time dependence of detectors (to account for the delay of metastable state)

Designed to use transparently in Geant4-based simulation applications
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BRIEF INTRODUCTION TO GEANT4

Key Geant4 functionalities

*  General purpose MC simulation tool for the transport of particles through matter

thanks to the polymorphism mechanism of C++, the users can easily plug-in their extensions
without interfering with the other part of Geant4

minimal knowledge of the Geant4 structure and base classes

CZIeEh [[Ja (10T e 1 Sub-classes...
G4VUserPrimaryGeneratorAction Called as a sub-class

basic knowledge in C++ programming

r Interfacing
. . . Nuclide++
MyPrimaryGeneratorAction.cc, .hh Nuclide++() with Geantd

G4VUserDectectorConstruction

1+
MyDectectorConstruction.cc, .hh ——

DDEPNuclideDecay.cc, .hh

::ReadNuclideData()

main program . . .
G4VUserPhysicsList prog 0 ::8amplingFunction()
f

MyPhysicsList.cc, .hh

::AlphaDecay()

::BetaDecay()
MyRunAction.cc, .hh

Manny other classes... ::GammaTransition()

MyEventAction.cc, .hh

:zInternalConvertion()

| ::ElectronCapture()

MyTackingAction.cc, .hh

::AtomicRelaxation()

MySteppingAction.cc, .hh —

Laboratoire National
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DESCRIPTION OF NUCLIDE++
DATABASE UTILIZED

®* The database used consists of the following:

* (1) DDEP database exported in specific format

V" Contains evaluated and validated atomic and nuclear data published by DDEP (~220 radionuclides)
V" possible transitions, branching ratios, type/energy of emitted particles = exported in ASCII file

®* (2) Atom relaxation database: two ASCII files

v pdatconf.p14: atomic ground-state configurations, ionization energies, shell details
=>» prepared using radiative/non-radiative transition probabilities for sub-shells of elements from LLNL EADL

V" pdrelax.p11: table of transitions, transition probabilities and energies of X-rays/electrons for
ionised atoms with a single vacancy in K shell or in an L., M or N subshell

=>» from Penelope database

V' atomic rearrangement sampling on the basis of detailed KL ,L,L;, M, N, model

— Grau Malonda et al., Comput. Phys. Com. 123 (1999) — Kossert and Grau Carles, Appl. Radiat. Isot. 64 (2006)

®* (3) BetaShape database

v B spectra generated with BetaShape program — Mougeot, Phys. Rev. C91; Phys. Rev. C92 (2015)
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DATABASE UTILIZED

°* DDEP exported ASCII data

Co060-PenNuc.txt
LM 52711 (8} &
o 0 g
Co %
27 33

« Emission intensities
per 100 disintegrations

2
. 755 of
v B gl
g ERTO a* . om0 748
0 3 o ' 030, pei
oo’ ;
iz 2 21851 gg e
o
2 gf
N 3 ¥
41 0 2" 1392508 243 e
A 0°:o o
o &0
Ni
w32
Q" = 282307 keV
o LT =100

Laboratoire National

L n H B LaBoRATOIRE
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DESCRIPTION OF NUCLIDE++

PAR COB0

ATP 68 ; 27

MDA 1

COM ***¥aarsssssasv*+ Evaluation Date: 13/01/3005 *+*re¥arrsssssss

COM o s e s s rio s oe S = BranCE Sepanabor: im= mems e S S s S S s
BEM ©.9988 ; @.eee3 ; 3 ; 317.32 ; 0.21 ; @

oM -------------—---——--- Branch Separator -----------------——----
BEM @.88002 ; ; 2 ; 664.46 ; ©.21 ; -2

COM ---------------------- Branch Separator -----------------—----
BEM @.ee12 ; ©.8083 ; 1 ; 1499.56 ; .21 ; -2

[OM e e e e e e e e e e e e e e e — - — _Branrh Semarat O oo e e e e o
COM. s 5= - om —m s Level Separator - T1/2 in seconds -------------

LED 2585.748 ; ©.285 ; 9 ; 3.E-13 ; 9.E-14 ; 3

GA ©.800075 ; 0.0900004 ; 347.14 ; ©.87 ; 2
E¥ ©.200000374 ; ©.200008023 ; 338.851 ; 0.87 ; 2
EL ©.00E0008377 ; ©.0000800023 ; 346.23 ; 0.87 ; 2
GA ©.9985 ; ©.0083 ; 1173.228 ; @.003 ; 1

