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a b s t r a c t

The CINDER code has about 60 years of development history, and is thus one of the world's best
transmutation computing codes to date. Unfortunately, it is complex and cumbersome to use. Preparing
auxiliary input files for activation computation from MCNPX output and executing them using Perl script
(activation script) is the first difficulty, and separation of gamma source computing script (gamma script),
which analyzes the spectra files produced by CINDER code and creates source definition format for
MCNPX code, is the second difficulty. In addition, for highly nonlinear problems, multiple human in-
terventions may increase the possibility of errors. Postprocessing such as making plots with large text
outputs is also time consuming. One way to improve these limitations is to make a graphical user
interface wrapper that includes all codes, such as MCNPX and CINDER, and all scripts with a visual
C#.NET tool. The graphical user interface merges all the codes and provides easy postprocessing of
graphics data and Microsoft office tools, such as Excel sheets, which make the CINDER code easy to use.
This study describes the VCINDER code (with visual C#.NET) and gives a typical application example.
© 2017 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Public radiation safety issues have long been one of the domi-
nant concerns in human society. Recently, two big events, the North
Korean nuclear bomb test and high magnitude earthquakes, have
further alerted people to the issue of public safety, specifically, in
regard to nuclear energy safety issues. Nuclear power plants
harness the world's most concentrated energy source, but they
have caused disastrous accidents, e.g., ThreeMile Island, Chernobyl,
and Fukushima [1]. Although average fatalities from nuclear acci-
dents or terrorist attacks are not higher than those from alternative
energy sources, long lasting serious radiological effects raise a
higher public concern than any other energy source [2]. Thus, the
importance of studying long lasting radiological effects cannot be
overemphasized.

Radioactivity was discovered in 1896 by the French scientist
Henri Becquerel while working with phosphorescent materials [3].
Ernest Rutherford was the first to realize that all such elements
decay in accordance with the same mathematical exponential for-
mula. Radioactivity is very frequently given as an example of
exponential decay. The law describes the statistical behavior of a

large number of nuclides, rather than individual atoms. Ernest
Rutherford and his student Frederick Soddy were the first to realize
that many decay processes resulted in the transmutation of one
element to another. Thus, it is a sequence of radioactive decay
processes: The decay of one element creates a new element that
may itself be radioactive, which then continues to decay until the
sequence ends with a stable nonradioactive atom.

The dangers of ionizing radiation due to radioactivity and x-rays
were not immediately recognized and the biological effects of ra-
diation due to radioactive substances were less easy to gauge. After
World War II, the increased range and quantity of radioactive
substances being handled because of military and civil nuclear
programs led to large groups of workers and the public having the
potential of being exposed to harmful levels of ionizing radiation,
which led to the present International Commission on Radiological
Protection [4]. Since then, the International Commission on
Radiological Protection was definitely established as the leading
international radiation protection authority and has published
many reports that cover all aspects of radiation hazards. Thus, the
evidence over six decades shows that nuclear power is a safe means
of generating electricity. The risk of accidents in nuclear power
plants is low and declining. The consequences of an accident or
terrorist attack are minimal compared with other commonly
accepted risks. Radiological effects on people of radioactive releases
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can be avoided owing to big achievements in understanding nu-
clear transmutation and transport physics phenomena.

As an activity to understand the exact nuclear transmutation in
support of naval reactor design calculations, T. England at Bettis
Atomic Power Laboratory developed a computer code (called CIN-
DER) in the early 1960s [5,6]. The code solves the Bateman equation
to estimate atom density (atoms per unit volume) and activity
density (curies per unit volume) of all nuclides present at a speci-
fied time. The code is called a burnup code in nuclear reactor ap-
plications because it follows the temporal burnup of fissionable
material and the associated production of fission products. It may
also be called an activation code because it well describes activa-
tiondthe conversion of stable nuclides to radioactive nuclides by
particle collision. Practically, the code follows all possible paths of
nuclide transmutation based on the CINDER library datadthe
conversion of a nuclide to a different nuclide by particle absorption
and/or radioactive decay. Although significant improvements to
both the CINDER code and underlying data library have been ach-
ieved [7,8], some stumbling blocks (e.g., human intervention be-
tween two Perl scripts for computing and analyzing activation or
burnup problems) for easy use exist in view of the present
advanced computing technology because of the long historical
legacies involved in the code. The purpose of this study is to
introduce an easy way (minimize the human intervention during
computation and analysis) to use the code by providing a Microsoft
Windows graphical user interface (GUI) in computing and analysis.

