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ABSTRACT TAEA’s (International Atomic Energy Agency) publication SSG-26 defines a methodology for
calculating A1/A2 values. These values were conceived as limits for the transport of radioactive goods, to
limit the public’s exposure to radiation in the event of an accident. The limits ensure people involved in an
accident receive an effective dose of no more than 50 mSv and a skin equivalent dose no greater than 500 mSv.
The current values are based on five exposure scenarios taken from the Q-System, described in 1996. In 2013,
the IAEA commissioned an international working group to improve the Q-System and calculate new limits
for the transport of radioactive material. Within this working group, CERN has developed a set of models
and an associated mathematical framework, and compiled them in a single piece of software. The primary
purpose of the software is to compute and compare values produced by the different models under discussion.
Later, the software could be distributed in a lighter version which will include the agreed upon regulatory
model to determine the A1/A2 values.

INDEX TERMS Transport limits for radioactive material, international regulation, IAEA, Q-system, Monte-

Carlo simulation, A1 A2 limits.

I. INTRODUCTION
Operation of CERN’s accelerators can lead to the activa-
tion of equipment, which may require shipping to external
workshops, institutes, or repositories for radioactive waste.
The IAEA safety standards provide nuclide-specific activity
limits, and criteria for the transport of radioactive equipment.
However, the literature lacks data concerning non-standard
radionuclides of interest which are produced at CERN’s par-
ticle accelerators. Such radionuclides are assigned a conser-
vative reference activity limit which needs to be evaluated
based on the Q-System. Radiological quantities like external
or internal doses must be assessed. In particular, the skin
dose originating from beta emitters is difficult to estimate by
analytic equations.
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The Q-System [1] considers a series of exposure scenarios
in the event of an accident as presented in Figure 1.

CERN previously computed values of the Q-System using
the current definition from IAEA SSG-26, and proposed
the determination of Q-Values for shipping by the use of
transfer functions [2]. The transfer functions are built from
data initially calculated with FLUKA Monte-Carlo simu-
lations [3], [4]. The method establishes energy dependent
transfer functions from activity to dose, and allows for instan-
taneous and efficient analytic calculations using a beta spec-
trum and mono-energetic yields as input data.

This document details how the calculations of these values
have been automatized in a C++ tool.

Il. CONTEXT OF TOOL DEVELOPMENT
TAEA SSG-26 [1] will be updated by the TRANSSC com-
mittee, and the A1/A2 working group has been tasked with
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FIGURE 1. Description of Q-Values scenario.

improving the Q-System calculation method. This docu-
ment provides an overview of a tool developed to compute
these values. The software was presented to the IAEA’s
A1/A2 working group during the TRANSSC-37 meeting.
The working group’s latest developments in the update of
the Q-System are implemented in this software tool. These
new developments and their advancements are described
in [5]-[13].

IAEA has expressed interest in the software for:

1) Use by the members of the A1/A2 working group to
perform comparisons between the studied models in
view of selecting the most adequate one. The purpose
is benchmarking and standardization of calculations,

2) In the future, possibly distributing a lighter version of
this software including the retained regulatory model.
Discussions have started to define how to fully transmit
the software from CERN to IAEA.

In the next sections, we detail the implementation of the
calculations and the use of the software.

ill. IMPROVEMENT OF THE A1/A2 METHODOLOGY
The methodology currently being discussed by the IAEA
A1/A2 working group is based on the calculation of flu-
ences of particles, according to the different scenarios
established for the Q-System. Some new scenarios will
be added for example, the consideration of the eye lens
dose. The Q-Values are determined by the convolution of
calculated fluence with fluence-to-dose coefficients com-
ing from the ICRP-116 publication [14]. These coefficients
are geometry-dependent (Antero-Posterior (AP)/Postero-
Anterior (PA)/Isotropic (ISO), as described in ICRP publica-
tion 116). This establishes dose rates that are then converted
into activity limits of a specific radionuclide by convolution
with the nuclear decay data available in the nuclear libraries.
The new A1/A2 limits are established using the latest ICRP
publications for emission spectra and external dose coeffi-
cients. All radiation types (beta+-/-, discrete electrons, pho-
tons, neutrons) are considered in the respective Monte-Carlo
simulations. All these considerations are further detailed in
references [5] to [12].
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IV. INPUT DATA FOR THE SOFTWARE

The software tool requires two sets of input data files. One is
the nuclear data evaluation, containing radionuclide progeny
chains, emissions energy and intensity, as well as decay type
and half-life. The second is the dose model for the accident
scenario considered.

A. NUCLEAR DATA EVALUATIONS
Currently 3 nuclear decay data evaluations are available in
SOFT:

« ICRP-107

« ENDFBVIIL.O

« JEFF3.3

JEFF3.3 and ENDFBVIIL.0 are generated based on the NEA
databases and have been set up with the same format as the
one related to ICRP-107 with a python script.

The nuclear data is stored inside text files with the format

established in ICRP-107:

« A NDX file contains general information of the
radionuclides available, such as half-lives, decay types,
but also pointers to the other files lines to easily find
values of interest;

« A BET file contains the beta+/beta— spectrum;

« A .RAD file contains all the discrete radiations emis-
sions and intensities;

o A .NSF file contains the neutrons multigroup spectrum.

o Also, the databases contain a high number of radionu-
clides which do not have complete decay data. These
radionuclides with incomplete information have been
excluded from the final database used by the software.
The total number of included radionuclides is available
in Table 1.

The radionuclides are excluded on the following basis:

o A radionuclide contains a decay mode with no asso-
ciated radiation type. This is the case in the libraries
when the decay mode is known but the spectrum of the
radiations is not;

« A radionuclide contains a continuous gamma spectrum;

o A radionuclide contains a continuous beta spectrum
without any beta endpoint.

TABLE 1. Number of radionuclides considered in each nuclear data
evaluation for the computation of Q-Values.

ICRP-107 ENDFBVIILO JEFF3.3

N. of radionuclides

included 1252 1712 1502

B. TRANSFER FUNCTION MODELS
Different transfer function models are implemented in the
software since they are still being studied by the IAEA
A1/A2 working group. These models are constructed from
the following parameters:

> Irradiation geometry (ICRP-116 coefficients),

> Output from the Monte-Carlo simulation code, fluence

or energy deposited,
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> Simulation Monte-Carlo code used to produce these
outputs,

Geometry,

The nuclear data,

Vv

o used in the simulation code,
o used for decay emissions,

Y

Interpolation methods used:

o to compute transfer functions from fluences,
o tointerpolate the dose at a specific energy emission,

Daughters considerations,
Material compositions,
Shielding,

..etc.

