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Chapter 1

Introduction

The Monte Carlo particle transport code SHIELD-HIT]Y is designed to precisely simulate ther-
apeutic beams of protons and ions in biological tissue relevant for ion beam cancer therapy.
SHIELD-HIT (Heavy Ion Therapy) evolved from the common SHIELD code that models inter-
actions of hadrons and atomic nuclei in complex extended targets in the energy range up to 1
TeV /nucleon.

SHIELD and SHIELD-HIT employ the same models to simulate nuclear interactions, which
were developed at JINR, Dubna [ and INR RAS (Moscow) B. The models are grouped together
in the MSDM-generator (Multi Stage Dynamical Model) which allows to simulate a whole nu-
clear reaction in the exclusive approach. Contrary to the inclusive approach, every generated
secondary particle is tracked and processed until it stops, decays, leaves the simulation universe
or interacts destructively. Parameters of all secondaries including residual nuclei are retained,
thereby fulfilling all conversation laws. Neutron transport below 14.5 MeV is simulated using
the 28 group neutron data system ABBN [?] both in SHIELD and SHIELD-HIT.

SHIELD calculates ionization losses of charged hadrons and nuclear fragments according to
the Bethe-Bloch equation. The heavy ion version SHIELD-HI contains also ATIMA stopping
powers [?]. The "medical” version SHIELD-HIT includes various models and data sets to com-
pute mean ionization loss, fluctuation of ionization losses and multiple Coulomb scattering. In
addition, external stopping power tables (including MSTAR and ICRU tables) can be provided
using the libdEdx [?] stopping power library.

A more elaborate history of the various releases of SHIELD-HIT is given in section [B.2l

1.1 SHIELD-HIT12A

SHIELD-HIT12A was forked from SHIELD-HITOS8 and its source code includes massive changes.
The physics engine was tuned to new experimental nucleus-nucleus interaction data, many per-
formance improvements were made and generally the entire code base was restructured, now
eliminating the need for users to recompile code for typical usage applications. Several bug fixes
from the original SHIELD-HIT branch are forwarded and included in SHIELD-HIT12A. Further
development of the Physics engine and bug fixes from the original SHIELD-HIT branch enter
continually in SHIELD-HIT12A and vice verse.
Characteristic features of SHIELD-HIT12A can be summarized in the following way:

LOfficial homepage: [http://www.inr.ru/shield
2http://www.jinr.ru/
Shttp://www.inr.troitsk.ru/
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Chapter 1. Introduction

1.1.1 Particle transportation

Transport of neutrons, pions, kaons, atomic nuclei, and a number of anti particles in energy
range up to 1 TeV/nucleon for SHIELD-HIT. SHIELD-HIT12A is limited to 2 GeV/A.
Lower energy cutoff is E.,; = 25 keV/nucleon except for atomic nuclei with Z > 20 in
SHIELD-HIT12A where E.,; = 1 MeV /nucleon.

Available initial beam configurations: Gaussian, flat square or flat circular in any direc-
tion. Beam divergence can be Gaussian or flat beam; focused or defocused beams can be
specified.

Geometric configuration of the target as an arbitrary combination of geometric bodies
bounded by the second order surfaces (Combinatorial Geometry compatible) [?,?].

Arbitrary chemical and isotopic composition of materials in target zones can be defined
based on the table of available isotopes shown in table

Full memorization of the extra-nuclear cascade tree during simulation without any loss of
physics information.

Formation of neutrons (E, < 14.5 MeV) as well as electrons/positrons and y-rays, which
were created during simulation of extra-nuclear cascade and 7° decay. However, only
neutrons are transported.

The possibility to switch on/off various physics processes (energy straggling, multiple scat-
tering, nuclear interactions) on user request.

1.1.2 Nuclear physics

Simulation of inelastic hadron-nucleus and nucleus-nucleus interaction in exclusive ap-
proach using a Multi Stage Dynamical Model (MSDM-generator) [?]. The total and in-
elastic cross sections of the hadron-nucleus and nucleus-nucleus interaction are calculated
according to [?,7?, 7] with modifications by [?,?,7?]. These cross sections are used for sam-
pling of the nuclear interaction path length as well as for choice of the interaction type
(inelastic/elastic). The MSDM-generator describes all stages of the nuclear reaction in the
exclusive approach. Current versions of known Russian nuclear models are interfaced in
the MSDM-generator:

— Fast, cascade stage of the nuclear reaction
* Intranuclear cascades is handled by the Dubna Cascade Model (DCM) [?]
* Independent quark-gluon string model (QGSM) [?,7?,7]
* The coalescence model [?]
— Precompound emission of nucleons and lightest nuclei [?]
— Equilibrium de-excitation of the residual nucleus
* Fermi break-up of light nuclei [?]
* Evaporation/Fission competition [?7,?]
* Multifragmentation of highly excited nuclei (SMM) [?]

Neutron transport (E,, < 14.5 MeV) on the basis of the 28-group neutron data ABBN [?].
A phase space file of these neutrons can be exported for use in other programs such as
MCNP or MCNPX [?7].



1.1. SHIELD-HIT12A 3

e Two- and three-particle modes of decay of pions and kaons.

e Neutron transport below 14.5 MeV is simulated by the original neutron transport code
LOENT (Low Energy Neutron Transport) [?] using the 28 group neutron data system
ABBN [?]. The LOENT code may be used both separately and as a part of the SHIELD
code, since SHIELD and LOENT use the same geometry parser (Combinatorial Geome-

try) [?,7].
The LOENT code uses the following tables from the neutron data system ABBN:

— st - total cross section

— sf - fission cross section (n,f)

— 1n - mean number of fission neutrons

— sc - capture cross section (n,c)

— sin - inelastic scattering cross section (n,n’), including the reaction (n,2n)

— se - elastic scattering cross section (n,n)

— m - mean cosine of the angle of the elastic scattering

— sin(g,g+k) - matrix of inter group transitions at the inelastic scattering.
The LOENT code gets neutrons from an external neutron source and follows them, one
by one, until the end of the neutron trajectory. Multiplication of neutrons is possible
via the reactions (n,2n) and (n,f). Each neutron has its statistical weight attached and a
cumulative timer, which accumulates the time from the beginning of the neutron transport

history. After transition of the neutron to the thermal group, its energy does not change
in further collisions.

1.1.3 Atomic physics

e Jonization losses of charged hadrons and nuclear fragments according to the Bethe-Bloch
equation and the Lindhard Scharff equation at low energies.

e Multiple Coulomb scattering simulated with Moliere’s or a Gaussian model, similar to that
implemented in Geant [?].

e Fluctuations of the ionization energy loss (energy straggling) simulated by a fast imple-
mentation (article in preparation) of Vavilov’s model [?,?] or Gaussian distribution.

e Possibility to load external mass stopping power tables to override internal ones. A script

interfacing to libdEdx [?] is available.

1.1.4 Scoring of physical quantities

A generic scoring system was developed—that is specified by the user—which provides:

e Detectors for a wide range of physical quantities, which can be made sensitive to specific
particles or particle groups.

e Arbitrary scoring in Cartesian or cylindrical scoring grids.
e Alternatively, detectors can be assigned to zones that constitute the target geometry.

e Routines to merge results from multiple runs from parallel processing system.



4 Chapter 1. Introduction

In addition to the generic scoring system, the legacy scoring system is retained, providing:
e Scoring of the production rates of radioisotopes in the entire system.

e Track Length Estimation (TLE) of differential (differential in energy) fluences and energy
fluence of secondary particles and nuclear fragments averaged over each geometric zone of
the target.

e Scoring of contributions to the energy deposition from various types and from different
generations of particles and nuclear fragments separately.