Microsoft Visual C# is Microsoft's implementation of the C#
specification, which is included in the Microsoft Visual Studio suite
of products [9]. It is based on the ECMA/ISO specification of the C#
language created by Microsoft. Although there are many tools for
realizing visual computing, Visual C# is by far the one most
commonly used wrapper with the .NET framework tools [10]. In
this study, we created a new VCINDER code using visual C#.NET,
which provides a simple all-in-one interface to simulate nuclear
transmutation phenomena. Implementation details are explained
in the following section.

2. Materials and methods

2.1. Governing equation

A nuclide is a species of atom characterized by the atomic
number (Z), mass number (A), and isomeric states (ground state,
first isomer, second isomer, etc.). The nuclear isomers of interest are
generally long-lived excited states, not short-lived excited states.
Because statistical behavior of radioactivity decay is given by an
exponential distribution, the differential equation describing the
rate of change in the atom density NmðtÞ; of a nuclide m is written
as the sum of the rates of destruction and production in the nuclide
density [11]:

dNmðtÞ=dt ¼ �NmðtÞbm þ Ym þ
X

ksm

NkðtÞgk/m; (1)

where gk/m is the probability of nuclide k transforming (by ab-
sorption or decay) to nuclide m and bm is the total transmutation
probability of nuclide m defined by

bm ¼ lm þ fsma (2)

Here f is the neutron flux calculated from energy integration, sma is
the flux-weighted average cross section for neutron absorption by
nuclide m, and lm is the total decay constant of nuclide m. Ab-
sorption reactions of sma are all of those with products other than
nuclide m, and thus include only inelastic scattering to states other

than that of nuclide m. Ym is an additional constant corresponding
to significant particle production (or depletion) because of neu-
trons with high energies above thresholds given to the CINDER li-
brary (>25 MeV) because the CINDER library includes only residual
production cross-section data for neutron reactions below 25 MeV.
The destruction rate is due to two mechanisms: (1) the radioactive
decay of nuclide m producing daughter nuclides and (2) particle
absorption reactions of nuclide m producing residual nuclides
different fromm. The production rate is the rate of other nuclides in
the system that becomes nuclide m as a daughter or residual.

The drawback of applying governing equation (1) is that the
transmutation probabilities bm and gk/m, and thus the flux f are
constant for the time interval for which the solution is desired. In
the usual activation simulation code, any temporal history can be
approximated using a histogram of constant-flux intervals. A few
different solution methods are applicable: direct integration, ma-
trix diagonalization, and reduction to a set of independent, linear
differential equations using the Markov method that results in an
analytical solution.

The first-order differential governing (Bateman) equation
describing all nuclides is coupled because each nuclide atom den-
sity contains the sum over temporal atom density of all other nu-
clides. Thus, it is not exactly a linear chain. However, Bateman gave
an analytical solution method by breaking it down into a set of
linear chains, called the Markovian property, where the future is
independent of the past if the current state is known. The CINDER
code uses this algorithm, but the ORIGEN code uses a matrix cal-
culus called the matrix exponential method, where the solution is
obtained by truncating the power series for the exponential. It is
clear that the applied series expansion has limited accuracy due to
truncation and round-off errors. This study is concerned with the
linearization method applied to the CINDER code.

2.2. Solution method

Coupled first-order differential equations are linearized using
the Markovian property: the future is independent of the past if the
current state is given. The time evolution of the nuclide concen-
trations is broken down into “chains” representing every possible
reaction path. The solution is obtained by solving for the partial
concentrations of each nuclide in a specific linear “chain,” including
all possible chains and by summing these partial concentrations to
obtain the total atom densities (Fig. 1) [12]. The Bateman equation

Fig. 1. Simple example of nuclide decay chain linearization.
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for the rate of change of the ith element of the chain, NiðtÞ; is
coupled only to the preceding element in the sequence for which all
parameters are known and solutions for each element are obtained
in succession:

dNiðtÞ=dt ¼ �NiðtÞbi þ Yi þ Ni�1ðtÞgi�1 (3)

The atomic densities are indexed by their order in the sequence.
The parameter, gi�1, is the transmutation probability for forming
the ith element from the i � 1 element in the sequence. Using the
Laplace transform, the solution for the atom density of the nth

nuclide in a sequence can be obtained analytically by

NnðtÞ ¼
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where t is the time step and N0
1is the initial density of the first

nuclide in the sequence.
Important initial input data, such as neutron fluxes and spall-

ation product yields, are provided by the MCNPX output through
the use of “tallies.” MCNPX physics models are normally used for
the transport of all radiations other than neutrons below 25 MeV
because it is the physics models that generate the residual nuclei
data stored in the history file used to produce production rate input
for the CINDER code.

