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Abstract

e-Ship++ (electronic Shipment) is a cloud-based application for calculating radiological
characteristics of packages for the shipment of radioactive material in accordance with
ADR/IATA/IAEA transport regulations. It has been developed in collaboration between CERN and
Nucleonica. In contrast to traditional offline software packages, there is no software to install.
e-Ship++ requires only an internet connection and browser and is accessible through the Nucleonica
science platform (www.nucleonica.com) from any computer worldwide. The product is aimed at
governmental institutions, research organizations, universities, and private companies involved in the
transport of radioactive materials.

In this paper a detailed description of the various features of e-Ship++ are given. Users can create,
edit, import, store / archive their packages in e-Ship++. In addition, a number of sample packages are
provided for training and demonstration purposes. For each package, a radioactive material transport
report is generated giving the source characterization and type of package required.

A key feature is the possibility to follow the decay a package mixture. The activity reported at a
particular date can be updated to any future date and the decayed mixture can be saved as a new
package.

Introduction

Each year about 10 million packages of radioactive materials are transported worldwide by land, sea
and air. Radionuclides are used for a variety of purposes e.g. in nuclear medicine, nuclear industry,
materials testing, oil exploration etc. For these purposes radioactive materials must be packaged and
transported to the location of interest. Before these materials can be shipped, care must be taken that
the shipping regulations have been strictly followed. The purpose of these regulations, of course, is
to ensure safety by containing the radioactivity to make sure that there is no negative effect on the
environment, to control the radiation emitted from the package, make sure that nuclear fission
criticality conditions cannot be met, and to dissipate any heat generated within the package.

For package classification purposes in accordance with the transport regulations, however, the
application of the IAEA Transport Code is complex, can be confusing and open to interpretation, and
it is relatively easy to introduce errors. To address these problems, the software tool e-Ship was


http://www.nucleonica.com/

developed at CERN to assist in the classification of packages for the large number of radioactive
sources transported annually. To make this software tool more user-friendly, versatile, resilient and
widely available, a collaboration agreement was made between CERN and Nucleonica GmbH in
2012 to transform the e-Ship software into a modern cloud-based application within the Nucleonica
nuclear science platform (www.nucleonica.com). In addition to the transport regulations, e-Ship++
provides information on radiation protection which allows the user to estimate the radiological
impact of the shipment in the event of a release of radioactivity into the environment. For this
purpose, data such as the ICRP 72 inhalation dose, ingestion dose, external radiation dose etc. are
provided. Additionally, quantities such as the Swiss radiation protection authorization limits and
exemption limits are also included.

In this paper a detailed description of the e-Ship++ cloud based software application is given. The
main user interface for the e-Ship++ application is shown in fig. 1 below. The main features of the
application are contained in the grid tabs i.e. My Packages, Edit, Options, Import, Activity limits,
Sample packages.
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User defined transport packages

last modified ~

(Create, import a new package)

27 test GDR 1 Material Other Solid 2012.08.02 10:50:25  2012.08.02 10:50:25 E m
82 | tritium 1 Material Other Solid 2012.08.2116:11:15  2012.08.21 16:17:44 (=] i
94 My 1st Package (Exempted) 150 Material Other Solid 2012.08.0108:00:00 2012.08.22 11:02:28 E m
95 My 1st Package (Excepted) 10 Material Other Solid 2012.08.02 08:00:00  2012.08.22 11:13:16 E il
62 My 1st Package (Type A) 5 Material Other Solid 2012.08.03 08:00:00 2012.08.22 11:15:18 Q i
63 Simple Package 1 Material Other Solid 2012.08.10 08:00:00  2012.08.22 11:18:30 E ]]']ﬂ
100 Simple Package (Excepted) 1 Material Other Solid 20712.08.10 08:00:00  2012.08.22 11:23:31 E i
66 Irradiated sample {iron) 1 Material Other Solid 2012.02.27 08:00:00  2012.08.22 11:46:31 Q i
92 Irradiated sample using 26 GeV protons | 1 Material Other Solid 2012.05.24 08:00:00 2012.08.22 12:35:15 E ]]']ﬂ
127 Spectro 1 Material Other Solid 2012.01.06 08:00:00  2012.08.22 13:11:36 Q i
5 Manual 1 Material Other Solid 2012.08.15 11:09:27  2012.08.22 13:14:00 Q i
7 Pu-241 with daughters 1 Material Other Solid 2012.01.04 00:00:00 | 2012.08.22 13:19:35 E m
712 | ISOLDE Target 25000 Material Other Solid 2013.04.1417:28:38  2013.04.15 09:14:00 =] i
1137 | 1girradiated fuel 1 Material Other Solid 2013.08.0108:03:00 2013.08.01 08:03:00 E m

Figure 1. My Packages tab showing list of packages and their characteristics
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e-Ship++ Technical Documentation
The full technical documentation for e-Ship++ is available online in Nucleonica’s Wiki help page [1].
It can be accessed by clicking on the Help button in the taskbar in fig. 1. The page contents listing
the table of contents is shown in fig. 2.
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5.6.1 General
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5.7.1 Decay Example
5.8 Impaort
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Figure 2: Technical documentation for e-Ship++ is available
online via Nucleonica’s Wiki help page.