However, the post-processing scripts available for this scoring system cannot merge the ASCII
output from parallel runs.

1.1.5 Other features

e Reading and processing of beam source and ripple filter files (see sections B.3.2and B34]
respectively).

e Support for parallelization (see chapter [)).



Chapter 2

Quick start guide

2.1 Linux: Installation from binary distributions

SHIELD-HIT12A should come in a tarball of the form: shield_hit12a_-vXXX.tar.gz, where XXX
refers to the release version. Untar the file:

$ tar xvfz shield_hitl12a_vXXX.tar.gz
$ cd shield_hit12a_vXXX
$ sudo make install

which will copy the binaries to /usr/local/bin. This should work on Ubuntu type systems. If you
wish to install to other directories, you may have to edit the Makefile accordingly. On non-sudo
type systems (such as Debian or RedHat based Linux systems) one can become root with su
instead of sudo and the last line then reads:

$ su
# make install

2.2 Windows

SHIELD-HIT12A was tested on Windows 10 and may in principle also run on older Windows
systems. SHIELD-HIT12A is provided as a zip file for 64 bit systems. Once you unzipped it,
you will find a ready-to-run shieldhit.eze file.

2.3 Converter script convertmc

The output from SHIELD-HIT12A is in a binary format, which is not human readable. In
order to convert the output to something sensible, such as ASCII data, or perhaps a plot,
you must use the convertme script, which is provided by the pymchelper package [?] you can
find on https://github.com/DataMedSci/pymchelper. On Linux systems, make sure you
have the python package manager pip installed (Ubuntu and debian: apt-get install pip
Fedora/RedHat: dnf install pip or yum install pip). Then simply run

$ pip install pymchelper

to install it as a user. For system wide installation you can also run the same command as root
user. If you have already installed pymchelper you may want to upgrade it:

5
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$ pip install pymchelper --upgrade

2.4 Setup a SHIELD-HIT12A run

You can run one of the examples found in base directory, simply by entering:
$ shieldhit examples\simple

or change into the directory and run shieldhit without arguments.
Windows users can open a shell (Run - ”"Enter a command” - c¢md) and change to the
directory of where the shieldhit.exe file is found. To run the example, simply type:

$ shieldhit examples\simple

or simply drop the shieldhit.exe file into the folder you want to run, and double click on
shieldhit.exe.

2.5 Example

Here is a quick description of the most important files in the example ezamples/simple supplied
with the distribution:

geo.dat

The file geo.dat describes the simulated geometry. Here we want to simulate a target which is a
cylinder where the center of its base is located in origin (0,0,0) cm. The height of the cylinder
is described by a vector a long the Z axis, and is here set to 30 cm. Finally the cylinder radius
is set to 10 cm. The cylinder is surrounded by a universe consisting of vacuum which does not
interact with the particle. Finally that vacuum is surrounded by a black hole medium. Any
particle hitting this medium will be disintegrated, and not tracked any further.

All this information is formatted in “cards”. Cards are lines which are no longer than 80
characters long—a legacy from last centuries punch card systems. Only ASCII characters are
allowed; as a white character only space is allowed while tabs are not.

Each card has a number of arguments, which are data being passed to the code. The position
and lengths of the arguments varies, thus one should must make sure that the exact positions
are used.

Lines beginning with * are ignored, and can be used for comments. So, in the case of the
simulation described earlier, our file looks like this:

e G R G > >
0 0 C12 200 MeV/A, H20 30 cm cylinder, r=10, 1 zone
*m——>L——=>L<—mm - ><—mmmm——— ><—mmmm——— ><—mmm———— >L———m———— ><——————— >
RCC 1 0.0 0.0 0.0 0.0 0.0 30.0
10.0
RCC 2 0.0 0.0 -5.0 0.0 0.0 35.0
15.0
RCC 3 0.0 0.0 -10.0 0.0 0.0 40.0
20.0
END

¥, <=><—-—->,  <——->0R<--->0R<--->0R<--->0R<--->0R<--->0R<--->0R<--->0R<--->
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001 +1
002 +2 -1
003 +3 -2
END

1 2 3

1 1000 0

The first line, is a comment line, which is ignored. It is inserted here, to better see where the
fields are which are interpreted by SHIELD-HIT12A. The following line specifies a title of the
geometry setup. The title is preceded by two integers which are described later in section [34]
After another comment line, the next two lines describe the geometry of the aforementioned
target cylinder. The RCC card selects a body (here a Right Circular Cylinder). The body is
assigned to a number 1. The x,y,z coordinates of the base follow, along with a vector which
spans to the top of the cylinder. Since the cylinder is following the Z axis, all entries are zero,
except for the height of the cylinder, i.e. the z-component of the vector. The following card is a
continuation card of the RCC card, and holds only one value, namely the radius of the cylinder.
All values are in cm. A list of default units in SHIELD-HIT12A is provided in section

Afterwards two more cylinders follow, each expanded by an additional 10 cm in all three
directions.

The geometry section, which only contains one body here, must be terminated by the END
card.

The lines
%, <-><-—=>, <--->0R<--->0R<--->0R<--->0R<--->0R<--->0R<--->0R<--->0R<--->
001 +1
002 +2 -1
003 +3 -2

assigns the bodies we just specified to zones. For the first body (our target cylinder) the body
and the zone are identical. The surrounding vacuum is represented by the second cylinder, but
subtracted the inner cylinder, since this is already described by zone 001. Similarly zone 003
consists of the largest body (number 3), subtracted the body number 2. There is no reason to
subtract body number 1 here, as it is already entirely contained in body number 2. The point
is that a zone can be any Boolean composition of previously defined bodies, which is described
in detail later in section [34l Any point inside the black hole must be assigned to a zone, and
only one zone.

The section describing the zones must also be terminated with the END card.

Finally, two lines follow: the first specifies a list of zones, and the second assigns a material
number to that zone. In this example, each line consists only of three numbers since we have
three zones. In the second line we tell which materials each zone consists of. The numbers 0
and 1000 are predefined, any other number will be specified in the mat.dat file. 0 is black hole,
1000 is vacuum and the inner most cylinder is made of material with the id# 1.

mat.dat

The file mat.dat specifies the medium of the zone we just specified in geo.dat.
We define medium number 1 to be water. The most simple way to do this is by writing:

MEDIUM 1
ICRU 276
END
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The first line tells SHIELD-HIT12A that we now are going to assign MEDIUM number one. The
second line says that we want to use a default ICRU material with material number 276. The
numbers of predefined materials (as given by ICRU) are listed in table [A4] in section with
276 being water. Each MEDIUM section must be terminated with an END line for SHIELD-HIT12A
to initialize the material. The specification materials, other than those listed in table [A.4] will
be explained in section

beam.dat

For beam.dat we should initially only worry about a few lines. Fairly at the top, JPARTO specifies
the number of the primary particle according to table [A2]

JPARTO 25 ! Incident particle type
HIPROJ 12.0 6.0 ! A and Z of heavy ion

Here we request a beam of heavy ions (JPARTO = 25), which is specified further with the
HIPROJ card. By stating A = 12 and Z = 6 we select carbon-12 ions to be our primary particle.
The energy is specified with the TMAXO card, here set to 391.0 MeV /nucleon.

TMAXO 391.0 0.0 ! Incident energy; (MeV/nucl)

The statistics, i.e. the amount of primary particles to be simulated is specified in the NSTAT
line:

NSTAT 2000 1000 ! NSTAT, Step of saving

With no further input we get a default pencil beam with o, = 0.0 oy = 0.0 cm which starts
at origin (0,0, 0).

detect.dat

Finally, we can specify detectors to score a variety of quantities. The file detect.dat may be in
a "new” or in an ”old format, as described later in sections and In this example, we
will use the old format, and want to score a depth dose-curve along the water target.