YVYVY

The principle of using transfer functions has been adopted
by the working group and we will refer to this approach as a
model. Consequently, a model groups different assumptions,
summarized as a transfer function. These transfer functions
are then used as input in the software to compute Q-Values
under their respective assumptions.

A transfer function describes the dose, or dose rate, relating
to one of the scenarios in Figure 1, for one primary particle
emitted at a specific energy for the considered geometry.

As the different models consist of transfer functions read
from the input files, the general calculation method is similar
for all models but the constitution of the transfer functions
can differ according the assumptions adopted.

The transfer function database contains all the transfer
functions of each scenario. A file is available for each primary
particle, each model developed within the working group
and for each irradiation geometry conversion factor from
ICRP-116 (example of text file name Photon_CERN_ISO).
Each file contains columns, the first being the energy in MeV
and the others the transfer function value at the corresponding
energy for each Q-Quantity (Figure 2).

TEneray 0A 0B QEYE 0D

#May Sufprin Sw/prim Sw/prin Sufprin
1,00E-02 0, 0000E+00 0,0000E+00 0., 0D000E +00 0,00E+00
1.850E-02 0, 0000E+00 0, 0000E+00 0, D000E +00 0, 00E+00
2.00E-02 2.1805E-18 3.5188E-19 1.3132E-18 0, 00E+00
2,90E-02 3.2479E-17 7 9430E-17 1,2352E-16 0, 00E+00
3,00E-02 3.,59395E-10 5.,9010E-16 9,2372E-16 0, 00E+00
3.50E-02 1,2143E-15 1.6197E-15 2,4802E-15 0, 00E+00
4, 00E-02 2,4867E-15 2. 7484E-15 4. 1592E-15 0, 00E+00
4.80E-02 3,86597E-15 3,8440E-15 5.6825E-15 0, 00E+00
5.00E-02 5.1648E-15 4.6862E-15 6.7828E-15 0, 00E+00
0.90E-02 6,3453E-15 0.9060E-15 7.8047E-15 0, 00E+00
b, 00E-02 7, 3650E-15 b, 1418E-15 8.5394E-15 0, 00E+00
b, G0E-02 §.2825E-15 b, B0458E-15 9,3752E-15 0, 00E+00
7.00E-02 9,1013E-15 7.3781E-15 1,0058E-14 0, 00E+00
7.80E-02 9.,9183E-15 5,0651E-15 1,0867E-14 0, 00E+00
3.00E-02 1.0662E-14 3.7181E-15 1.1595E-14 0, 00E+00
3.90E-02 1,1447E-14 9.,4700E-15 1,2415E-14 0, 00E+00
9,00E-02 1,2187E-14 1,0184E-14 1.3187E-14 0, 00E+00
9.50E-02 1,2887E-14 1,0884E-14 1.3916E-14 0, 00E+00
1.00E-01 1,3565E-14 1,1545E-14 1,4608E-14 0, 00E+00
1,10E-01 1,5083E-14 1,3065E-14 1.6396E-14 0, 00E+00
1.20E-01 1.6551E-14 1.4502E-14 1.8137E-14 0, 00E+00
1,30E-01 1,7974E-14 1,9893E-14 1.9845E-14 0, 00E+00
1.40E-01 1.9361E-14 1,7253E-14 2,1523E-14 0, 00E+00
1.50E-01 2,0718E-14 1,8597E-14 2,3190E-14 0, 00E+00
1.60E-01 2, 2200E-14 2,0016E-14 2.,4900E-14 0, 00E+00
1.70E-01 2.,3672E-14 2,1455E-14 2.6602E-14 0, 00E+00

FIGURE 2. Example of transfer function database as input for the
software. First line details the scenario (QA, QB...), second line the unit
of the values. Then first column described the particle energy, other
columns the dose per emitted particle in the corresponding scenario.
Each filename is associated to one specific emitted particle and one
specific model.

29042

Transfer functions yield the dose for a specific primary
particle emitted at a certain energy, considering associated
assumptions and scenario. The transfer functions are convo-
luted with the nuclear decay data as follows:

doseg, :AZP< /E Mo (E.Qx)EE)dE +ZEHP(E,Qx)*9(E))

where:

A is a normalization factor

Hp (E, Ox) is the transfer function of the scenario Qx at
energy E for a specific particle p (Sv/primary)

& (E) is the continuous spectrum of the decay at energy E
(particles emitted per MeV per nuclear transformation)

6 (E) is the discrete spectrum of the decay at energy E
(yeld of the radiation, per nuclear transformation) doseg, is
the dose in the scenario Qx (Sv/h/Bq)

All the interpolations of transfer functions performed in the
software are double logarithmic interpolations.

The first paragraph of this section gives a general overview
of the general assumptions presently implemented. Then,
the other sections describe some of the current models imple-
mented in the software.

1) GENERAL ASSUMPTIONS

Some assumptions have been performed for the construction
of the software and must be mentioned here to avoid misin-
terpretation of the results.

o In ICRP-107, some beta spectra are mixed when they
are beta+/beta— emitters. It is impossible to reconstruct
the part coming from positron emission and electron
emission separately. In this case, these beta spectra
from ICRP-107 have been replaced by those from
ENDFBVIII or JEFF3.3. The exhaustive list of radionu-
clides in this case is the following: Ag-106, Ag-108,
As-74, Br-78, Br-80, CI-36, Cs-130, Cs-132, Cu-64,
Eu-150m, Eu-152, Eu-152m, 1-126, I-128, In-112,
In-114, K-40, Mn-54, Rn-84, Rh-102, Sb-122, Tm-168.

o For JEFF and ENDF databases, the generation of the
beta spectra with the FERMI equation is performed
using BTSPEC tool.! We adapted this tool to read
today’s nuclear data but it can lead to inaccurate values
for some radionuclides. The inaccuracies are small but
should still be mentioned. These radionuclides are those
for which forbidden transitions of types above 3 exist in
the frame of beta emissions [15]. For example, this is the
case of V-50, Ag-97, In-102, Pa-231. It has been checked
by comparison with JANIS4.0 [16] that the impact on the
spectra are negligible for our calculations.