The linearized Markovian algorithm, including chain determi-
nation because of insignificant quantities, is the essential part of the
CINDER code. All paths supplied by the available comprehensive
nuclear data library are followed until determined to insignificantly
affect the accuracy, or subsequently calculated quantities have
insufficient accuracy. Insignificance or insufficient accuracy is
determined by “passby,” which is the time step integrated trans-
mutation of the nuclide in the current linkdor, in essence, the total
atom density that “passes” through the current link to the
remainder of the chain. A user-determined limit is used to control
the value of “passby” at which the chain is terminated. All
remaining components simply read problem-specific information
given by the user and provide the output of results in both a
readable format and a binary format for use in postprocessing
codes that provide tabular formatted data for each region or com-
bination of all regions. There are two independent postprocessing
codes in combination with the CINDER code: TABCODE and ALL-
CODE codes. There are 59 tables generated from the TABCODE,
including atom density, mass, activity, dilution factors, decay po-
wer, etc., broken down by nuclide, Z or A, and major contributions.
ALLCODE provides 21 tables that combine all regional data giving
mass, activity, etc., by nuclide, rank, and region.

2.3. Scripting framework with CINDER code

The input files for CINDER code can be prepared manually, but
using activation scripts makes this process easier. The Perl [13]
scripting tools (called activation script and gamma script) are
used with MCNPX [14] transport and spallation (secondary parti-
cle) product results as the input files of CINDER. The interface be-
tweenMCNPX and the transmutation codes CINDER090, SP-FISPACT

[15], and ORIHET-3 [16] is provided by the activation script. The
script input file (e.g., activation_inp) identifies the proper MCNPX
output files and cells for analysis, describes the operating history of
the system being studied, and sets the values of other parameters.
The activation script extracts the material compositions and
neutron flux spectra for the specified cell(s) from the MCNPX's
OUTP file. The physics-model-driven isotope production and
destruction rates are obtained using the HTAPE3X code (distributed
with MCNPX) to postprocess the MCNPX HISTP file, which contains
information on secondary particle production and residual nuclei
produced by the high-energy event generators. The activation
script generates the necessary input files, executes the HTAPE3X
code, and extracts the nuclide production and destruction rates
from the HTAPE3X output files. The script reads the model-based
isotope production and destruction rates directly from the
MCNPX output calculated with the released patches. The activation
script executes the CINDER transmutation code after preparing the
necessary input files from the MCNPX output files. The activation
script performs calculations involving multiple cells, handling each
cell individually or merging them into a region. Problems involving
only neutrons in the tabular physics range can be treated with no
use of the high-energy-induced isotope production and destruction
information.

If one is interested in the remanent (gamma) dose of a material
after a specific irradiation history, the information about the
spectral distribution of the gammas produced by the decay of re-
sidual nuclei have to be analyzed. This information can be found in
the spectra file(s), which are output file(s) of the CINDER code.
These files are produced (if requested) during a CINDER run. A
dedicated Perl script (gamma source script) has been developed to
facilitate the examination of these files and to avoid errors in the
transfer of data. This script not only looks up and prints out the
gamma spectral information, but also brings them in a format (if
the input to the script is complete) that can directly be used as a
source definition in the Monte Carlo particle transport code
MCNPX. The Gamma Source Perl Script analyzes the spectra file
produced by CINDER code for a list of cells and creates an SDEF card
(a file named sdef) that can be used in a subsequent MCNPX run for
remnant dose calculations. To run Gamma Source Perl Script,
“gamma_source_inp” file, which includes the information of
geometrical regions that should be treated, and the information
about the gamma spectra (output of CINDER run) must be prepared
in advance. However, if there is any mistake in the information
about the volume boundaries of the cells, a full source description
cannot be produced. Thus, the script framework may be cumber-
some to use. In addition, multiple human interventions may in-
crease the possibility of making errors. The number of significant
digits in the input data may vary in processing steps, which may
produce significant errors for a highly nonlinear problem. Thus, it is
worthwhile to find a newway towrap all the codes and procedures
into one consistent package that provides an easy way to simulate
transmutation phenomena. The details are described in the next
subsection.