.BE0151 ; 9.900087 ; 1164.0072 ; 0.003 ; 1
LBEEO1478 ; 9.0000004 ; 1172.3284 ; £.003 ; 1

.BEE00082 ; ©.0PPODDEE4 ; 2505.502 ; 9.085 ; O

. BEOOAGEEREE1SE ; O.00000000000031 ; 2497.415 ; @.805 ; @
BEE0AEEEREEE152 ; 0.000000000000031 ; 2504.836 ; @.085 ; ©

m
-~
[ocw o~ B I R I s T O

B e T Level Separator - [1/Z 1n seconds -------------
LED 2158.61 ; ©.83 ; 6 ; 5.9E-13 ; 1.7E-13 ; 2

GA ©.000276 ; 0.90OBBS ; 826.1 ; @.83 ; 1
EK ¢.0000000225 ; 0.0000820030 ; 817.767 ; 0.83 ; 1

EL ©.000000009221 ; @.00080000027 ; 525.188 ; ©.83 ; 1

GA ©.000012 ; 9.908882 ; 2158.57 ; 8.83 ; ©

EX ©.000000@800853 ; 0.00000000000 ; 2158.277 3 ©.83 ; @
EL @.000000000052 ; 0.000000000083 ; 2157.698 ; 0.93 ; @

oM -------m——— e Level Separator - T1/2 in seconds -------------
LED 1332.588 ; €.884 ; 3 ; 7.13E-13 ; 1.1E-14 : 1

GA @.999826 ; ©.988BB6 ; 1332.492 ; @.664 ; @

EK @.8eell5 ; @.@888e5 ; 1324.1752 ; @.e8ed4 ; @

EL @.eeoalls ; o.eee0003 ; 1331.5%64 ; ©.084 ; @
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DESCRIPTION OF NUCLIDE++
DATABASE UTILIZED

°* Atom relaxation database

Pdatconf.p14 Pdatconf.p14
0 S1 S2 PROBABILITY ENERGY

(%]

* Ground state configurations, ionization energies, central values
of Compton profiles, and level widths of free atoms of the elements
Z=1 to 94.

¥%¥ Tonization energies are from Carlson, 'Photoelectron and Auger
Spectroscopy' (Plenum Press, New York and London, 1975).

** The Compton profiles at P z=0 were calculated by Salvat from MCDF
atomic wave functions. These wvalues are more accurate than those of
Biggs et al. [At. Data and Nucl. Data Tables 16 (1975) 201-309].

*% Level widths are from the ERDL and from Campbell and Papp [At.
Data and Nucl. Data Tables 77 (2001) 1-56].

ooy
2.90000E-04 5.43000E+01
9.99710E-01 4.30000E+01
3.60000E-04 1.03500E+02
9.99640E-01 5.64000E+01
5.70000E-04 1.83300E+02
9.99430E-01 1.469000E+02
5.61453E-04 2.77000E+02
1.12060E-03 2.77000E+02

+-—— Atomic number (Z).
——- Code number of the shell (IS)

o

+-—- Shell (x-ray level notation).
4.1360%E-01 2.55890E+02 +--- Shell (spectroscopic notation, nlj).
1.36190E-01 2.64460E+02 | +-—- Shell cccupation number (£_1i).
2.71099E-01 2.64470E+02 +--— Ionization energy (eV), in decreasing order.

| +-— One-electron Compton profile at
| B z=0 (atomic units).
+-- Lewvel widths (&V)

4.207T45E-03 2.73030E+02
1.10012E-01 2.73040E+02

|
|
|
|
6.32008E-02 2.73050E+02 |

R e o I I N O N R N O R R O R o R

|

|

|
v

mmmmwmwmcocococococococo«.l-.lﬂ-.lﬂ-.]«.]«.]«.]«.]:hmmmmmmmmm.ﬁ-.ﬁ-mmé——N
mREpRmRR - ———— ——