A detailed manual can also be found on CERN EDMS server [2].




Nuclear Material Transport Report
The goal of the software is to provide a summary view for package characterisation, called transport
report which can be downloaded in pdf format. See fig. 3:

e-Ship++: nuclear material transport report -~

nucleomca".'

Transport report generated for source: My 1st Package (Type A) by Yann DOMJOUX on Aug 11, 2018 15:45:01
DISCLAIMER: this tool is & help to choose the package classification, please always refer to the country specific regulations.

Package name: My 1st Package (Type &)

Description: Package contains the nuclides: Co-80 (1e% Bg), Ma-22 (1e9 Bg); This package was characterized on 25 May 2015 as Material, Other form and Solid. The total mass
: was5g

Package characterisation: Iaterial, Other form, Solid

Host material mass: 5g

Activity reported: May 26, 2016 08:00:00

Plesse take care of subsidiary risk.

Chemical form: no chemical risk

For the definition of the quantities used in this report see the Muclecnica Glossary

Source characterisation

Eing: Einn taken from ICRP 72, most conservative values are used.
Isotopic power (Heat) taken from JEFF3.1.

Activity | Heat Eing Einh | Radioactive

Nuclide | Half-life (Bg) W) (mSv) | (mSv) contents

Notes

Co-B0 |5271y |1.00e+5 |4.18e-4|2a0e+3]3.10e+4|(pHy)
Na-22 26027y |1.008+3 |3.82e-4(3.20e+3|1.308+3 | (By)
Total: 2 200849 |7.982-4 | 6.60e+3 | 3.23e+4

Package characterisation

Diata extracted from ADR Table of Ay, A> values, exemption limits and notes (pages 218...)

Nuclide Activity Ag Exempt Exenl'npt Excepted | _A A A(Balg) _ A
(Ba) (TBaq) (Ba) (Baglg) (GBq) Ag Exempt | Exempt{Bq/g) | Excepted
Co-860 |1.00e+% |4.00s-1|1.00e+5 |1.00s+1 |4.00s-1 2.50e-3| 1.00e+4 |2.00e+7 2.50e+0
MNa-22  |1.00e+% |5.00e-1|1.00e+5 |1.00e+1 |5.00e-1 2.00e-3 | 1.00e+3 |2.00e+7 2.00e+0
Total: 2 |2.00e+9 4.50e-3 | 1.10e+4 | 4.00e+7 4.50e+0

Type A Package

Figure 3: Radioactive Material Transport Report

This transport report provides at a glance all useful information for shipment, together will all
isotopes inserted in the package :

e Classification according to IAEA regulations and associated calculations;

e But also radiation protection data like Heat, Eing, Einn according to ICRP 72

Once a mixture has been defined, e-Ship++ allows you to enter full details for the package (name,
chemical risk if any, description, ...) as described on fig. 4. Also shown is the Activity reported
together with a date picker. This allows the user to specify the date and time at which the activity was
reported (e.g. from gamma spectrometry measurements). To the right the package characteristics are
shown e.g. Content (Material, Instruments/Articles), Form (Special or Other) and State of the
material (Solid, Liquid, Gas) together with the Host material mass.
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Name (ID=5206)
My 1st Package (Type A)

Chemic al form (please take care of subsidiary risk):

Package characteristics

Content Form State

no chemical risk ® Material ® Other ® Solid

Description: Instruments / Articles Special Liguid

Package contains the nuclides: Co-60 (1e9 Bg), Na-22 (1e9 Bq) Ges

This package was characterized on 26 May 2016 as Material, Other form and Solid

The total mass was 5 g Host material: 5 g v

4

Letivity reported: | 20160526 08.00:00 [
““mﬂﬂmm—_ﬂﬁﬂﬂ
Co-60 1.00e+9 2.39e-5 5271y 0.400 1.00E+D5 1.00E+01 2.50e-3 | 250 1.00e+4 2.00e+7