We can setup a cylinder, following the 7Z axis, located inside the water target. It does not
need to match any geometry specified in geo.dat. Note, this file requires fixed format.

k————0———><———=1-—-><-—=—2-=-><-——-3-—-><-———4——-><———-5-—-><-———6--—>
CYL 0.0 0.0 0.0 10.0 7.0 30.0
1 1 300 -1 ENERGY ex_cyl

The first card specifies cylindrical scoring, staring from point (0,0,0), and with the radius 10 cm,
covering 27 (by specifying “7”) of the circumference of the cylinder, and with a height of 30
cm along the Z axis. Currently, the CYL scoring cannot be rotated, and is always placed parallel
to the X-axis. In the next line the first three arguments say that we want 1 bin for the radius,
1 bin for the angle spanning the cylindelﬁ and 300 bins along the height. The result will then
be a one-dimensional file, where the scored quantity is listed in steps of 30.0 cm / 300 bins (i.e.
1 mm). The next three arguments tell that we want the ENERGY to be scored of the particle -1
which means the energy deposited by all particles crossing the bins. ex_cyl is the name of the
output file.

1 Any number larger than 27 means we do not subdivide the cylinder along its radial lines, i.e. we do not cut
the cylinder in pieces of pie.
2I.e. scoring along the entire circumference and not into pie pieces.
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Alternatively we could also specify a Cartesian scoring mesh. The two next lines specifies a
mesh with one bin from -5 to 5 cm along the X and Y axis, and then 300 bins from 0 cm to 30
cm along Z. The result is saved in the file ex_zmsh.

MSH -5.0 -5.0 0.0 5.0 5.0 30.0
1 1 300 -1 ENERGY  ex_zmsh

We can here also score along another axis if we want. The next example scores 100 bins from
-5 cm to 5 cm along the Y axis.

MSH -1.0 -5.0 10.0 1.0 5.0 12.0
1 100 1 -1 ENERGY  ex_ymsh

or if we want to see a 100 x 300 pixel 2-D map of the energy deposited along the beam path
in the target:

MSH -5.0 -5.0 0.0 5.0 5.0 30.0
1 100 300 -1 ENERGY ex_yzmsh

2.6 Analyzing output

After SHIELD-HIT12A terminated the run you find several new files in your directory. Here
the results from the four detectors, defined in detect.dat, are stored in the files ex_zmsg.bdo,
ex_ymsh.bdo, ex_yzmsh.bdo and ex_cyl.bdo. These files are in binary form and the script convertmc
can be used to convert them to ASCII format. Stepping into the directory and applying,

$ convertmc txt ex_zmsh.bdo

will produce a human-readable output file ez_zmsh.txt, which can be plotted. You can also
directly produce a plot in .png format

$ convertmc image ex_zmsh.bdo

convertmc is also capable generating plots directly, please see the documentation of pym-
chelper at
https://pymchelper.readthedocs.io/

Uncertainties are briefly covered in section B.6.10
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Chapter 3

Input files

3.1 Overview
The SHIELD-HIT12A transport code works with at least three input files.

mat.dat — chemical composition of materials in target zones.
beam.dat — several parameters, explained below (like seed, projectile, statistics, etc.).

geo.dat — geometry of the target using combinatorial geometry (CG), similar to FLUKA.

Optionally, the user can include an additional file:

detect.dat — for simple scoring of physical quantities in independent geometries. There are
currently two available scoring systems, which will be selected depending on what format
the file detect.dat has.

These four files are described in more detail in the sections to follow.

As extension of the file beam.dat up to three optional ASCII formatted files (with user-
specified names) can be supplied that specify: a ripple filter, a beam source file, and parameters
for nuclear interaction models. Examples for these three files are shown adjacent to the descrip-
tion of file beam.dat in If chosen by the user, SHIELD-HIT12A may also look for external
ASCII files containing stopping power data as described in section 321

All input files must be grouped in the same folder. Its location can be specified by providing a
command line argument to the SHIELD-HIT12A executable. All output files are placed into the
same directory. The SHIELD-HIT12A executable itself can be run from anywhere if the exact
path to the directory with the input files is given. If the executable is run from the directory
containing the input files the specification of the path can be omitted.

11
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3.2 mat.dat - Target medium

The mat.dat file defines the materials that are used in the simulation. It consists of cards
(lines starting with a descriptor followed by possible arguments) and comment lines. Any line
starting with a * or a < or a blank line are regarded as a comment, which is ignored and may
appear at any place. The ordering of the cards has to obey certain rules. Some cards can be
omitted, and SHIELD-HIT12A will assign the default values given in the descriptor list below.
It is recommended to specify all parameters explicitly since default values may change in future
releases of SHIELD-HIT12A. While the ordering of the arguments must be as specified for the
respective card, they can be positioned in any column (free format).

Each parseable line starts with a descriptor, which specifies what parameters are to be
described. After this descriptor, none, one or two arguments follow, depending on the type of
the descriptor. The descriptor and each argument must be separated with at least one space or
tab. The rest of the line is not parsed. It can be used for comments if it is separated from the
last argument with at least a space or tab. Only the first 128 characters are read; any characters
beyond will be ignored.

Each material specification starts with the MEDIUM card. A medium can consist of a single
element or of a compound. A compound again can be a chemical compound, or simply a mix of
elements and/or isotopes, e.g.:

e Pure medium - element with one fixed Z (e.g. O, Fe, Cu, etc.).
e Chemical composition, e.g. water HyO.

e Isotope mixture, if isotopes of the same Z have different neutron properties at low energies,
e.g. mixture of 23°U and 23¥U.

e a chemical compound containing isotopes, e.g. SLiF.

The maximal total number of different media NUMMED is limited to 100, excluding internal and
outer vacuum which are predefined as medium numbers 1000 and 0, respectively. Furthermore,
if CT-images are imported using the VOX card, the available medium slots are reduced depending
on the Hounsfield unit to medium segmentation algorithm applied. This may be up to 40 media,
leaving 60 media for the user.

The user can select one of the predefined media listed in the ICRU material table in sec-
tion Alternatively, the user can define a MEDIUM by specifying the chemical elements or
isotopes, which can be found in this medium. The constituent elements are limited to a total
number of 14. A chemical element is described by the variable NUCLID. Usually, NUCLID=Z se-
lects the element from the periodic table corresponding to the atomic number Z (1 < Z < 100).
Further isotopes, which differ in the number of neutrons, are predefined with values of NUCLID
> 100 and are listed in table[AZ3l If an isotope does not appear in the list, no low energy neutron
cross section data are included in SHIELD-HIT12A. In this case SHIELD-HIT12A will not start
the simulation, if the neutron transport cutoff energy (NEUTRLCUT in beam.dat see section B.3))
is set below 14.5 MeV.

Note that the corresponding neutron cross sections are either for natural isotope mixtures
or for a specific isotope.

3.2.1 Loading external stopping power files

The user can provide external files containing mass stopping power data by specifying the
LOADDEDX card with an appropriate value from the material list in table [A.5l Each file con-
tains data for the lightest 18 ions from 'H* (proton) to “°Ar'®" interacting with one specific
target material.