1 1
VAR,
1. 2 0
E. 2 2
1.2 0
1., 22
1. 3 .0
: 3 3
T: 3 0
1 4 0 : :
Y, 2 G2 S
1. 2 3 | |
1 2 4 | | |
1. 3 ;3 . :
13 4 o | |
14 4 | | | | | EADL CampbellFapp
1 3 0 1.09420E-03 3.92400E+402 v v v v v v v
1 4 0 2.18121E-03 3.92400E+402 3 1 lsl/2 1 1.36000E+01 §.48807E-01 0.00000E+00 O0.00000E+00
R 2 7 A 1s1/2 2 2.45900E+01 5.35207E-01 0.00000E+00 0.0000CE+00
s & 58 PolaMBENR oD 3 1s1/2 2 5.80000E+01 3.28501E-01 0.00000E+00 0O.00000E+00
1 2 3 1.29995E-01 3.70250E+02 3 2 L1 2s1/2 1 5.39200E4+00 1.93549E+00 0.00000E+00 0.00000E+00
1 2 4 2.58276E-01 3.70270E+02 4 o 1s1/2 2 1.15000E+02 2.36949E-01 ©0.00000E+00 CO.00000E+00
1 3 3 B8.15943E-03 3.81850E+02 4 2 L1 2s1/2 2 9.32200E+00 1.34233E+00 0.00000E+00 0.00000E+00
1 3 4 2.12711E-01 3.31870E+02 5 1K 1s172 2 1.92000E+02 1.85913E-01 0.00000E+00 O0.000O00E400
= oo 5 2 L1 2s1/2 2 1.13860E4+01 1.00114E+00 0.00000E+00 0.00000E+00
L 1.22192E s Lk 5 3 L2 2pl/2 1 1.13860E+01 6.14623E-01 0.00000E+00 0.00000E+00
1 3 0 1.30763E-03 5.24800E+02 & 1K 1sl/2 2 2.88000E+02 1.53080E-01 6.14394E-02 0.00000E+00
1 4 0 3.830027E-03 5.24%00E+02 € 2 L1 2s1/2 2 1.65900E+01 £.03154E-01 0.00000E+00 0.00000E+00
1 2 2 1.78644E-01 4.78820E+02 & 3 L2 2pl/2 2 1.12600E+01 4.88373E-01 0.00000E+00 0.00000E+00
1 3 3 1.16224F-01 4.93360E402 7 1K 1sl/2 2 4.03000E4+02 1.30137E-01 9.27355E-02 0.00000E+00
7 2Ll 2s1/2 2 2.03300E+01 6.71894E-01 0.00000E+00 0.00000E+00
Ly 2 eca D THEDE Sl o snar02 7 3 L2 2pl/2 2 1.45300E4+01 4.06903E-01 0.00000E+00 0.00000E+00
1 3 3 1.10822E-02 5.08900E+02 7 4 L3 2p3/2 1 1.45300E4+01 4.07257E-01 0.00000E+00 0.00000E+00
1 3 4 2.91115E-01 5.08940E+02 8 1K 1sl/2 2 5.33000E4+02 1.13183E-01 1.33383E-01 0.00000E+00
1 4 4 1.86B809E-01 5.08920E+02 i 2 L1 2sl/2 2 2.84800E+01 5.77977E-01 0.00000E+00 0.00000E+00
sty i § 3 L2 2pl/2 2 1.36200E4+01 3.49407E-01 0.00000E+00 0.00000E+00
ol B e E'TEZUUEWZ 8 4 L3 2p3/2 2 1.36200E+01 3.49384E-01 0.00000E+00 0.00000E+00
1 4 0 8.10743E-03 €.7€300E+02 9 1K 1s1/2 2 £.94000E4+02 1.00136E-01 1.8362TE-01 0.00000E+00
1 2 2 1.25870E-01 &.16510E+02 9 2Ll 2s1/2 2 3.78500E+01 5.07272E-01 0.00000E+00 0.00000E+00
1 2 3% 1.03000E-01 &.35390E+02 9 3 L2 2pl/2 2 1.74200E+01 3.06443E-01 0.00000E+00 0.00000E+00
1 2 4 2.03651E-01 6.35460E+02 ] 4 L3 2p3/2 3 1.74200E+01 3.07053E-01 0.00000E+00 0.00000E+00
10 1K 1s1/2 2 8.70100E+02 8.97814E-02 2.42819E-01 2.40000E-01
Ly 2hs L. SDS0CE 02 6 532 0E02 10 2 L1 2s1/2 2 4.84700E+01 4.52046E-01 0.00000E+00 0.0000CE+00
m——— R G D 10 3 L2 2pl/2 2 2.16600E+01 2.73020E-01 0.0000CE+00 1.00000E-02
= 1 4 4 1.98211E-01 &.54410E+02 10 4 L3 2p3/2 4 2.15600E+01 2.73772E-01 0.00000E+00 1.00000E-02
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DESCRIPTION OF NUCLIDE++
RADIOACTIVE PROCESS IMPLEMENTED