o In ICRP-107, some heavy elements like Cf-246 have
a beta spectrum tabulated whereas they are not beta
emitters. These spectra have been crosschecked with
ENDF and JEFF and deleted from ICRP-107 files.

o A radionuclide has been considered as alpha emitter if
more than 1073 of its decay are alpha decays. In SSG-26,

1 http://www.oecd-nea.org/tools/abstract/detail/nea-0866/
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it is mentioned that if daughters of a radionuclide have
this property, then the radionuclide must be considered
as an alpha emitter. However, in Ref. [1] table 1.2,
Pb-210 for example, is not considered as an alpha emit-
ter, whereas Bi-210, one of the first 2 daughters, is an
alpha emitter. For this work, we have decided not to
consider progeny for alpha emitters.

« Submersion and inhalation doses are not yet calculated
in the software. They are extracted from the literature.
Submersion doses have been considered as described
in IAEA SSG-26. No daughters are considered. Inhala-
tion doses are extracted from [1], [17], [18]. The most
penalizing value between these three references is con-
sidered for 5 wum particles, as suggested in IAEA
SSG-26.

2) IAEA2012 MODEL

This model has been developed in coherence with the current
IAEA SSG-26 publication. The values and calculation meth-
ods are fully described in [2]. The Table 2 below summarizes
the characteristics and assumptions of this model.

TABLE 2. Summary of the assumptions to construct a model based on
the current regulation (IAEA2012).

TIAEA 2012
QA QB QD QEYE
Isotropic Isotropic disk
No geometry. . .
Geometry Analvtical point source | source (radius 7
of Monte- yHe surrounded cm) at contact
calculation . -
Carlo o by a 1-meter of skin
. . described in )
simulation IAEA SSG-26 diameter phantom slab
sphere of skin | (10x10x10cm3)
Skin . ICRU 51 composition
material
Daughters Considered according to IAEA SSG-26 rule -
Shielding of Calculated
radioactive No according to No -
source SSG-26
MC
simulation Fluka 2011.2¢c6 -
code
Prm}ary Electrons / Electrons /
particles Photons ositrons ositrons B
considered P P
Seco'n dary Electrons / Electrons /
particles Photons ositrons ositrons .
considered P P
Deposited
. Deposited energy in a
Scored Deposited ;
Gty i bet energy cylinder
quantity in energy between between 50 between 50 and -
Monte- 0.99 and 1.01 .
: and 90 pm of | 90 um of skin
Carlo code cm of skin . . .
skin with radius of
0.5642 cm
By
transforming
deposited
Transfer By transforming deposited i?f;fy P eerr
function energy per primary per energy in P enerry ]iJn R
generation Sv/h/Bq per primary per energy Sy.m2 /sg/)I,S or
method with a normalization factor - qap
primary per
energy with a
multiplicative
factor
Energy
range of 1 keV to 12 MeV -
transfer
function
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3) IMPROVED MODEL DEVELOPED AT CERN ACCORDING
TO WORKING GROUP DISCUSSIONS

Following the discussion of the working group, it has been
decided to build the new transfer functions set by considering
irradiation geometries as described in ICRP-116. The con-
struction of emission-to-dose curves from fluence in the case
of “CERN AP, PA, ISO”’ models is performed to simplify
the calculations in the software and limit the quantity of
input data. It is easier to manipulate emission-to-dose transfer
functions instead of fluences and this idea has been adopted
by the working group.

With FLUKA, simulations have been performed for dif-
ferent energies of incident particles (photons, electrons,
positrons). We consider the fluence ®g , (E’, p/, Ox) of par-
ticles p’ at energy E’ for a primary particle p emitted at
energy E in the scenario Qx. Secondary photons, electrons
and positrons differential fluences as a function of energy
have been scored at one meter from the source for 1 keV to
12 MeV photons, electrons and positrons primary emissions.
A binning of 1 keV has been selected in order to simplify
the integration and increase the accuracy of interpolations in
energy. The Figure 3 presents a set of fluences of secondary
photons, positrons and electrons, scored at 1 meter from the
source in air. This set is calculated with FLUKA for a primary
electron emitted at 10 MeV.

@
o
o
s
o
£
i
3
20
o
6 &
E
=
Q
S,
-~
L]
o
s o g
[T +
5 L electrons i
2 - positrons | J
t photons +
T T T —T
0.01 0.05 0.50 5.00
Energy (MeV)

FIGURE 3. Fluences of photons, positrons and electrons for electrons
emitted at 10 MeV at 1 meter from the source in air.

Geometry dependent fluence-to-dose coefficients are taken
from ICRP-116 to transform fluences into doses. They will
subsequently be denoted Cg (E,p’) for geometry g and
particle p’.

The transfer function H,, ¢ (E,Qx) for particle p emitted at
E with the irradiation geometry g in the scenario Qx can be
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expressed as follows:

H,p. ¢ (E,Qx) = 3600 % 10° % 1072

12MeV
3 / ®rp (E'.p'. 0x) Cq (E. p') dE
1keV

p/
The factor 10% is used to transform the energy unit from
FLUKA in GeV to MeV. The factor 3600 allows for trans-
forming the quantity “per primary” into “disintegration per
unit time”. The factor 10™!2 comes from the definition of
C, (E P ) given in pSv s cm”. As the energy binning of the
fluence data is given in steps of 1 keV, the integral is similar
to a summation of the fluence for steps of 1 keV. So,

Hy.o (B,0x) ~ 3600 x 10° % 10712

12000 . .
2i+1 2i+1
T3 eey (2] e ()

» o i=lkeV

Following this equation, the transfer function is built by
punctual evaluations of H, , (E,Qx), thanks to simulations
performed for different primary particles p emitted at differ-
ent energies E. So, for a particle p emitted for a scenario Ox
and considering an irradiation geometry g, we can display the
curve of secondary particle doses as a function of energy as
shown in Figure 4 below.