2.4. Benefits of visual C#.NET for CINDER code run

Because the CINDER code is written in FORTRAN, we need to
build unmanaged FORTRAN code into the dynamic-link library
(DLL), which are called from managed C# code and used in the
Platform Invoke service that enables a managed code to call an
unmanaged function or subroutines inside the DLL. The Platform
Invoke service locates and calls unmanaged code as an exported
function. It also marshals the call's arguments, such as input and
output parameters, integers, strings, arrays, and structures, as
needed. It is recommended to wrap the FORTRAN function or

O. Kum / Nuclear Engineering and Technology 50 (2018) 25e34 27



subroutine in a managed class. Within the class, you define a static
method for each FORTRAN function or subroutine to be called. The
“DllImportAttribute” is used to identify the DLL and function. The
definition can include additional information, such as the calling
convention used in passing method arguments. Fig. 2 shows un-
managed FORTRAN code calling schemes in combination with the
managed C# main code.

Visual Studio [9] is the integrated development environment
(IDE) in which developers can create programs in C# for the .NET
framework. It is used to create console and GUI applications along
with Windows Forms or Windows Presentation Foundation (WPF)
applications, web applications, and web services in native code
together with managed code for all platforms supported by
Microsoft Windows, Windows Mobile, Windows CE, .NET Frame-
work, .NET Compact Framework, and Microsoft Silverlight. The
capability to create multiple forms provides C# programmers with
the possibility of making extensive use of forms for user interfaces.

Each time they create a Windows application, Visual Studio dis-
plays a default blank form onto which they can drag the controls
over the applications main form and adjust its size and position. To
add a menu to the Visual Studio IDE, a “VSPackage” must use the
Visual Studio SDK architecture for command-group menus. A
command-group menu enables the sharing of commands by
components and the IDE. In “VSPackages,”menus are defined in the
Menus section of a “.vsct” file. A “.vsct” file defines menus, toolbars,
groups, and commands. A command is what a user clicks to
perform a function. A group is a container for commands. Amenu is
a container for groups. There are three basic ways that a menu can
appear in Visual Studio: (1) a menu on the main menu bar; (2) a
submenu of another menu; and (3) a shortcut menu (typically
displayed by a right-click). To include a custom picture logo, the
“Window.SetTabPicture” method is used.

The script procedures in CINDER run do not provide any visu-
alization method and produce a maximum of 59 text data tables.

Fig. 2. Schematic diagram of Platform Invoke service that enables managed code to call an unmanaged function or subroutines to handle DLLs generated from unmanaged
FORTRAN code.
CPU, central processing unit; DLL, dynamic-link library; JIT, just-in-time compiler; MSIL, Microsoft Intermediate Language.

Fig. 3. CINDER input window. It opens by clicking sub-submenu CINDER under File New menu. Previous input data for activation script, Cinder code and gamma source data are
merged into this window (one file). Editing and file handling is derived by clicking on the menu. Comment lines and specific words reserved for programming appear as green- and
blue-colored letters, respectively, to prevent erroneous use of input parameters. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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The size of each table has no preset limit, so text file handling is also
a big challenge. Practically, many researchers use the Microsoft
Excel spread sheet to handle these files, which is tedious and time-
consuming work. Visual C#.NET can provide many functions to
generate a Microsoft Office stub, such as Excel or Word, and many
manual tasks can be automated. In addition, the usefulness of data
visualization is that it communicates information clearly and effi-
ciently to others via 2D or 3D graphics and plots. Effective visual-
ization is very helpful in analyzing and reasoning the scientific data
and physics involved. It makes complex scientific data more

accessible, understandable, and usable. Particular analytical tasks,
such as making comparisons or understanding causality, can be
effectively performed with the efficient design principle of the
graphic, although tables may sometimes be used. Various types of
line and chart plots are implemented in this code to show patterns
or relationships in the data for one or more variables with the
convenient functions provided by the visual C#.NET tool. The
VCINDER code implements Microsoft Office utilities to write the
data set in an Excel spread sheet automatically in addition to the
independent visualization utilities.