Flowchart describing the different steps of decays simulation

Identify selected radionuclide
name of the radionuclide of interest
decay-extension factor (0: follow instable nucleus, 1: follow instable daughters)
resolution time (characteristic of the detector)

0

Read and store data from databases

identify decay modes and normalize branching ratios and transition probabilities

)

Sample nuclear decay pathways

random selection through branching ratio and transition probability loops

delayed transitions particles: particles selected considering the time evolution of radiation
exp. distribution using expected lifetimes of excited levels p(t) = T lexp(—tr 1)

b

Generate a list of particles (type, energy...) in a decay event

Pass to tracking in PrimaryGeneratorAction::GeneratePrimaries(G4Event* event)

Or fill the decay scheme cascade output file

B TITUT 2
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NUCLIDE++ OUTPUT

{2
## Nuclide++: a C++ module for radiocactive decay
## Using the DDEFP (Decay Data Ewvaluation Project) recommended data
4 ## Using BetaShape (Phys. Rev. C91; Phys. Rev. C9%2) calculated spectra
4 ## Using atomic relaxation data for each element from pdrelax.pll file
Il ## Using transition probabilities extracted from LLNL (EADL)
|| ##
I ## C1 HNumber of events generated
| ## C2 particle energy (eV)
|| #8 C3 particle ID (e-=1, photon=2, positron=3, alpha=4)
## C4 decay mode ID (IC=11, EC=12, Beta-=13, Beta+=14,
1| 22 Alpha=15, AR=21, Gamma=22}
1l &2
| KL
| Edi
| 708 344492.700000 1 12
708 1408013, 000000 2 22
708 121781.700000 2 22
818 788450, 100000 1 1z
818 964079, 000000 2 22
gls 1217581.700000 2 22
1372 3444592.700000 1 1z
1372 1408013, 000000 2 22
1372 121781.700000 2 22
1485 344492,700000 1 12
1485 1408013, 000000 2 22
1485 121781.700000 2 22
3219 7588450, 100000 1 12
3219 964079, 000000 2 22
3219 121781.700000 2 22
4209 344492.,700000 1 1z
4209 14028013, 000000 2 22
4209 121781.700000 2 22
4375 7588450, 100000 1 1z
4375 964079, 000000 2 22
4375 121781.700000 2 22
4475 2594935,000000 1 12

Laboratoire National
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VALIDATION OF NUCLIDE++ MODULE

* The code implementations verified for consistency with DDEP data
*  Comparison with PENNUC developed at CIEMAT for Penelope code

v" well validated and considered in the radionuclide metrology community as a reference

=>» comparison against it provides a valuable evaluation

* Comparison with existing Geant4-RDM

* Several radionuclide decays tested

*  y-emitting radionuclides: >?Eu, 133Ba, %°Co, 134Cs, 137Cs, 13Sn, 165mHo
*  EC radionuclides: >°Fe, >*Mn, ]

* B-emitting radionuclides: 'C, '8F, 44Sc, 63Ni, 32P, °0Y
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VALIDATION OF NUCLIDE++ MODULE

133Ba: decays by EC mainly to two !33Cs excited levels of 437 keV (~85.4%) and 384 keV (~14.5%),
and with minor branches (<1%) to 161 keV and 81 keV exited levels and to the ground state

152K u: decays (72.1%) by EC and about 0.027% by emission of positron to >2Sm and by beta minus
emission (27.9%) to 132Gd

£
100%

6283 ns

Stable

133
wbBa

10.539 (s):/—
£ (%)