Emission to dose for ISO geometry

o
'
™
= !
L /
o 2
.an
©
o
B ©
S b
Q -
=)
[oR
s
8 o
- B
8 o
electrons
— positrons
— photons
ﬁ — total
o T T T T T
- 0.01 0.05 0.50 5.00
Energy (MeV)

FIGURE 4. Emission-to-dose transfer functions built from fluence data for
incident electrons at 1 m from the source (QB scenario) with I1SO
geometry.

As coefficients from ICRP-116 are not known for each
energy, an interpolation is performed to determine values for
energies of interest. A linear-linear interpolation has been
chosen to avoid issues linked to the fact that some coefficients
(e.g. eye lens) have a value of 0.

These models are currently under discussion in the working
group A1/A2 [2019]. They are used to discuss the assump-
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TABLE 3. Summary of the assumptions associated with improved CERN
Q-System model in the current development state for antero-posterior,
postero-anterior and isotropic irradiation geometries.

CERN AP/PA/ISO
QA QB QEYE QD
Isotropic disk
. . source (radius
Geometry Tsotrapic Isotrpplc Isotrpplc 3.5 cm) at
of Monte- . point point .
Carlo point source source in source in contact of skin
imulation in air air air phantom slab
simulatio (10x10x10cm
3)
Skin No skin in the geometry. Fluences scored in ICRP-110
material air composition
Not considered yet as the way to consider them has not been
Daughters . .
frozen in the working group
i?‘e'd‘“g 0.5 mm of Steel_316 with 7.8 g/em3
. . density and PNNL [19] composition around No
radioactive
the source
source
MC
simulation Fluka 2011.2¢6
code
Primary Photons / Photons / Photons / Photons /
particles Electrons / Electrons / Electrons / Electrons /
considered Positrons Positrons Positrons Positrons
Secondary Photons / Photons / Photons / Photons /
particles Electrons / Electrons / Electrons / Electrons /
considered Positrons Positrons Positrons Positrons
Photons: Photons:
Effective Photons: Eye lens
dose Male . Male Table
Table Al | Skin Male FI
ICRP-116 . Table B26 .
. Electrons: Electrons:
coefficients . Electrons:
Effective . Eye lens
used for Skin Male None
. " dose Male excel file? Male Table
espective Table A3 . F2
particles . . Positrons: . .
Positrons: . Positrons:
. Skin Male
Effective excel file Eye lens
dose Male Male excel
Table A4 file
Deposited
energy in a
Scoret.i . Fluence of particles crossing a sphere cylinder
quantity in . between 50
Monte- surrounding the source located at 1m from and 100 pm of
Carlo code this one skin with
radius of
0.5642 cm
By
transforming
deposited
Transfer By recon]str};x;tl]n]g transfi_er‘func.tlon with energy per
function o CRP-116 coefficients: primary a}t
. -Pointwise data for Photons / Electrons / energy E in
generation -
method Positrons Sv.m2/s/Bq at
-Neutrons not included yet energy E with
a
normalization
factor
Energy
range of 1 keV to 12 MeV for Photons / Electrons / Positrons
transfer
function

tions and compare values coming from the different models
developed within the working group.

The Table 3 below summarizes the characteristics of

CERN’s model.

4) NUMERICAL STEPS FOR CALCULATION OF THE DOSE

Post-processing operations for CERN’s models are summa-
rized in Figure 5 and explained in the next paragraph. These
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operations are those coded in SOFT for now, but can be mod-
ified depending on working group decisions to standardize
this process.

For each spectrum (continuous, discrete,
multigroup), interpolation of transfer

Double log

interpolation function at spectrum energies

Multiplication of

Computation of spactrum by

dose pdf transfer function
I
Computation of Sum of discrete Neutrons not Integralof
i H values implemented yet EBITEN
radionuclide dose L2 = spectrum
Integration Numerical

numerical
approximation

approximation:
trapeze method

FIGURE 5. Post-processing operations for dose computation.

Interpolations: All the interpolations of transfer functions
performed in SOFT are double logarithmic interpolations.
For each spectrum from ICRP-107, transfer functions are
interpolated at the energy values of the spectrum.

Computation of Dose Probability Density Function (PDF):
Spectrums are multiplied by transfer functions to calculate
the dose as a function of particle energy emission.

Discrete radiations spectra are stored in ICRP-107.RAD
file. The discrete spectra are computed as follows:

Dosern,discrete,p,g(Qx) = Zi Hp,g (Ei, Ox) disc (E;, p)

where

Doseyy giscrete,p 15 the dose in a specific scenario Qx for a
radionuclide rn coming from discrete emissions for a specific
particle p calculated with irradiation geometry g.

Hp,¢ (E;) is the transfer function converting particle p emit-
ted at energy E; to dose with irradiation geometry g.

disc (E;, p) is the discrete spectrum at energy E; for
particle p.

a: CONTINUOUS SPECTRUM FOR Beta+/Beta—
Beta+/Beta— spectrum are stored in ICRP-107.BET files.
Spectrum are described per energy value in MeV from 0 to
the maximum beta endpoint. They are normalized per nuclear
transformation and the integral of the spectrum takes the
value of the decay mode branching ratio.

The current methods used to compute the dose are based
on different assumptions having different effects on the final
results.

As previously explained, the transfer functions transform
a particle emission at an energy to a dose in a specific
scenario.

VOLUME 8, 2020

The integral is performed as follows:

Dosern,continuous,p‘g(Qx) = f Hp,g (E, Qx)Sp (E, p, Ox) dE

where

Dosey, continuous,p,s(Qx) is the dose in a specific sce-
nario Qx for a radionuclide rn coming from continu-
ous emission for a specific particle p with irradiation
geometry g.

Hp.q (E, Ox) is the transfer function converting particle p
emitted at energy E to a dose in scenario Qx with irradiation
geometry g.

b: DISCRETE SPECTRUM FOR PHOTONS
AND DISCRETE ELECTRONS
Sp(E, p, Ox) is the continuous spectrum value for particle p
at energy E in scenario Qx.

Then the trapezoidal algorithm is used for the numerical
calculation of the integral.

Dosem,continuous,p,g(Qx) ~ Zi (Egq — Ep)

% Hp,g(EiJrl ny)Sp(EH»] ,pva)_Hp,g(Einx)Sp(Ehp, Qx)
2

¢: CONTINUOUS MULTIGROUP SPECTRUM FOR NEUTRONS
This part concerns neutron decay data that is stored in
the ICRP-107.NSF file with the multigroup formalism.
No method has been coded yet to compute Dosen, neutron,g-

d: TOTAL DOSE VALUE
The total dose is the sum of all the previous contributions
for each particle p emitted for a specific scenario Qx and
irradiation geometry g.