3.2. mat.dat - Target medium 13

These external files are expected to be ASCII formatted, space or tab separated columns,
and should follow the ICRU 73 [?] energy grid (53 energy nodes from 25 keV/u up to 1 GeV/u).
SHIELD-HIT12A expects the grid to contain the first 18 ions, i.e. from protons (Z=1) to Argon
ions (Z=18). The mass stopping power data must be in units of MeV cm2/g. Comment lines
starting with * are allowed anywhere in the file, but no line (either comment or data) may be
longer then 512 characters. External stopping power files may contain data different from ICRU,
e.g. ATIMA [?] data, but the energy grid must be compatible to ICRU 73. The libdEdx [?,?]
computer library can serve as a source for stopping power data. A script shield_dEdx, described
in section 024 can generate these tables for most ICRU materials using libdEdx.

Examples of external stopping power files are: Water.txt, Air.txt, A-150.txt, Kapton.txt,
which are supplied along with the SHIELD-HIT12A distribution. In table [A.5] the naming
convention of the external stopping power files is listed.

3.2.2 Voxelized structures

A CT cube loaded with the VOX card in geo.dat must be assigned to a medium number, which
is specified as a special voxel type medium in mat.dat. This is done using the VOXMED card in
mat.dat. Specifying this card, will prepare a list 24 materials, based on a paper by Schneider et
al. [?], which is valid for Hounsfield units between -1000 to +1600. Additionally, a density scale
is created, and assigned to each voxel, depending on the Hounsfield units.

1.03091 4 1.0297 - 0.001HU : HU < —98
1.0018 + 0.893 - 0.001HU  : —98 < HU < 14

p(HU) = { 1.03 ;14 < HU < 23
1.0003 4 1.169 - 0.001HU  : 23 < HU < 100
1.017 +0.592 - 0.00lHU  :100 < HU

with p in units of [g/cm?® ]. Materials with densities below 0.5 will automatically have the
STATE set to 1 (gaseous), and 2 (condensed) otherwise.

User-specified Hounsfield conversion tables may be implemented upon request to the devel-
opers.
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3.2.3 List of descriptors for mat.dat
The recognized descriptors are listed alphabetically, and not by relevance.

AMASS : 1 argument. Optional card which can override the atomic mass A of an element when
specified after a NUCLID card.

END : No argument. Mandatory card that terminates the description of a medium that was
started by the MEDIUM card.

ICRU : 1 argument. Optional card which will select a material from the ICRU list in section [A-5l
This card may not be used together with the NUCLID card for a MEDIUM, as it may lead to
unpredictable behaviour.

IVALUE : 1 argument. Optional card that can override the default mean excitation energy
(I-value) of the element that was specified with the preceding NUCLID card. Units are eV.

LOADDEDX : 1 optional argument. Optional card which will trigger SHIELD-HIT12A to look
for an external stopping power file following the naming scheme stated in the table in
section [ALBl The argument must be the ICRU number of the material to be loaded.
However, if used after the ICRU card, the ICRU number is already known, and the argument
can be omitted. The external stopping power files should contain mass stopping power
data for the medium for ions ranging from "H* (proton) to “°Ar'®". See section B21] for
a description of the format.

MEDIUM : 1 argument which specifies the medium number. The numbering must be sequential,
starting at 1 for the first medium which is specified.

NUCLID : 2 arguments. This card adds a single element to the medium. First argument is the
NUCLID number specifying the element or isotope from table [A3l You can also use a Z
value that is missing in this list but there are no neutron cross section data attached to
it. Second argument is the relative stoichiometric fraction, which will automatically be
normalized by SHIELD-HIT12A. Up to 13 elements can be defined per MEDIUM. SHIELD-
HIT12A will refuse to start, if there are no neutron cross sections for the requested element,
and the lower neutron energy cut is set below 14.5 MeV.

RHO : 1 argument which specifies the density of the medium in g/cm?®. This card is mandatory
in conjunction with the NUCLID card. It should be stated after the MEDIUM card and before
the first NUCLID card. In the case that the material is setup using the ICRU card, RHO will
override the default value.

STATE : 1 arguments which specifies the state of the medium. Appropriate mean excitation
energies (I-values) are selected for each element in a compound, following the ICRU49
guidelines [?]. This card is mandatory in conjunction with the use of a NUCLID card. It
should be stated after the MEDIUM card and before the first NUCLID card.

SHIELD-HIT12A discriminates between a chemical compound and just a mix of elements.
If STATE 0, then SHIELD-HIT12A uses [-values for elements. If STATE 1 or STATE 2
SHIELD-HIT12A uses [-values for compounds in gas or liquid/condensed phase, respec-
tively. In the case that the material is setup using the ICRU card, STATE will override the
default state of the ICRU material.

VOXMED : Specifies that this medium will be a voxel structure, prepares a material database
consisting of 24 materials following Schneider et al. [?]. Density will be scaled to Hounsfield
units, as described in section [3.2.2)
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3.2.4 Examples - Material initialization

Example 1: Specifying five materials

An example of mat.dat with five materials is given below

1. Water, ICRU default setup. External stopping powers will be loaded from Water.tzt.

2. Air, ICRU default setup.

3. PMMA (also known as Perspex or Lucite), is defined. It is a compound in solid state. In
this example we assume slightly different parameters, i.e. we override the default density
with a density of 1.20 g/cm3. Also the default I-value of hydrogen is changed to 21.9 eV.
(This example is merely intended for illustration, and is not motivated to mimic a real
situation.)

4. Alanine, ICRU default setup, but overriding the density.

5. Lithium-6 Fluoride (LiF'), which is composed of Lithium-6 isotopes which has a very high
thermal neutron cross section. External stopping power tables are loaded from LiF.tzt.

MEDIUM
ICRU
LOADDEDX
END

MEDIUM
ICRU
END

MEDIUM
STATE
RHO
NUCLID
IVALUE
NUCLID
NUCLID
END

MEDIUM
ICRU
RHO
END

MEDIUM
STATE
RHO
NUCLID
NUCLID
LOADDEDX
END

! Better stopping powers from external 1lib.
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Example 2: Voxelized CT structure

Another example, where a voxelized structure is assigned to medium number 2:

MEDIUM 1
ICRU 276
END

MEDIUM 2
VOXMED
END
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3.3 beam.dat - Projectile, statistics, seeds...

The beam.dat file characterizes the particle beam transport by defining: the primary beam
properties; the required statistics and random seed; details of the physics engine; and additional
options.

The format is free, meaning that the arguments can be given in any columns, but they
must be ordered as in the description of the respective card. After the last argument, any text
string for comments are allowed. Cards can be arbitrarily ordered. Any card (with exception
of HIPROJ, see below) can be omitted, and SHIELD-HIT12A will then use default values. The
default values are given in the descriptor list below, but may change unnoticed in future releases
of SHIELD-HIT12A. Therefore it is recommended to avoid using default parameters, if they are
important to the simulation.

In beam.dat any line starting with a * or a < is regarded as a comment and is ignored. Blank
lines will be ignored too.

Each parsable line starts with a descriptor that specifies what parameters are to be described.
After this descriptor, one to three arguments follow, depending on the type of the descriptor.
The descriptor and each argument must be separated with at least one space or tab. The rest of
the line is not parsed, and can be used for comments. However it is important that the comments
are separated too from the last argument with a space or tab. Only the first 128 characters are
read, any characters beyond will be ignored.
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3.3.1 List of descriptors for beam.dat

The recognized descriptors are listed alphabetically, and not by relevance.

APCORR : Optional card. 1 argument that switches the antiparticle physics correction on and
off. This will affect the annihilation physics of antiprotons, pi~ and K ~. The argument
can be either 0 or 1. 0 for using the default settings — calculating the capture probability
based on the Fermi-Teller Z-law [?], and using the default antiproton cross sections. 1 for
scaling the antiproton cross section by a factor of 1.08 and using a more physical correct
theory for the capture probability. See section [B.1}

If this card is not specified, APCORR is set to zero.