(keV) o w 85.41
o
1370113 Ny _4/
l O?Q? o J14.46
3838491 LS 3
3
o8 S 0.3
160.6121 S 24
n;-_, e 07
80.9979 o 14
0,005
0 0y
133
=Cs
Q* =517.3keV

Laboratoire National

Bt e
721%

(keV)
1579.365

7
Y70

152
=

6:
13.522 (16) a
F %) B N\

15298073

1233 8656

1085.8499

810.4474

1.28
45/

366 4786

&

Yoding 121.7818

stable

¥
|

Threshold
121%

152
oeSiny
QF = 18743 keV

1.826 & (keV)
\1 ~ 1643.395
244
SN 2
N1 ~ 1434.025
13.8 &
\ 7 W 1123.184
&
3 o 755.3964
8.17 &
&
\ 1 N 3442798
0 l 9 Stable
152
5. Gd
Q = 18188 keV
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VALIDATION OF NUCLIDE++ MODULE

152Eu

Comparison of y and X-ray emissions from '>?Eu 10° decays, resulting from Energies and photon intensities of main y and X-ray emissions

from 109 disintegrations of '2Eu

15 ' . Eu-lSZ[wand)ﬁ-myemissﬁuns] ; o o ) .
pink-line (PENNUC) and green-line (Geant4) shift :E;‘ﬁmfﬂum i‘:lgr;?s::’m F‘(ﬁ:;g)y Int;;:tl\mg’)

T ! ' Nuclide++ (Fortran) G4-RDM

X1 (Sm) 40.12 38.26 (6) 38.21 (6) 38.23 (6)

Y1 (Sm) 121.78 28.45 (5) 28.46 (5) 28.33(5)

V13,1 Y10 (Gd) 344.28 26.58 (5) 26.43 (5) 26.56 (5)

Xz (Sm) 39.52 21.164 (46) | 21.163 (46) | 21.146(46)

or 7] Vi3, (Sm) 1408.01 20.875(46) | 20.911(46) | 20.800 (46)

Yo (Sm) 964.08 14.390 38) | 14.398(38) | 14.354(38)

3 Y104 (Sm) 1112.08 13.396 (37) | 13.421(37) | 13.403(37)

f. Y71 (Gd) 778.90 12.948 (36) | 12.933(36) | 12.946 (36)

£ Yo Yop (SM) 1085.84 10.048 32) | 10.09932) | 10.112(32)

¥, (Sm) 244.70 7.566 (28) 7.559 (27) 7.578 (27)

il Y9.0 | Xip:(Sm) 45.41 7.382(27) 7.429 (27) 7.433 (27)

X, (Sm) 5.64 5.752 (24) 5.792 (24) 5.800 (24)

Y10.2 (Sm) 867.38 4.230 (21) 4.235(21) 4.256 (21)

Xp3(Sm) 45.29 3.845 (19) 3.867 (20) 3.820 (20)

A, J|‘ ne | i | ym1 . X, (Sm) 6.20 3.449 (19) 3.640 (19) 3.630 (19)

Wil : L i I — i 5 Y130 (Sm) 443.97 3.175(18) | 3.111(18) [ 3.134(18)

Fil] T -\ : w \ | L Y31 (Gd) 411.12 2.228 (15) 2.213 (15) 2.268 (15)

. 200 e P o= von o ol Y (G) 1089.74 | 173703 [ 1711a3) | 1736(13)

Energy (keV) Y141 (Gd) 1299.14 1.626 (13) 1.612 (13) 1.627 (13)

Xy, (Sm) 46.63 1.620 (13) 1.586 (13) 1.626 (13)

Y142 (Sm) 1212.95 1.421 (12) 1.408 (12) 1.427 (12)

X, (Sm) 6.57 0.962 (10) 1.079 (10) 1.096 (10)

X, (Sm) 6.32 0.749 (9) 0.762 (9) 0.870 (9)

 — Y12, (Sm) 1005.27 0.661 (8) 0.668 (8) 0.652 (8)
LNHB - 2 CARNOT g
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VALIDATION OF NUCLIDE++ MODULE