Na-22 1.00e+9 4.33e6 26027y 05 0.5 0.500 1.00E+D6 1.00E+01 2.00e-3 | 2.00 1.00e+3 2.00e+7 m

i

Element Mass Property Quantity Unit

Na v||22 ~ 1.00e+5 Becquerel v

Save Package| Reset | Cancel |

Figure 4: Edit tab showing how to create a package

The full list of quantities shown in the grid is given in more detail in the User Manual [2]. Quantities
can be added or removed from the grid using the check buttons in the Options. In particular, The
Swiss Radiation Protection Ordinance (RPO) [3] values are included in the Options to be used to
estimate the radiological impact of the shipment in the event of a release of radioactivity into the
environment. These are not necessary for radioactive material transportation but are nevertheless
useful general quantities for radiation protection. ICRP data can be relevant to the individual nuclides
such as:

e Eing(mSv): the committed effective dose equivalent for ingestion. This depends both on the
nuclide activity and the dose coefficient through the relation: Eing(SV) = eing(SV/BQq) - A(BQ)

e Einn(mSv): the committed effective dose equivalent for inhalation. This depends both on the
nuclide activity and the dose coefficient through the relation: Einn(Sv) = einn(SV/Bq) - A(BQ)

It is also possible to calculate the gamma dose rate for the radioactive contents of the package and to
show this in the grid in fig. 3 (for example to calculate the dose rate at 10 cm from the unshielded
source or at the surface of the possibly shielded package). The underlying algorithm is the one from
Nucleonica’s Dosimetry & Shielding++ application. This allows the calculation of the gamma dose
rates from point sources of single nuclides and nuclide mixtures. All known gamma lines and emission



probabilities for the nuclide(s) are accounted for in the calculation as is the build-up factor. The
gamma dose rate is calculated at any distance from the source for a given shielding material and
thickness and these can be specified as shown in fig. 5. The threshold energy can also be set. Dose
contributions for daughters can also be included. For more information, the reader should refer to
Nucleonica’s Dosimetry & Shielding wiki [4].
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Figure 5: Options tab for displaying quantities in the Edit grid

When a nuclide is selected using the drop-down menus and updated in the grid, the Activity limits
(given in the Activity limits tab) are taken form the ADR and inserted into the grid (e.g. Co-60 in
fig. 6). One key feature of e-Ship++ is that the drop-down menu contains not only artificial
radionuclides but some natural radioelements. This is the case for rhenium, rubidium, thorium and
uranium as shown in fig. 6. For uranium, the user can select depleted, natural, or enriched (<20%)
uranium.

In some cases the values given in the grid do not refer to the given nuclide itself but include also
contributions of daughter nuclides with half-lives less than 10 days: these nuclides are marked with
note (a). In some other cases the whole decay tree in equilibrium with the nuclide is taken into account:
such nuclides are marked with the note (b) (e.g. Cs-137 in fig. 6).

For some nuclides, information on their physiological properties are given e.g. slow, medium, or fast
lung absorption. The chemical form is specified in the Notes column. Isomers are usually identified
through the isomer state m, n etc. or also using the half-life as criterion e.g. e.g. short- or long-lived
Np-236 as shown in fig. 6.
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My Packages | Edit | Options Import | Actvityimit= | SwissRPO | Sample packages | AbouteShip
Name (new)
Package characteristics
news Package
Chemical form (please take care of subsidiary risk) Content Form Stats
© Material @ other © sold
Description 2} Instruments / Articles ") Special ':' Liquid
) Gas
Host material: 1 g -
Activity reported: =
-

I S e el
Co-60 1.00e+6 04 0.400 1.00E+05 1.00E+01 250e-6  250e-3 100 1.00e+5 (BN) i
Cs-137 1.00e+5 2 0.6 0.600 1.00E+04 1.00E+01 1.67e-6  1.67e-3 100 1.00e+5 ab (Biy) i
Rb-element nat 1.00 1.00E+07 1.00E+04 1.00e-7 1.00e-4 () i
Re-glement nat 1.00 1.00E+09 1.00E+06 1.00e-9 1.00e-6 0 i
U-238 all lung absorption types | 1.00e+6 1.00E+04 1.00E+01 100 1.00e+5 bdef (n) Em
U-element nat 100 1.00E+03 1.00E+00 0.100 100 b () i
Mp-236 long-lived 1.00e+6 9 0.02 2.00e-2 1.00E+05 1.00E+02 5.00e-5 5.00e-2 100 1.00e+4 {n) i
Element Mass Property Quantity Unit