BEAMDIR : Optional card. 2 arguments that specify the beam direction: the polar and azimuth
angles 6 and ¢, both in degrees, as explained in figure 3.1

Initially, the beam divergence and shape is setup assuming transport along Z axis. No
matter where the card is specified, the actual rotation of the beam into the requested
beam direction will always take place as a last step, before transportation begins. If this
card is not specified, then beam transport along the Z axis is assumed.

If this card is not specified, 8 and ¢ are set to zero. That is, by default the beam points
in Z direction.

Z

Figure Bt Coordinate system as used by SHIELD-HIT12A for describ-
ing the beam direction. @ is the angle relative to the Z axis. ¢ is the an-
gle of the orthogonal projection of the direction onto XY plane measured
from the X axis.

BEAMDIV : Optional card. 3 arguments that specify the divergence and focal point of the beam.
First two arguments define the divergence half-angles as Gaussian sigmas in X and Y
direction assuming beam transport in Z direction. (A subsequent rotation of the beam
can be specified with the BEAMDIR card.) The beam divergence must be in mrad. Negative
values will generate a flat distribution instead. The distributions are weighted along the
polar angle, so requesting a flat divergence distribution will result in a flat beam spot.

The third argument sets the distance from the beam source position to the focal point k
in cm at which the undisturbed beam (i.e. transport in vacuum) has the width and shape
specified by the BEAMSIGMA card. A positive value k > 0 describes a defocused beam with
the focal point upstream the beam at a distance k, while a negative value k < 0 results
in a focused beam with the focal point downstream, relative to the source position of the
beam. If £ = 0 the beam has it focus coinciding the beam source position.

The beam model follows equation (25) in reference [?], which gives a beam with a slant
emittance ellipse. The same reference describes the Gaussian case only, however k affects
any beam shape in SHIELD-HIT12A.

In case of a beam divergence larger than 2w, i.e. > 6283.2 mrad, then an isotropic distri-
bution is assumed. Here, random sources are simulated located on a sphere with a radius
given by the third argument. Each initialized particle will have a random direction. The
second argument has no effect.

If this card is not specified, all values are set by default to zero.
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BEAMPOS : Optional card. 3 arguments that specify the start position of the beam in (x,y,z)
coordinates, respectively. All units are in cm.

By default the beam starts at the origin (0,0,0).

BEAMSAD : (UNDER DEVELOPMENT, DO NOT USE) Optional card. 1 or 2 arguments which
specify the source-to-axis distance for scanning beam lines. SAD is the distance from the
last bending dipole to the isocenter position. If one value is given, this will be used for
both X and Y deflection. If two values are given, then these will be used for X and Y
respectively. This parameter is intended to be used when a list of spot positions are given
in an external spot file (see USECBEAM). The given spot positions listed in the USECBEAM
file are assumed to be at the isocenter, and the SAD is then used as the distance from
the corresponding bending magnet to the isocenter position. The BEAMSAD will then
project these spot positions to the user-given to the position where the beam is started
(typically at the beam nozzle), as specified with the BEAMPOS card.

Default: SADx and SADy set to infinity (= a parallel beam).

BEAMSIGMA : Optional card. 2 arguments that specify the lateral extension of a Gaussian-shaped
beam by the sigmas in cm along X and Y, respectively. If both values are negative then a
flat square distribution is generated, where the two arguments represent half the width of
the sides. If o is larger than 0 and o, is smaller than 0, then a flat circular distribution
is generated with radius abs(o,). The o, value is unused here, but it must be larger than
0.0. If the focus is specified in the optional BEAMDIV card then the beam size and shape
are obtained at the focal point.

Default values are zero sigma in X and Y direction.

BMODMC : Optional card. 1 argument that specifies the mode of the beam modulator simulation:
0 for modulus beam modulator version retaining the spatial period information of the
beam modulator (such as in ripple filters); 1 for Monte Carlo sampling of beam modulator
material thickness—useful for simulating range modulator wheels or when generating beam
kernel files (e.g. .ddd and .spc files for TRiP98).

Default value is 0.
BMODTRANS : Optional card. 1 argument that specifies the interpretation of data in the input

files loaded with the USEBMOD card: O lists of material thicknesses (default), 1 lists of
vacuum thicknesses.

Default value is 0.
DELTAE : Optional card. 1 argument that specifies the relative mean energy loss per transporta-

tion step, that is a finite fraction smaller than unity. This value times the particle energy
at a given step determines the absolute energy loss.

Default is 0.03. (Meaning 3%.)
DEMIN : Optional card. 1 argument that specifies the minimum allowed energy loss per trans-
portation step in MeV/n.

Some models are only valid if the absolute magnitude of energy loss (as calculated by
DELTAE) is larger than a minimal value, such as Moliere multiple scattering.

Default value is 0.025 MeV/n.

EMTRANS : Future switch for photon/electron/positron transportation. Not implemented, de-
fault is 0 (off).
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EXTSPEC : Specifies if external source file to be read with USECBEAM is an array of monoenergetic
beams (EXTSPEC 0) or a binned spectrum (EXTSPEC 1). If a binned spectrum, then the
energies are assigned to the lower energy of that bin. The last bin marks the endpoint of
the energy spectrum, and its weighting value is thus ignored.

This card is optional, and default is 0 (no spectrum). The card has only effect if USECBEAM
is called after EXTSPEC.

HIPROJ : If JPARTO=25 then the of this card 2 arguments specifies the number of nucleons A
and the charge Z of the beam particles. Z has to be larger than 2, since nucleons with
Z =1 and Z = 2 have their own particle ID JPARTO, as listed in table

If this card is omitted, then default values are Z = 6 and A = 12.
JPARTO : Optional card. 1 argument that specifies the primary particle ID, see table If

JPART0=25, then the HIPROJ card can be called as well. If HIPROJ is not called, then
carbon-12 is assumed by default.

If JPARTO is not specified, then the default particle 2 (protons) are assumed.
MAKELN : Optional card. 1 argument that invokes phase-space output of all secondary neutrons

with energies below 14.5 MeV which are created within the target: 1 output is written to
for028, see section A1l 0 no output of secondary neutrons.

Default value is 0.

MSCAT : Optional card. 1 argument that switches between the available types of multiple scat-
tering: 1 for Gaussian- and 2 for Moliere-type multiple scattering.
Moliere multiple scattering (2) is activated by default.

NEUTRFAST : Optional card. Toggles fast neutron transport for energies above 14.5 MeV. If set
to 0, no neutrons above 14.5 MeV are transported.
Default is 1, that is fast neutron transport is activated.

NEUTRLCUT : Optional card. Lower energy cut-off value for neutron transport in MeV. Must be

lower than 14.5 MeV but larger or equal 0.0 MeV. (This was previously called OLN in older
versions of SHIELD-HIT.)

Default value is 0.0. In this case, neutrons are transported until they are absorbed or exit
the simulation universe.

NSTAT : Optional card. 2 arguments that specify the requested total number of primary particles
to be simulated and the number of transported primaries after which an intermediate save
to the scorers will be invoked, respectively.

Default values are 10000 primary particles simulated, and intermediate saving after 5000
transported primary particles.

Setting the first argument of to -1 will cause an infinite amount of particles to be trans-
ported (or until integer overflow). This is useful in combination with the —time comandline
option.

Setting the second argument to 0 or a negative number will disable saving the results, until
either —time or the requested total number of primary particles have been simulated.
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NUCRE : Optional card. 1 argument that switches nuclear reactions on or off: 1 with nuclear
reactions; 0 all nuclear reactions are turned off. (This card was called INUCRE in earlier
versions of SHIELD-HIT.)