133Ba Ba-133
0.3 T T T T T T T
Gamma Emissions et (‘7 and x~ray)
’._:' .......... NUC++ (Augere_')
=202r .
Energy Photons g
(keV) (per 100 disint.) ‘—"
=
v4a(Cs)  53.1622 (18) 2,14 (6) o1t .
s01(Cs)  TO6L42 (19) 2,63 (19) =8
Tp(Cs) 80,9079 (11) 33.31 (30) :
Y0(Cs)  160,6121 (16) 0.638 (6) {i |
v32(Cs)  223,2368 (13) 0,450 (5) 0 L L L L | L L
712(Cs)  276,3989 (12) 7,13 (6) 0 100 150 200 250 300 350 400
v3.1(Cx)  302,8508 (5) 18,31 (11)
Yoa(Cs)  356.0120 (7) 62,05 (19)
“4p(Cs) 383.8485 (12)  8.94 (6)
0- 3 T T T T T T T
X-Ray Emissions PENNUC {’f and X-ray]
""""" PENNUC (Auger e-)
Energy Photons 0.2 - 1
(keV) (per 100 disint.)
XL (Cs)  3,7946 - 5,5525 15,87 (26)
XKaz  (Cs) 30,6254 338 (4) } & 0.1p b
XKoy  (Cs) 30,9731 62,4 (7) “
XK (Cs) 34,9197 H
XK#  (Cs) 349873 } 18,24 (29) K Ei i l | | | I
XK@ (Cs) 35,252 0 il : L L L L L L
XKB:  (Cs) 35.822 0 50 100 150 200 250 300 350 400
XKf, (Cs) 35,907 } 4,45 (12) K B
XKOs; (Cs) 35,972
013 T T T T T T T
AngerElectrons —— G4-RDM (- and X-ray)
S | G4-RDM (Auger e-)
Energy Relative = 0.2+ B
{(keV) probability g' 2
St
Auger K =
KLL 24411 - 25804 100 E 0.1+ J
KLX 28991 - 30,961 47,2 (=N *
KXY 33,55 - 35,96 5,56
Auger L 25777 - 55500 “1 [ i | | . L] |
0
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B-emitting radionuclides

Generated spectrum energy (keV)

B-emitting
radionuclides

Nuclide++ PENNUC Geant4-RDM

1o max: 960.0 max: 958.2 max: 959.9
avg: 384.0 avg: 386.1 avg: 372.5

18F max: 631.9 max: 631.7 max: 633.8
avg: 249.5 avg: 250.4 avg: 231.0

g¢ max: 1472.0 max:1472.0 max: 1472.0
avg: 630.4 avg: 633.5 avg: 582.0

63N max: 60.0 max: 60.0 max: 60.0
avg: 17.5 avg: 17.4 avg: 17.4

32p max: 1709.2 max: 1705.5 | max: 1709.6
avg: 693.5 avg: 694.4 avg: 695.1

o0y max: 2275.0 max; 2272.2 | max: 2276.5
avg: 930.5 avg: 942.5 avg: 935.4

VALIDATION OF NUCLIDE++ MODULE

(a)
5 % 10* 3*-emitter 11C
Nuclide++
——PENNUC routine
1.5 Geant4-RDM

prob. (w.u.)

0.

prob. (w.u.)

5

s

w

[ %]

[N

=]
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Energy (keV)
(b)
«10° G -emitter &3Ni
Nuclide++
——PENNUC routine ||
Geant4-RDM

20 40 60 80
Energy (keV)

=
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CONCLUSION AND COMMENT

®*  NUCLIDE++: developed to improve the simulation of radioactive sources, offer an alternative
to the existing RDM in Geant4

Takes advantage of DDEP recommended data for metrological applications

Takes advantage of BetaShape program, for improving the nuclear data related to 3 emission properties
Good agreement with the Fortran PENNUC subroutine (electron/photons)

Comparing to Geant4-RDM, o and y-emission intensities are consistent

Significant consistency improvements are obtained especially for B-emitting radionuclides, and atomic
rearrangement induced by EC or IC

Ready to use in Geant4-based simulation applications

N N N N N NN

The outcome cascade file can be used independently for other applications

=> Discrete emitted spectrum can be use to test algorithms in nuclear instrumentation

<

Advanced test must be performed for the simulation of mixed sources (efficient generation of a large
number of decays, time and memory consuming...)

Propagation of uncertainties associated to the decay scheme data

* In the future, the module will be proposed on the LNHB website
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