Mp + 236 + | long-lived 1.00e+6 Becquerel - Update

8ave Package Cancel Save as Sample

Figure 6: Edit tab mask for the creation of a new package

Classification of a mixture
If A is the activity of the nuclide i of a mixture, the total activity Acwtal OF the mixture is given by:

Aotal = Z Ai

The derived quantities Xm of a mixture corresponding to the quantities A1, A2, exempt material or
exempt consignment is defined by:
1

" )

2 (i)
where X(i) are the appropriate limits of A1, A;, exempt material, exempt consignment for each
nuclide, f(i) being the activity ratio or activity concentration Ai/Atwtal Of the nuclide.
The activity ratio of a mixture against the quantity limit Xn is given by the ratio of the two above
quantities:

Atotal f (I) Atotal f (I)
RS ETE

Replacing f(i) by its value:

A
Aotal — z AOtal Aotal

Xo 5 X(0)




And simplifying by Aota (assumed different from 0) we get:

A\otal ZZ Ai

Xn T X(®)

The formula is also verified in case Atwta=0 which was discarded to allow simplification. These
partial ratios are displayed in the corresponding columns of the edit-grid in e-Ship++ for each
nuclide and summed together to obtain the ratios in the total row of the grid. These ratios computed

for the mixture will finally determine the type of package to be used for the transport.

Radionuclide Values for Unknown Radionuclides
The procedure for determining the radionuclide values (i.e. A1, Az, Activity and Activity
concentration limits) for unknown radionuclides is as follows:

1. In the Edit mask, add the nuclide of interest. If it is a “known nuclide” then the emitter type -
a, B/y, n - will be shown in brackets e.g. (o), (B/y), (n) in the Report.

2. Ifitis an “Unknown nuclide”, (i.e. not in the ADR/IATA list of known nuclides), the emitter
type is shown without brackets e.g. a, f/y, n. How the emitter type is determined is explained
below.

3. Apply the rules given in the table in fig. 7 for beta/gamma, alpha, or neutron emitting
nuclides to obtain the radionuclide values. The results are given in the columns A, Ao,
Activity and Activity concentration limits in the Edit mask.

Activity Activity
. . concentration Tt for
Radioactive content A; A, .
limit for exempt an exempt
material consignment
(TBg)  (TBg) (Bq'e) (Bg)

Only beta or gamma emitting 0.1 0.02 110! 1x10*
nuclides are known to be present
Alpha emitting nuclides, 02 9% 107 1x107 1x10*
but no neutron emitters are
known to be present
Neutron emitting nuclides are 0001 9x10° 1x%107 1x10°
known to be present or no
relevant data are available

Figure 7: Radionuclide Values for Unknown Radionuclides [5]



Determination of the emission type of a nuclide
This is automatically computed by e-Ship++ upon selection of the nuclides through the following
procedure and thank to the huge Nucleonica database:

1. Check if the nuclide or one of its daughter nuclide emits neutrons; if yes the nuclide is a neutron

3.

emitter, regardless of the quantity of emitted neutrons. (This information can be found in the
Karlsruhe Nuclide Chart or in the Nuclide Explorer++ application in Nucleonica).

Otherwise get the nuclides of the decay chains until a nuclide with a half-life longer than 10
days or longer-lived than the parent is reached [6]. Such nuclides and their progenies will not be
considered to determine the emission type of the parent. The remaining nuclides are considered
in equilibrium with the parent. If the sum of the branching ratio products along the decay
chains for alpha emission of these nuclides is greater than 0.1% the parent nuclide is considered
as an alpha emitter [7].

Otherwise the nuclide is considered as a beta/gamma emitter.

Example:

Dy-152 is a weak alpha emitter with an alpha branching ratio of 0.1% for alpha emission.

Fig. 8 shows the decay chain of Dy-152. The daughter Tb-152 has a half-life longer that the
parent and is thus not considered as belonging to the parent according to [6]. The second
daughter Sm-148 has a half-life longer that the parent and should also not be considered as
belonging to the parent for the same reason.

Oy-152 651520 7.22e+8 2.25e-9 238h
Th-152 651520 3.70e+7 8.45e-10 17.5h
Gd-152 641520 1.62e-11 2.01e-11 11E14 y
Sm-148 621480 0 0 B.O0E15 ¥y
Nd-144 G01440 0 0 23E15y
Ce-140 581400 0 0 stable
He-4 20040 0 2.25e-14 stable

Figure 8: Decay products of Dy-152.