Fig. 4. Thick extraction septum magnet coil.

Fig. 5. Schematic picture for modeling generic thick magnetic septum and surrounding concrete.
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Fig. 6. Main face of the VCINDER code. Run menu and its submenus are shown.

Fig. 7. “Plots” menu, submenus, and two types of sample pictures.
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By merging two separate input files (activation_inp and gam-
ma_source_inp) into one input file, probable errors occurring from
human interventions for handling redundant tasks are reduced.
Moreover, reducing human interaction steps using a GUI wrapper is
a desirable method for merging separated codes. The final goal of
this study is to be able to merge two separate codes (CINDER and
MCNPX) into one package for a more streamlined and realistic
simulation of flux changes in any given time interval. At the
moment, simulation can only be done for afixed (time independent)
neutron flux in a given time interval. A more realistic simulation
should also allow the neutron flux to change over time. Fig. 3 shows
an example input GUI for the CINDER code presented in this
manuscript. Previous input files for running the activation script,
CINDER code, and gamma source script are merged into a GUI input
window with the name, “CINDER Input File.” It opens by clicking a
sub-submenu “CINDER” under “File/New.” File handlings (edit-
ing), including copying, cutting, pasting, and undoing, are housed

under the “Edit”menu in away similar tomanyotherGUI. Comment
lines and specific words reserved for programming appear as green
and blue letters, respectively, to prevent erroneous use of input
parameters (Fig. 3). A novice user can use the « InputBuilder »menu
to prepare initial input files. It is a GUI-guided input file writer.

2.5. Physical application

In this study, we chose a typical physical application to
demonstrate the easy use of the VCINDER code. In a high-energy
accelerator facility, a thickmagnetic septum (shown in Fig. 4) [17] is
used for the extraction of the high-energy beam and is one of the
main beam loss points. The VCINDER code is used to simulate the
maximal activation of the magnetic extraction septum in a syn-
chrotron accelerator with the capability of 430 MeV/u carbon ion
beam irradiation. The carbon ion beamwith a maximum energy of
430 MeV/u is incident to the copper coils. The total mass of eight

Fig. 8. Example of automatic excel file conversion and manipulation.
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parallel copper coils is modeled as one equal mass and the length of
a symmetric copper rod for generic analysis. The total volume of
eight copper conductors with a length of about 1 m is approxi-
mately 0.0068 m3. Thus, the radius of the copper cylinder with a
length of 1 m is about 1.5 cm. In the simulation, a cylindrical copper
rodwith a 1-m lateral distance (the distance between the beam line
and the concrete floor) is surrounded by a concrete cylinder. The
geometry used for this simulation is shown in Fig. 5. In this sce-
nario, the additional activation of the inner concrete layer can be
calculated by the beam loss on the magnetic septum. However, this
study was not concerned with concrete activation, which will be
reported separately.

Irradiation scenarios of the magnetic septum is to estimate the
activation in the magnetic septum after 20 years of operation with
1,000 hours per year and 1.0 � 109 particles per second (pps),
resulting in total beam irradiation of 7.2 � 1016 particles with a
maximum energy of a 430 MeV/u carbon ion beam. To cover any
significant addition of short activations to the long-term activation,
the operation time of 20 years was extended by an hour with a
maximum intensity of approximately 1.0� 109 pps. The inclusion of
this last operation cycle is of importance for accident scenarios with
full beam loss because through this beam loss, the short-term
achievable dose rate is determined in the vicinity of the irradi-
ated components. Among several different irradiation scenarios,
dose rates around the copper cylinder after 1 minute decay are

analyzed for three different irradiation cases: one hour particle
irradiation with 1.0 � 109 pps, 20 years average beam irradiation
with 1.142� 108 pps, and 20 years average plus one hourmaximum
irradiation.