Dosern,total,g(Qx) = Dosern,neutrun,g(Qx)

+ZpDosern,continuous,p,g(Qx) + ZpDOsem,discrete,p,g(Qx)

5) OTHER MODELS

Other models have been developed by Germany and France.
These models are not the subject of this paper but are based
on the assumptions described in [12].

V. SOFTWARE DESCRIPTION
The software tool is programmed in C++4 displaying a
Graphical User Interface (GUI). Different modules are cur-
rently included and will evolve during the discussions at
IAEA. These modules are described below. The software is
available on Linux and Windows and needs approximatively
250 MB of disk space, mainly due to the nuclear data tabu-
lated and 70 MB of Random Access Memory (RAM).

It uses different libraries:

o Graphviz for plotting decay chains,

2With ICRP-116 is given an excel sheet including the whole set of irradi-
ation geometry coefficients
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8 S0FT - a X

Q-Values  Doses  Particles contributions  Mixture  Progeny & ancestry l'rv-2¢upl| Emissions values  Transfer functions  Comparison tool

Choose radionuclide

Add Remove

Radionuclide Decay data Half-Life Decay type Calc type

IAEA TRANSSC
A1/A2 Working Group

Tiberio CABIANCA (PHE) ST
lain BROWN (PHE) 7 <]
Matthew FOSTER (PHE)
Holger EBERHARDT (GRS)
Janis ENDRES (GRS)
Nobuhiro HAYAKAWA (MSINS ENG) | @
Louis BAPTISTE (IRSN) I I

Jeremy BEZ (IRSN)
Samuel THOMAS (IRSN)
Philippe BERTREIX (CERN)

Thomas FROSIO (CERN)

Choose the decay data evaluation Choose calculation type
1RF-07 - | | CERN_AP -

SOFT v0.2 | CERN-HSE/RP | T. FROSIO & P. BERTREIX

FIGURE 6. Overview of SOFT.

Q-Values Doses Particles contributions Mixture Progeny & ancestry Emissions graph Emissions values Transfer functions Comparison tool

Values in TBg
Radionuclide QA/QEFF QB/QSKIN ac QD QF Al A2

1 |[Co-60 4.42e-001 3.03e+002 inf 1.72e+000 9.90e-001 inf No Alpha 4.4e-001 4.4e-001
2 .T|-44 4.80e-001 4.55e-001 inf 4,17e-001 6.17e-001 inf No Alpha 4.6e-001 4.2e-001
3 |Zn-65 1.89e+000 7.70e+006 inf 1.72e-001 4,49e-001 inf No Alpha 1.9e+000 1.9e=000
4 |Es-254m 2.21e+000 6.39e-001 inf 1.14e-001 7.09e-001 inf 1140.00 6.4e-001 1.1e-001
5 |U-235 6.25e+000 1.55e+005 inf 6.49e-003 9.58e-001 inf 64.90 6.2e+000 6.5e-003
6 |Na-22 5.00e-001 3.60e+000 inf 3.85e=001 6.63e-001 inf No Alpha 5.0e-001 5.0e-001
7 .Arn-241 3.73e+001 9.27e-004 inf 1.28e-003 2.44e+002 inf 12.80 1.3e-001 1.3e-003
8 |Sc-44 5.10e-001 4,55e-001 inf 2.63e+002 6.25e-001 inf No Alpha 4.6e-001 4.6e-001
9 :(-14 inf inf inf 8.62e+001 2.90e+000 inf No Alpha inf 2.9e+000
10. Be-7 2.17e+001 1.84e+006 inf 9.62e+002 7.54e+006 inf Mo Alpha 2.2e=001 2.2e+001
11|H-3 inf inf inf 1.22e+003 inf inf No Alpha inf 1.2e+003
12| Cu-67 1.05e+001 6.10e + 002 inf 8.62e+001 7.03e-001 inf No Alpha 1.0e+001 7.0e-001

Mo-99 4.42e+000 9.84e-001 inf 5.15e+001 5.59e-001 inf No Alpha 9.8e-001 5.6e-001

43

SOFT v0.2 | CERN-HSE/RP | T. FROSIO & P. BERTREIX

FIGURE 7. Q-Values module.

o QT for the GUI,
o QCustomPlot for the different graphics that can be
produced,

o Boost libraries for a general purpose.
The scope of the software was initially to provide informa-
tion about doses, Q-Values and data related to radionuclides
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produced in some of CERN'’s installations which are not
always tabulated in the dangerous goods regulation for the
shipping of radioactive materials [20].

Then, real advantages of using this software within the
working group emerged, particularly to compare the different
models.

SOFT is currently based on nine modules performing
different calculations. Figure 6 shows an overview of the
software main window.

The left part of the window (1) is the entry point for the
user. It allows the user to add or remove radionuclides. On the
bottom of this part, the user can choose which decay database
and model (denoted “‘calculation type’’) they want to use. For
each radionuclide added, there is a quick summary giving the
decay database, the half-life, the type of decay and the model
selected. If a radionuclide doesn’t exist in the evaluation or
is stable, the following message will appear just above the
drop-down menu of the decay database: Radionuclide: XX-YY
not recognized or stable.

The calculation methods are described in [2] regarding the
current regulation limits and in paragraph IV of this docu-
ment for the on-going work regarding the regulation update.
The software will be modified during all the development
process of the new models at IAEA, to include the latest
decisions. Upon completion, the last release will keep only
the model selected by the working group and the associated
decay database.

The upper part of the results’ view (2) is made of 9 different
modules, which show the values/data the user wants to see.
These 9 modules are respectively:

- Q-Values: this module provides Q-Values for a given
radionuclide, in accordance to the database and the
model chosen.

- Dose and dose rate: it gives information of dose and dose
rate for a given radionuclide, in the specific scope of the
Q-System.

- Particle contributions: this part describes the con-
tribution of each particle to the dose originating
from a selected radionuclide, for each Q-Value,
in percent.

- Mixture: allows for the computation of radionuclide
mixture limits with an overview of the main contributor
radionuclides. It also determines if a package can be
shipped as Type-A or not.