Default value is 1, i.e. nuclear reactions are activated.

RNDSEED : Optional card. 1 argument that specifies the random number seed. Using the same
seed for an identical simulation should yield the same results.

Default value is 89736501.

STRAGG : Optional card. 1 argument that switches between the available models for energy
straggling: 1 for Gaussian- and 2 for Vavilov-type energy straggling; 0 for no straggling.

Vavilov straggling (2) is activated by default.

TCUTO : Optional card. 2 arguments that specify the upper and lower possible initial energy
interval for the primary beam, respectively. This is useful for truncating the initial energy
distribution given by TMAXO, replesenting the lowest and highest energy available from an
accelerator. Depending on TMAXO, this can be either energy ([MeV] or [MeV /nucleon],
or momentum [MeV/c]. (Negative values are here treated as positive values, whether it is
momentum or energy depends on the sign of TMAX0.) Default values are 0.0 and 1.0e32.

TMAXO : Optional card. 2 arguments that specify the initial energy of the primary particle in
MeV /nucleon and the energy spread in MeV /nucleon, expressed as one standard devia-
tion of a Gaussian distribution (10) If a negative value is given, then it is treated as
momentum [MeV /c].

Default values are 250 MeV /nucleon and zero energy spread.

USEBMOD : Optional card. 2 arguments that specify the zone number (integer) and an external
beam modulator file. See section[3.3.41 No file name is specified by default, and by default
an invalid zone number is specified.

USECBEAM : Optional card. 1 argument that specifies the filename of an optional external beam
source file. See section 3.3.2

No file name is specified by default

USEPARLEV : Optional card. 1 argument that specifies the file name of an external file. The file
may contain model parameter values that override the default PARLEV model parameters.
See section [3.3.3]

No file name is specified by default

3.3.2 USECBEAM - External source file

If a file name is specified, e.g. sobp.dat, a projectile will be sampled from the file. Beam settings
specified in the input file beam.dat such as BEAMSIGMA and TMAXO will be overridden. The
weighting is typically taken as the particle number for the individual beam components (or
spots). The total particle number is passed on in the header of the .bdo in case a VOXSCORE card
is specified in detect.dat.

Example of a typical beam file, which was generated from a hadron therapy carbon ion
control file:

INote that [MeV /nucleon] is different from [MeV /amu].
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*ENERGY (GEV) X(CM) Y(CM) FWHM(cm) WEIGHT
0.270550 -1.00 1.00 0.48 9.3700e+06
0.270550 -0.90 1.00 0.48 9.3700e+06
0.270550 -0.80 1.00 0.48 9.3700e+06
0.270550 -0.70 1.00 0.48 9.3700e+06
0.270550 -0.60 1.00 0.48 9.3700e+06
0.270550 -0.50 1.00 0.48 9.3700e+06
0.270550 -0.40 1.00 0.48 9.3700e+06
0.270550 -0.30 1.00 0.48 9.3700e+06
0.270550 -0.20 1.00 0.48 9.3700e+06
0.270550 -0.10 1.00 0.48 9.3700e+06
¢...)

Notice that the energy is in GeV to maintain compatibility with other Monte Carlo codes.
Lines starting with * are ignored and can be used for comments.
If 6 columns are specified, the following format is assumed:

*ENERGY (GEV) X(CM) Y(CM) FWHMx (cm) FWHMy(cm) WEIGHT
0.270550 ~-1.00 1.00 0.48 0.44 9.3700e+06
0.270550 -0.90 1.00 0.48 0.44 9.3700e+06
0.270550 -0.80 1.00 0.48 0.44 9.3700e+06
0.270550 -0.70 1.00 0.48 0.44 9.3700e+06
0.270550 -0.60 1.00 0.48 0.44 9.3700e+06
0.270550 -0.50 1.00 0.48 0.44 9.3700e+06
0.270550 -0.40 1.00 0.48 0.44 9.3700e+06
0.270550 -0.30 1.00 0.48 0.44 9.3700e+06
0.270550 -0.20 1.00 0.48 0.44 9.3700e+06
0.270550 -0.10 1.00 0.48 0.44 9.3700e+06
...

The FWHM parameter is the Gaussian FWHM (and not sigma), contrary to the BEAM-
SIGMA card? However, if FWHM is negative (both x and y in the 2-d case), then a box with
similar side length is generated. If only one of the two values are negative in the 2-d case, then a
flat circular distribution is assumed, with FWHMy as the circular radius. FWHMXx is currently
ignored, but may be used for ellipsoid beamlets in future.

If 7 columns are specified, the following format is assumed:

*ENERGY (GEV) SigmaTO(GEV) X(CM) Y(CM) FWHMx (cm) FWHMy(cm) WEIGHT
0.270550 1.1e-03 -1.00 1.00 0.48 0.44 9.3700e+06
0.270550 1.1e-03 -0.90 1.00 0.48 0.44 9.3700e+06
0.270550 1.1e-03 -0.80 1.00 0.48 0.44 9.3700e+06
0.270550 1.1e-03 -0.70 1.00 0.48 0.44 9.3700e+06
0.270550 1.1e-03 -0.60 1.00 0.48 0.44 9.3700e+06
0.270550 1.1e-03 -0.50 1.00 0.48 0.44 9.3700e+06
0.270550 1.1e-03 -0.40 1.00 0.48 0.44 9.3700e+06
0.270550 1.1e-03 -0.30 1.00 0.48 0.44 9.3700e+06
0.270550 1.1e-03 -0.20 1.00 0.48 0.44 9.3700e+06

2Thereby compatibility to FLUKA can be retained.
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0.270550 1.1e-03 -0.10 1.00 0.48 0.44 9.3700e+06
0.270550 1.1e-03 0.00 1.00 0.48 0.44 9.3700e+06
...

where SigmaT0 marks the energy spread of the primary energy assuming a Gaussian distribution.
The energy spread is lo standard deviation in GeV/nucleon. This will override the second
argument specified with the TMAXO card in beam.dat.

3.3.3 USEPARLEV - External parameter file

The predefined values of the PARLEV parameters can be redefined by those given in the optional
PARLEV input file thereby overwriting the carefully selected and benchmarked default values.
Further information on PARLEV parameters can be found in and the default values are listed
in Table

It is recommended to use the default values. They have been tested against available data.
Most likely you want to use the default values to remove the USEPARLEV card in the beam.dat
file entirely.

Example of typical PARLEV input file with two columns. The first column specifies the ID of
a PARLEV parameter while the second specifies its new value (either space or tab separated).

* ID Value
33 1.0
34 1.0
39 1.20
40 1.20

Lines starting with * are ignored and can be used for comments.

3.3.4 USEBMOD - Beam modulator

A beam modulator is a special geometry, which transports a particle hitting it by a certain
amount in the Z-direction, following a user specified transportation table. The amount of trans-
portation can be sampled randomly from that table, or be linked to a certain position along X
and/or Y axis.

The beam modulator geometry is useful for simulating complex geometries such as

e Ripple filters [?] (RiFi).
e Ridge filters
e Range modulator wheels

A beam modulator can be inserted into the beam at an arbitrary position. This works by
specifying a zone in geo.dat, and attaching a user generated, external modulator file to that
particular zone using the USEBMOD command in beam.dat.

The beam modulator file is structured as a series of bins, holding a certain thickness. The
first line contains the start position of the first bin, and the subsequent lines contain the end
position of the bin and its respective thickness.