3. Results and discussion

Fig. 6 shows the main face (with full menus) of the VCINDER
code. It has many menus including the main menus: « File », «
InputBuilder », « Run », « PostProcessing », « Outputs », « Plots », «
CrossectionPlots », « ExcelFormat », « CADImport », « Options »,
and « View ». Each main menu has many submenus.
The « InputBuilder »menu is included for the novice user to prepare
input files. It is a GUI-guided input file writer. In Fig. 6, the main
menu « Run » shows four submenus: « MCNPX », « HISTP », «
CINDER », and « GAMMA_MCNPX ». However, at the moment,
MCNPX computing is performed separately. The mainmenu “Plots”
has four submenus: “Chart”, “Line”, “Graphics”, and “IsoCurves” as
shown in Fig. 7. “Chart” and “Line” menus are used to draw chart
and line types of pictures as shown in the figure. The “Graphics”
menu draws two- and three-dimensional color pictures and the
“IsoCurves” menu is for drawing level curves of tally or density
distributions.

Microsoft office provides many useful data analysis tools, such
as MSWord and Excel spread sheets. The resulting output text files

Fig. 9. Atomic density (atoms/barn-cm) result for two input files with different significant digits (3 vs. 11). Raw data are shown in the .txt file format.
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are sometimes copied to Word or Excel files by hand. However,
manually copying and pasting work by hand is tedious and time
consuming. Visual C#.NET allows automation of such processes.
Fig. 8 shows an Excel spread sheet that includes an example of a
text output file of the VCINDER code. Data copy and paste pro-
cedures were performed automatically using an Excel application
object provided by the visual C#.NET programming tool. Many
different implementation examples are provided by the Microsoft
Office web site [18] in addition to other useful application
examples.

The development of the VCINDER code (wrapper) allows all
previous intermediate information, for example, material data,
volume, and fluxes, to be transmitted directly via computer mem-
ories with full significant digits for the next step calculation. A
separate input file (one for MCNPX and one for VCINDER) controls
the range of simulation with optional flags for simple particle
transport simulation to nuclear transmutation and radiation dose
computations by gamma ray distributions. It is also possible to
merge the respective input files for CINDER and MCNPX codes into
one file. This process is very important because the nuclear trans-
mutation process is governed by highly nonlinear differential
equations. The chaotic nature of a nonlinear equation bespeaks the
importance of accurate input data (i.e., number of significant
digits). Thus, reducing human intervention is very important for
rigorous transmutation studies, and the role of the wrapper code is
important because it is also easy to include intrinsic physical
problem such as flux changes in a given time interval. Fig. 9 is an
example of the atom-density result (unit: atoms/barn-cm) of a
“Blue Room” problem [19], which shows the dependence of the
computed results on the number of significant digits of the input
files. The upper screen shows the results computed from three
significant digit (below decimal) input files which are usual outputs

of activation script such as “flux” and “splprods” files, whereas the
lower screen shows the results computed from 11 significant digit
(below decimal) input files. As shown in the figure, a 0.1% difference
in the input data produces more than a 20% difference in some
results, although not all results, which suggests strong chaotic
characteristics. Fig. 10 shows the dose rate distribution after one
minute of decay around a copper cylinder after 1 hour, 20 years, and
1 hour plus 20 years operations. The detailed physical results of the
application problem will be reported in detail elsewhere.

4. Conclusions

VCINDER code development is underway with the visual
C#.NET framework. It provides a few advantages over the original
CINDER code for nuclear transmutation simulations. A few of the
interesting and useful properties of the visual C#.NET framework
are introduced. We also show that the wrapper can make an ac-
curate simulation for highly nonlinear transmutation problems
and also increase the possibility of direct integration of radiation
transport code MCNPX with the CINDER code. Direct integration of
CINDER with MCNPX in a wrapper will provide desirable func-
tionalities for radiation shielding and prevention studies. More-
over, the convenient GUI provided by the visual C#.NET framework
will be a great asset for the use of VCINDER code as demonstrated
in this work.

Despite the development of the VCINDER code, a mix of trans-
portation and transmutation problems is not an easy problem to
pick up for a user working in atomic and nuclear areas because it
requires advanced knowledge of information technologies. To
overcome this difficulty, a functional web application based on
artificial intelligence is now underway. Recent developments of the
intelligent search engines and their algorithms make it possible to

Fig. 10. Dose rate around copper cylinder after 1 min decay. Beam is irradiated parallel to the vertical axis. Left hand side: 1 h particle irradiation with 1.6 � 109 pps; middle: 20
years average beam irradiation with 1.142 � 108 pps; right hand side: 20 years average plus 1 h maximum irradiation.
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understand and satisfy various needs of people and machines to
intelligently use web content or even control other hardware.
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