- Progeny & ancestry: this module generates the
progeny’s and ancestry’s chain of a radionuclide with
a graphical representation.

- Emissions graph: all the information regarding the
decay emissions (photon / alpha / beta / mono-energetic
electrons) are summarized here. This data is directly
extracted from decay data evaluations

- Emissions values: shows a table of emission data stored
in decay evaluations in text format.

- Transfer functions: provides the curves used to calculate
dose and dose rate for a radionuclide.

VOLUME 8, 2020

- Comparison tool: compares different models included in
SOFT as well as different libraries, described later in this
document

For a radionuclide, the general overview of the Q-Values is
shown in Figure 7. To display the Q-Values of a radionuclide,
the user double clicks the desired radionuclide in the left
column of the software.

Results can be saved in CSV format using the right click
button of the mouse.

In case Q-Values and doses of all radionuclides from a
database need to be computed, the user can write “all” in
the radionuclide field.

A. DOSE AND DOSE RATE MODULE

This module calculates all the doses and dose rates useful for
the determination of the Q-Values. These doses and dose rates
(ept for QA, ebeta for QB, einh for QC, hskin for QD, hesubm
and hskinsubm for QE, heye for QEYE) are calculated in
accordance with the JAEA SSG-26 publication [1] or the
latest statements from the IAEA working group, depending
on the model chosen.

Like the Q-Values module, to display the doses and dose
rates for a specific radionuclide, the user double clicks the
desired radionuclide in the left column of the software.
Results can also be saved using the right click button of
the mouse. Results can also be computed for all radionuclides
as in the previous paragraph. An example of results is shown
in Figure 9.

B. PARTICLES CONTRIBUTIONS MODULE

The particle contribution module allows for plotting bar
charts in which each particle contribution to the dose is
displayed for the scenario linked to QA, QB, QD, QEye.
In the example presented in Figure 10, we observe the con-
tributions of particles for Es-254m radionuclide with the
ICRP-107 decay database and the IAEA2012 model. For
example, in the QB scenario, beta minus radiation is predomi-
nant for the dose contribution (78.70 %) and then, the 21.30 %
of the remaining dose come from discrete electrons (Auger
and Internal Conversion).

C. MIXTURES MODULE

The mixture module allows for computing transport limits
for a mixture of radionuclides, according IAEA SSR-6 [2]
§405. The user selects the number of radionuclides to add
to the package on the right side of the table. Then, they
complete the radionuclide names and activities in Becquerel.
A preformatted CSV file (radionuclide, activity) can also be
downloaded, instead of defining radionuclides one by one
(Figure 8).

[o-60,0
Ti-d4d,1E405
Zn-65, 1E410
Es-254m, 800000000
1-235, 1409
Na-22, 100000000
An-241, 1E+09

FIGURE 8. Example of.csv file to be read by the software.

29047



IEEE Access

T. Frosio et al.: Computation of Radioactive Material Transport Limits Within A1/A2 Working Group at IAEA TRANSSC

Q-Values Doses Particles contributions Mixture Progeny & ancestry graph values Transfer functions Comparison tool
ept and ebeta in Sv/Bq/h, einh in Sv/Bq, hskin in Sv/m2/TBq/s, hesubm and hskinsubm in Sv/m3/Bq/s
Radionuclide ept ebeta heye einh hskin hesub hskinsubi Daugthers =
1 |Co-60 2.26e-13 3.30e-15 2.90e-08 2.83e-2 - -
2 Ti44 2.08e-13 2.20e-12 1.20e-07 4.54e-2 - - Sc44
3 |Zn-65 5.30e-14 1.30e-19 2.90e-09 6.24e-4 - -
4 Es-254m 4.53e-14 1.56e-12 4.40e-07 3.95e-2 - - Bk-250 Fm-254
5 |U-235 1.60e-14 6.44e-18 7.70e-06 2.92e-2 - - Th-231
6 Na-22 2.00e-13 2.78e-13 1.30e-09 4.22e-2 - -
7 |Am-241 2.66e-15 1.08e-17 3.90e-05 11564 = <
8 Sc-44 1.96e-13 2.20e-12 1.90e-10 4.48e-2 - -
9 |C-14 0.00e+0 0.00e-0 5.80e-10 9.65e-3 - -
10|Be-7 4.60e-15 54319 5.20e-11 3.71e9 - .
11|H-3 0.00e+0 0.00e+0 4,10e-11 0.00e+0 - -
12| Cu-67 9.55¢-15 1.64¢-15 5.80e-10 3.98e-2 - -
13 Mo-99 2.26e-14 1.02e-12 9.70e-10 5.01e-2 - = Tc-99m
1.4 Tr OCm 1N%a 14 0 ANa 22 1 0QNa 11 £ 8% 2 =
SOFT v0.2 | CERN-HSE/RP | T. FROSIO & P. BERTREIX
FIGURE 9. Doses and dose rates module.
Q-Values Doses Particles contributions Mixture Progeny & ancestry Emissions graph Emissions values  Transfer functions Comparison tool
Radionuclide to get emissions Es-254m_ICRP-07_IAEA_2012 ~
QA/QEFF QB/QSKIN
g g
? 100 @ 100
§ [ Disc. electrons %0.00 é [ Disc. electrons %21.30
80 = 80 —
o &= s -
£ [ Beta- %0.00 5 ] Betz- %78.70
T 80 ] Beta+ %0.00 s 60f [ Beta+ %0.00
2 Photons %100.00 3 o Photons %0.00
c Neutrons %0.00 c Neutrons %0.00
= 20 — = 2 —
E E
£ 0 E 0
(=3 o
%] QAJQEFF [¥) QB/QSKIN
QEYE Qo
g g
i 100 a 100
é [ Disc. electrons %nan é [ Disc. electrons %6.81
80 — 80 —
8 = 2 "
2 [ Beta: %nan - [] Beta- %93.19
2 60 [ Beta+ %nan T s 60 [ Beta+ %0:00 =
] [
g a0 Photons %nan i ‘g a0 Photons %:0.00 i
3 Neutrons %nan 5 Neutrons %:0.00
5 2 s 5 2 =
£ £
£ 0 5 0
9 QEYE © QD

[SOFT v0.2 | CERN-HSE/RP | T. FROSIO & P. BERTREIX

FIGURE 10. Particles contributions to dose module.