Shown below are the first lines of a typical user generated (1D) displacement map:
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*Y coordinate Z displacement
-0.797654000000

-0.797653867871 0.299843308865
-0.797583286279 0.296589497459
-0.790976849238 0.292032749859
-0.790878035008 0.28747741389
-0.784271597967 0.28292066629
-0.771129305477 0.277060982496
-0.771072840203 0.274457933371
-0.764466403162 0.269901185771
-0.751366459627 0.26599378882
-0.744760022586 0.26143704122
-0.738167701863 0.257531055901
(... many more data points... )

SHIELD-HIT12A assumes by default that the beam modulator file lists the thickness of the
ripple filter as a function of position. If a displacement in vacuum is stated then the BMODTRANS
card must be set in beam.dat.

Line breaks and lines starting with * are ignored and can be used for comments.

The beam modulator can either be one or two dimensional. If the beam modulator is one
dimensional, the periodic structure changes along the Y axis only. The structure is repeated
over the entire beam modulator on the y-position of the incoming particle. Alternatively, the
structure can be sampled by a random number using the BMODMC card in beam.dat. This way
the spatial structure is lost, but pencil beams hitting the same spot on the modulator will still
be modulated over the entire structure, where the Y-bins are used as weights instead. This is
useful for generating TRiP98 depth dose kernels, which require a full modulated pencil beam.

The data must be either space or tab delimited and the maximum number of steps is set
to 200. The size of the beam modulator is specified in the geo.dat file. In the example shown
below, the beam modulator is represented by the zone number 3. Successful application of the
ripple filter will be stated at run time when the first particle hits the ripple filter surface.

Important: The thicknesses or displacements of the external file should not exceed the zone
dimensions along the z-axis, as this may lead to undefined behaviour of the code.
Example: geo.dat with ripple filter (body and zone number 3).

0 0 C-12 on water with RiFi 21.10.2011
RPP 1 -100.0 100.0 -100.0 100.0 0.0 100.0
RPP 2 -150.0 150.0 -150.0 150.0 -150.0 150.0
RPP 3 -8.0 8.0 -8.0 8.0 -1.300 -1.0
RPP 4 -200.0 200.0 -200.0 200.0 -200.0 200.0
END
TAR 1 +1
AIR 2 +2 -1 -3
RIF 3 +3
ouT 4 +4 -2
END

1 2 3 4

1 2 3 0

The beam.dat links the zone number 3 to a certain beam modulator file, by adding the line

USERIFI 3 rifi.dat
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Additional information about the implementation of the beam modulator as a ripple filter
can be found in [?] and [?].

Two-dimensional beam modulators can be specified as well. SHIELD-HIT12A detects this
automatically if the specified file contains three columns of data instead of two. The supplied
file should be a mesh of data, describing a full period of the ripple filter. Either the X coordinate
can increment fastest followed by the Y position, or vice verse, yet the data must be ordered in
increasing order along X and Y. The third column gives the thickness in Z direction. Again, X
and Y denote the end-positions of the bins, except for the first line which defined the starting
positions of the first bin. Line breaks and lines starting with * are ignored. The maximum
number of allowed lines is hard coded to be 200x200 steps (i.e. 40.000 data points). The table
below shows an excerpt of a 2D ripple filter file example:

* 2-D ripple filter example.
* X coordinate [cm] Y coordinate [cm] Z displacement [cm]

0.0000  0.0000

0.0000 0.0030  0.0000
0.0000 0.0060  0.0000
0.0000 0.0090 0.0000
0.0000 0.0120  0.0000
0.0000 0.0150 0.0058
0.0000 0.0180 0.0139

(...many lines skipped here...)

0.0060 0.1350 0.0278
0.0060 0.1380 0.0175
0.0060 0.1410 0.0082
0.0060 0.1440 0.0000
0.0060 0.1470  0.0000
0.0060 0.1500  0.0000
0.0090 0.0000  0.0000

0.0090 0.0030 0.0000
(...many lines skipped here...)
0.1500 0.1470 0.0000
0.1500 0.1500  0.0000
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3.3.5 Examples - Beam initialization

Example 1: A SOBP carbon ion beam with ripple filter

Example of typical beam.dat file:

*
RNDSEED
JPARTO
HIPROJ
TMAXO
BEAMSIGMA
BEAMPOS
NSTAT
NEUTRLCUT
MAKELN
DELTAE
DEMIN
STRAGG
MSCAT
NUCRE
USEBMOD
USECBEAM

3

89736501
25

12.0
400.0
2.0

0.0
20000
0.0

rifi.dat
sobp.dat

Input file beam.dat for the

SHIELD-HIT Tansport Code
Random seed
Incident particle type

6.0 ! Carbon ions

0.0 ! Incident energy; (MeV/nucl)

2.0 ! SigmaX, SigmaY at focus point
0.0 -1.50 ! Beam XYZ start pos

5000 ! NSTAT, Step of saving

Cutoff for neutron transport

1 - Make neutron phase space file
Delta E (relative share ~0.1)

Minimum Energy step 0.025 (MeV/n)
Straggling: 0-0ff 1-Gauss, 2-Vavilov
Mult. scatt 0-0ff 1-Gauss, 2-Moliere
Nucl.Reac. switcher: 0-0ff, 1-On

Zone# and file name for beam modulator
Filename of beam sourcefile
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3.4 geo.dat - Geometry

The SHIELD-HIT code uses known Combinatorial Geometry (CG), similar to the Monte Carlo
particle transport codes MORSE, FLUKA.

The geometry is defined by a number of so called bodies which are primitive objects such as
boxes and cylinders, which by Boolean logic are combined to zones. For instance a square slab
with a round hole can be constructed using two primitives, i.e. a box subtracted with a cylinder.
Similarly a hollow box can be described by a larger box subtracted with a smaller box inside it.

The zones must then be assigned to a material identifier, which is an integer defined by the
user in the material definition file mat.dat, see section[3:2l Every point in the simulated universe
must be assigned to a zone, else errors may occur. So, if a hollow box is constructed, one must
remember also to assign the void inside the box to a material code (e.g. internal vacuum 1000).
One should also understand that a single body cannot directly be assigned to a material, but
must be assigned to a zone first, even if the zone just consists of a single body.

The definition of the bodies, zones and the material assignments are set in the geo.dat file,
in exactly that order.

Anywhere within geo.dat lines starting with * are skipped.

3.4.1 Title

The first line of geo.dat contains two integers JDBG1, JDBG2 and a string of characters describing
the title of the geometry. The format of the title card is:

e 5 columns (1-5): integer JDBG1, see below

e 5 columns (6-10): integer JDBG2, see below

e 10 columns (11-20): unused

e 60 columns (21-80): any title of the geometry

The first integer JDBG1 selects whether the file for017 containing the geometry debugging infor-
mation should be kept (0) or deleted (1) after the geometry parser was initialized. The second
integer JDBG2 describes the lower cutoff value of transportation step size in powers of 10, i.e.
10~PPBG2[  If set to zero, the minimum step size is set to 10~* cm. If any of the numbers are
omitted, they are interpreted as (0). The fields for both numbers are five columns wide.

3.4.2 Bodies

A list of bodies describing the geometry follows the title card explained in the section before.
A body is a primitive object with a given geometrical configuration. The available primitive
objects are listed section[AZ6 A “top level” body (which is mandatory in the MC code FLUKA)
can optionally be added which contains all other bodies, which will be the simulation universe,
but this is not strictly necessary in SHIELD-HIT12A. There are no requirements to how this
body must be named or where it is placed in the body list, but for convenience it can be either
the first or last body. The list of bodies must be terminated with the END card. The format of
a body card is:

e 2 columns (1-2): unused, e.g. two empty spaces
e 3 columns (3-5): name of the body (see sec. [A-6)

e 1 column (6): unused
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e 4 columns (7-10): an integer describing the number of the body
e 6 x 10 columns (11-70): 6 arguments describing the body as mentioned in [AZ6l

A continuation card may be necessary, depending on what body is described. A continuation
card must be blank in the first 10 columns (i.e. no name and no body number). The body
section must be terminated with an END card.