In conclusion, Dy-152 can be considered as a separate nuclide. Dy-152 should not be
considered as an alpha emitter for transport purposes but as a beta/gamma emitter with an A, of
20 GBq (rather than the 90 MBq for an alpha emitter). The branching ratio for alpha emission
of 0.1 % is just at the limit of being considered as an alpha emitter.



Decay

e-Ship++ offers the possibility to follow the decay of the content of a transport package taking into
account the special rules and conventions of the IAEA fig. 9. This feature allows the package
composition to be monitored from the measurement date to the effective transport date as well as its
evolution during the transport. The special rules from IAEA concern nuclides marked with the notes
(@) and (b) in the IAEA activity limits table (the activity limits table is given in the tab Activity limits)
where:

(a@): Az and/or Az values include contribution from daughter nuclides with half-lives less than 10 days.
(b): Parent nuclides and their progeny included in secular equilibrium.
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My Packages Edit Options Diecay Import Activity imits Swiss RPO Sample packages About e-Ship

Activity reported: 2012.08.10 08:00:00 New date: 2016.05.20 13:46:02 G| Start
Show details: [7] Decay Time: 1.19e+8 5 Save new package

Co-57 270570 1.20e+4 J.8de-11 2r.80d Co-57 270570 356 1.14e-12 27E2d
Co-58 270580 1.24e+d 1.05e-11 T0.86d Co-58 270580 171e-2 1.45e-17 7086d

Fe-58 260580 1.00e+5 5.43e-11 44.455d Fe-58 260590 4.67e-5 2.53e-20 445d

Figure 9: Decay tab for performing decay calculations [1]

Import/Upload

Users can upload their own nuclide datasets: some rules have to be observed for the data format in
these files. At present the input format is kept as simple as possible. The following delimiters are
allowed: Comma “,” Semicolon “;” Colon “:” Pipe “|” Octothorpe “#” TAB.

The files can be created for example in a spreadsheet, but must be saved as csv files. In the example

shown in fig. 10, the nuclide name together with the nuclide activity is shown with a comma “,” as
delimiter. Currently only the activity can be accepted as input.

10
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Browse a file to be imported: Import / Upload files: Decimal separator
Mo file selected. « CSV: consisting of rows with at least (see example file below) @ Period 1/2=05
o Nuclide name (e.g.. Co-50}, Activity (in Bg) -
» TXT: only for special CERN spectrum file format ~ Comma 12=05

Reset

File to be imported: Example of CSV file to be imported

Huclide, Lotivity (Bg)
Co-60, 1.5e6

C=-137, 1000

I-123, 20000

Tc-99m, 3.7el0

Figure 10: Import tab for uploading external data

Conclusions
The main features of the e-Ship++ radiological transport assistant have been described in detail. The
cloud-based software application allows real-time collaboration and worldwide accessibility with an
intuitive, user-friendly interface for classifying the transport of radioactive materials in accordance
with ADR/IATA/IAEA transport regulations. A key feature is the possibility to follow decay of the
package mixture from the activity reported date to any future date. A number of sample packages are
provided for training and demonstration purposes. The product is aimed at governmental institutions,
research organizations, universities, and private companies involved in the transport of radioactive
materials.
In a future update of e-Ship++, the package classification (currently restricted to Exempted,
Excepted, or Type A) will be extended to include industrial packages. Industrial packages are used to
transport LSA (Low Specific Activity) and SCO (Surface Contaminated Object) material. In addition,
a number of features will be introduced:
e Doses rates limits: The user can enter measured dose rates (at contact, 1m, etc.) and
compare these with the dose rate limits to assess the package classification.
e Contamination limits: The user can enter measured dose rates (alpha and beta) and
compare these with the contamination limits to assess the package classification.
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e Marking, labeling, and placarding for all packages

e UN classification

e Isotopes, activities and transport index inserted automatically in the package label

e (I-WHITE, I-YELLOW, llI-YELLOW) [1]

e Exclusive use

e Multiplication factors for tanks, containers and unpackaged LSA-1 and SCO-I
An example of these improved features is shown in fig. 11.
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Type A 12527 A<9.98=+11Bq
Type B(U) « 4.152-11 A<3.00e+15Bq
Show Package Save F'ar_',lag4 Reset Report Save as Sample|

RADIOACTIVE MATERIAL, LOW SPECIFIC ACTIVITY (LSA-I)
Package TYPE IP-2, Category lI-YELLOW

a

RADIOACTIVE.I!J |

CONTENTS  Fe-3%, Co-38, Co-57,

ACTWITY _LJ4kBg __
10.0

Figure 11 e-Ship++ with improved features (dose rate limits,
contamination limits, marking and labelling, UN classification, etc.)
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