The software calculates the A1 and A2 limits of the mix-
ture, as well as the mixture’s activity (Figure 11). Then,
this activity is compared to the limits. When this activity
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is below the limit, a message is written in green indicating
that the package does not have to be a Type B package.
Otherwise, a message is printed in red. The contribution of
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each radionuclide to the mixture limit is displayed on the
bar charts below the table so that the user can organize its
shipping in a more efficient way.

D. EMISSION GRAPH MODULE

This module will plot all the emission data related to the
radionuclide selected in the drop-down menu in the top
right part of the window. The data coming from ICRP-107,
JEFF3.3 or ENDF BVIII can be directly plotted in the
software.

As for the progeny/ancestry module, the user can save
emission data plotted as an image file for a selected radionu-
clide or for all the radionuclides selected in the left part
(Figure 12). Plots can be saved with a right-click.

E. PROGENY / ANCESTRY MODULE

The progeny / ancestry module generates graphs of decay
chains / ancestry chains for a radionuclide. The decay chain
goes down until the latest stable nuclides are reached, and the
ancestry chain links from all the parents who can at one point
generate the specified radionuclide.

The radionuclide chosen is shaped into two circles, and
the stable radionuclides are dark-coloured. The type of decay
follows a specific colour code to have a better overview of the
decay chain. Branching ratios are printed next to the arrow
representing the type of decay.

Progeny and ancestry graphs can be generated using all the
decay databases (ICRP-107, JEFF3.3 and ENDFBVIIID).

If several radionuclides have been chosen by the user, they
can display the one desired using the drop-down menu in
top-right of the window. Users also have the option to save
the decay chain as an image file for a selected radionuclide,
or for all the radionuclides in the left part by right-clicking on
the decay chain (Figure 13).

F. EMISSION VALUES MODULE

This module provides the emission data for the radionuclides
selected using the top-right drop-down menu. It corresponds
to data from ICRP-107, JEFF3.3 or ENDF BVIII used in the
Emission graph module.

In Figure 14 an example of emission values for Co-60 -
decay database ICRP-107 can be seen. The data is divided
into emission types (Beta+, Beta-, discrete e-, gamma,
alpha). If an emission is present in the decay database,
the module will provide: 1) the energy of the emission in
MeV, and 2) the intensity.

Data can be saved for a selected radionuclide or for all the
radionuclides added in the left part as an html file.

G. TRANSFER FUNCTIONS MODULE
This module allows the user to display the emission to dose
transfer function (associated to a model) used to compute

Q-Values Doses Particles contributions Mixture Progeny & ancestry graph Emissi values Transfer functions Comparison tool
Radionuclide Activity (Bq) Decay data Calc type Al A2 A/AT A/A2 £ Load CSV
1 Co-60 0 ICRP-07 |AEA_2012 4.4e-001 4.4e-001 0.000e+000 0.000e+000 Number of radionuclides
2/ Ti-44 le+5 ICRP-07 |AEA_2012 4.6e-001 4.2e-001 2.174e-007 2.381e-007 2 -
Limits for the mixture
3/Zn-65 le+10 ICRP-07 IAEA_2012 1.9e+000 1.9e+000 5.263e-003 5.263e-003 XmA1: 1.05TBq
4“ ICRP-07 IAEA_2012 6.4e-001 1.1e-001 1.250e-002  |7.273e-002 AMAZONIIBG
Activity: 21.00 GBq
5/U-235 1e+9 ICRP-07 IAEA_2012 6.2e+000 6.5¢-003 1.613e-004  1.538¢-001 SPECIAL FORM: Activity below mixture limit
6/Na-22 1e+9 ICRP-07 IAEA_2012 5.0e-001 50e-001  2.000e-003  2000e-003 ONRER ORI AcviLy above imbetare it
Save report
7 Am-241 le+9 ICRP-07 IAEA_2012 1.3e+001 1.3e-003 7.692e-005 7.692e-001

8

Contribution of radionudiides to the XmA1 value (IAEA SSR6 art.405)

100 [
Es-254m (Xm A162.5%)

Zn-65 (XmA126.3%) -
Na-22 (Xm A110.0%)

Am-241(Xm A10.4%) i
Other (Xm A10.8%) —

80 —

60 |

wf

Contribution of RN to Xm (%)

0f

a_...

XmA1l

FIGURE 11. Mixture of radionuclides module.
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Contribution of RN to Xm (%)

Contribution of radionuclides to the XmA2 value (IAEA SSR6 art.405)

100

[ Bl Am-241(XmA276.7%)
W - ................... S B
sn: Es-254m (XmA27.3%)

[ Bl 060 (XmAZ0.0%)

40 ||

Other (Xm A20.7% ) — —

of

0 L
XmA2

SOFT v0.2 | CERN-HSE/RP | T. FROSIO & P. BERTREIX
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FIGURE 12. Emission graph module.

QValues  Doses  Partickescontributions  Misture | Progeny & ancestry

Radionudide to get chains | Mo-99_ICRP-07

Progeny Decay Chain Ancestry Decay Chain

G TN

/’ Nb-99m

. [ 26m |
8.77¢-001 \ Bar /
Pl ~S—<
/ N\ AY
Te-99m % 007
( 6015h | 1.23e-001 i
\_ImB- )/ i
P~ / Nb-99 \
\ : 5
\L00e+000 9.80e-001 (\ LBEk )
\ \ /
L, g e ~—
P oo 1.00e+000
3700005 ( 2111E+sy 00e
\ B- /
e = A
1.00e+000
Ru-99
Stable
EC/B+ — P — n — Llex Transformation —

SOFT v0.2 | CERN-HSE/RP | T. FROSIO & P. BERTREIX

FIGURE 13. Progeny/ancestry module.

values in the Q-Values module and in the dose and dose rate
module.

A drop-down menu on the top-right part of the module
allows the user to plot transfer functions, including the ones

29050

which consider the latest statement of the A1/A2 working
group, as shown in Figure 15 (CERN Isotropic model). To get
a precise value of the transfer function at a specific energy,
the user can move the mouse cursor over the curves. The
coordinates of the cursor will be displayed on the top left
of the window. The user can also zoom in/out and move the
graph to target a specific value.

H. COMPARISON TOOL

The comparison tool compares the dose values coming
from the different scenarios, with the different models and
nuclear databases. The user selects a radionuclide using the
top-left field, the models and the evaluations to compare
(Figure 16). Then, they can choose how to compare the
results:

o “Doses (Sv/Bq)”’ compares absolute dose values for the
selected models;

o ““Particle contribution to dose (%)” evaluates, for each
model, the contribution of each particle to the dose;

o “Doses vs model 1’ computes the ratio of dose between
each model to model 1. The model 1 is defined by the
user as the reference model and can be each of the
aforementioned model;

o “‘Particle contribution to dose vs model 1°” computes the
ratio of the particle dose contribution to model 1.
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Q-Values Doses Particles contributions | Mixture Progeny & ancestry Emissions graph Emissions values Transfer functions Comparison tool

di Jide to get emissi Co-60_ICRP-07 X

SR I R 0 BB R B R R R R a
Radionuclide: Co-60

Evaluation: ICRP-07

Half-Life: 5.2713y

Type decay: B-

L L L e e e e e e e s s

No Beta+ emissions:

Beta- emissions:

Energy (MeV), Intensity (e-/decay/MeV)
0.00000e+000 6.62600e+000
1.00000e-004 6.62300e+000
1.10000e-004 6.62300e+000
1.20000e-004 6.62200e+000
1.30000e-004 6.62200e+000
1.40000e-004 6.62200e+000
1.50000e-004 6.62100e+000
1.60000e-004 6.62100e+000
1.80000e-004 6.62100e+000
2.00000e-004 6.62000e+000
2.20000e-004 6.61300e+000
2.40000e-004 6.61300e+000
2.60000e-004 6.61800e+000
2.80000e-004 6.61800e+000
3.00000e-004 6.61700e+000
3.20000e-004 6.61600e+000
3.60000e-004 6.61500e+000
4.00000e-004 6.61400e+000
4.50000e-004 6.61300e+000
5.00000e-004 6.61100e+000
5.50000e-004 6.61000e+000
€.00000e-004 6.60800e+000
€.50000e-004 6.60700e+000
7.00000e-004 6.60600e+000
7.50000e-004 6.60400e+000

SOFT v0.2 | CERN-HSE/RP | T. FROSIO & P. BERTREIX

FIGURE 14. Emission values module.

Q-values Doses Particles contributions ~ Mixture = Progeny & v issions graph issions values | Transfer functions = Comparison tool
Coordinates: 185.61 eV, 9.28¢e-12 unit Transfer functions to plot | CERN_ISO =
Effective dose @ 1m skin dose @ 1m
o [T T T . ) T T T T i
o p A Electrons
10-% e i Positrons
= & W0
2 z Ve y Photons
g 10 F E E 1086 | Neutrons
= =
& &
3 0B {4 £
8 g 10y 1
[=] [=]
109 b .
102 | -
02y 1 1 il 1 1 s L L 1
0.001 0.01 A 0.001 0.01 0.1 i 10
Energy (MeV) Energy (MeV)
Eye lens dose @ 1m Skin contamination dose
T T T > T T T
102 p 0.01 ¥ —o— Electrons
—o— Positr
— 10-14 | :3- e . ositrons
) =
= £ 0.0001 i oS
2 w0} = Neutrons
= €
2 l‘l’; -
@ 10 b -
g =) ]
o ]
a
109 | 105 | o
| I i L L 1 1
0.001 0.01 : 0.001 0.01 0.1 1 10
Energy (MeV) Energy (MeV)

SOFT v0.2 | CERN-HSE/RP | T. FROSIO & P. BERTREIX

FIGURE 15. Transfer functions module.

All the data are listed in the table below and displayed in checkbox on top of the bar charts. This module is important
the bar charts for the whole set of scenarios. The values are to compare model assumptions such as calculation codes,
plotted for each particle type which can be selected using the interpolation methods .. .etc.
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Q-Values  Doses Particles contributions | Mixture  Progeny & ancestry  Emissions graph  Emissions values  Transfer functions ~ Comparison tool
Select radionuclide Select model 1 Select model 2 Select model 3 Select model 4 Doses (Sv/Ba)
Particle contribution to dose (%)
Co-60 CERN_AP ~ || CERN_ISO * | CERN_PA b bl
® Doses vs model 1
060 Select evaluation Select evaluation Select evaluation Select evaluation Particle contribution to dose vs model 1
Validation ICRP-07 - | KRP-07 - | |ICRP-07 - = Save report
QA/QEFF ept ept Disc. e- ept_Beta- ept_Betas ept_Photons ept_Neutrons QE/QSKIN ebeta ebeta_Disc. e- ebeta Beta- ebeta Betas
Unit Teq [} [ [-1 (-1 C] 3] Teq 5] [l [l [-1
CERN_AP_ICRP-07 -
CERN_ISO_ICRP-07| 4.42¢-001 0744 0.621 0.534 nan 0.744 nan 3.70e+000 0826 0614 0635 nan
CERN_PA_ICRP-07 |3.72-001 0.869 0.725 0.646 nan 0.869 nan 3.18e+000 0986 1,009 1.007 nan
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FIGURE 16. Model comparison module.

VI. CONCLUSION
CERN has developed an efficient software tool to calculate
datarelated to radioactive shipping (Q-values, A1 /A2 limits)
for a large scope of radionuclides. An innovative tech-
nique of calculation makes the determination of the values
simpler, by associating particle/energy/scenario dependent
transfer functions with nuclear decay data of a radionuclide.
This technique is more efficient and less time-consuming
than referring to Monte-Carlo simulations for each Q-Value
and each nuclide. Different decay databases (JEFF3.3,
ENDFBVIILO, ICRP-107) can be used, but the IAEA work-
ing group recommends ICRP-107. Due to the extensive
features exposed in this tool (comparison of different models,
free choice of model and database for calculating specific
Q-Values, detailed analysis of contributions originating from
various particles, mixture of radionuclides etc.) it can be used
for carrying out detailed comparison studies very efficiently.
This is of high importance for carrying out the standardization
process with which the IAEA working group has been man-
dated.

Later, a lighter version of this software could be produced
to be distributed with the then- defined regulation. This step is
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intended to be discussed once the Q-System review has been
completed: currently planned for 2021.
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