3.4.3 Voxelized Body

The VOX body, is a special body, which will load a CT-cube formatted as the VOXELPLAN
format used by TRiP9. A CT-cube in the VOXELPLAN format consists of two files:

1. a header file with the .hed suffix, containing human readable information on the properties
of the CT-cube, such as number of slices, number of bins along the X and Y axis, voxel
dimensions etc.

2. a CT-cube file, containing the voxel Hounsfield units in binary floating point format.

The VOX body is treated as if it would be a normal BOX, however the dimensions are auto-
matically extracted from the header file. However, SHIELD-HIT12A still needs to know where
to place the CT-cube, and whether it should be rotated. SHIELD-HIT12A always assumes that
the point (0,0,0) in the simulated universe coordinate system will be the isocenter. Thus, the
isocenter position in SHIELD-HIT12A should be marked inside the CT-cube. This is conveyed
to SHIELD-HIT12A using the first give arguments of the VOX card:

1. X - simulated universe isocenter x-position inside CT cube coordinate system [cm]
2. Y - simulated universe isocenter y-position inside CT cube coordinate system [cm]
3. Z - simulated universe isocenter z-position inside CT cube coordinate system [cm)]
4. Couch angle [degrees]

5. Gantry angle [degrees]

6. Optional planned target dose as specified in TRiP98 [Gy]

The last optional argument needs more clarification: when the VOXSCORE card is used in de-
tect.dat, then TRiP98 formatted data cubes may be created during postprocessing A These
TRiP98 formatted cubes store the dose value units relative to the planned PTV dose. SHIELD-
HIT12A calculates however the dose per simulated primary particle. So, in order to convert
to the relative TRiP dose, SHIELD-HIT12A thus needs to know 1) The planned target dose
(given by the last argument in the VOX card), and 2) the total particle budget. The total par-
ticle budget are derived from the external beam specifications loaded with with the USECBEAM
card, assuming these were crafted with the actual particle numbers deposited in each beam
spot. Note, that specifying this option does not change any scoring or transport behaviour of
SHIELD-HIT12A. Any raw output .bdo will still contain the values in their respective units,
the difference is just, that the information on the target dose is shipped along in the header of
the output files, providing useful information to any external postprocessing routines.
Arguments for the second card:

3See http://bio.gsi.de/DOCS/TRiP98/PRO/DOCS/trip98fmt . html
4See the pymchelper project on GitHub https://github.com/DataMedSci/pymchelper


http://bio.gsi.de/DOCS/TRiP98/PRO/DOCS/trip98fmt.html
https://github.com/DataMedSci/pymchelper
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1. here the filename is specified, relative to the working directory specified when invoking
the shieldhit command. The filename must be specified without the .hed or .ctz, only
the basename of the file must be supplied. The full line can be used for specifying the
filename, free formatting.

From this point on, the VOX body may treated like a BOX, however the user must make
sure, that the zone logic is still valid. This may in particular become tricky close to the body
boundaries in the case the cube is rotated. Note also that in principle it is possible to insert
metal implants inside the CT-cube.

A word of caution must be mentioned, as voxel cubes allocate large amounts of memory. In
particular running on parallel structures, nodes may run low on RAM and possibly begin to
use swap space, which would effectively prevent SHIELD-HIT12A ever to complete. SHIELD-
HIT12A prints out the memory to be allocated during detector initialization. A remedy is to
reduce the amount of VOXELSCORE cards active in the simulation, and instead run the simulation
several times with different VOXELSCORE cards.

3.4.4 Zones

The zone description follows afterwards. In order to construct different zones out of the bodies
defined at the beginning of geo.dat. Boolean logic is used. Examples of how to construct zones
out of two bodies are shown in figure [3.2]

+1 +2 +1 -2

-1 +2 +10R +2 +1 -20R -1 +2

Figure 3.2: Two bodies (marked as 1 and 2) describing 5 different zones.

A line in the zone description consists of:
e 2 columns (1-2): unused, e.g. two empty spaces
e 3 columns (3-5): name of the zone

e 5 columns (6-10): an optional integer describing the number of the zone
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e 9 x (245) columns (11-72): where each set of 9 columns are composed of two components.
The two first columns hold the Boolean operator OR or are left blank if needed. The
following 5 columns contain a signed (+,-) integer body number. It is essential that the
alignment is strictly kept.

If more than 9 bodies are used for the zone description additional continuation cards can be

added directly afterwards. These continuation lines must not have a zone name, i.e. there must

be no entry at columns 3 - 5. The zone section must also be terminated with END card.
Example:

%, <=><--=>,  <-—->0R<--->0R<--->0R<--->0R<--->0R<--->0R<--->0R<--->0R<--->

001 +1 -2 -3 -4 -5
002 +2

003 +3

004 +4

005 +5

006 +6 -1

END

* . <=><——=>,  <-——>0R<--->0R<--->0R<--->0R<--->0R<--->0R<--->0R<--->0R<-—->

It is important that any point (except for zone boundaries) where a particle may go, is
described by exactly one zone, no more, no less. SHIELD-HIT12A may produce unexpected or
random behavior if particles cross areas where two zones overlap, or a zone which is not defined.
To some extent SHIELD-HIT12A will warn the user in such cases, but SHIELD-HIT12A may
not catch all cases, therefore a careful assignment of zones is essential.

3.4.5 Media

Finally, what follows is the assignment of media to the various zones. External vacuum behaves
like a black hole, any particle hitting it will be disintegrated and not transported further. The
“top level” zone must be assigned to external vacuum (id = 0). Inside this zone you can place
a zone with internal (i.e. real physical) vacuum (id = 1000) or any other material. In internal
vacuum regular particle transport takes place, as opposed to the external vacuum. Even if
not strictly mandatory, the external vacuum should encompass the entire system is to prevent
infinite loops where stray particles are transported forever, and to avoid unintended behavior of
the code. The media assignment is done in two equally formatted lists. The first list is a list of
zones:

e 14 x 5 columns (1-70): list of integer zone numbers
The second list are the material numbers:
e 14 x 5 columns (1-70): list of integer media identifiers
If one line is not enough, then it is simply continued on the following line, until all zones are

described. All zones must be assigned to medium, thus, both lists must be equally long.

3.4.6 Examples - Geometry
Example 1: Water tank surrounded by air

A simple example of the input geometric file geo.dat is given below.
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0 0 simple water tank 20.09.2011
RPP 1 -100.0 100.0 -100.0 100.0 0.0 100.0
RPP 2 -150.0 150.0 -150.0 150.0 -150.0 150.0
RPP 3 -200.0 200.0 -200.0 200.0 -200.0 200.0
END

*, <=><—==>, , <——->0R<--->0R<--->0R<--->0R<--->0R<--->0R<--->0R<--->0R<—-->

TAR 1 +1
AIR 2 +2 -1
ouT 3 +3 -2
END

1 2 3

1 2 0

Example 2: Proton therapy beam line

A more complex example is a model of the beam line at the cyclotron facility in Clatterbridge,
UK. It features two zones with external vacuum, where the second one is used to collimate the
beam:

0 0 CO0 beam line Clatterbridge 13.05.2011

RCC 1 0.0 0.0 -25.6 0.0 0.0 1.00
15.0

RCC 2 0.0 0.0 -25.6 0.0 0.0 1.00
0.3

RCC 3 0.0 0.0 -22.6 0.0 0.0 0.003
15.0

RCC 4 0.0 0.0 -0.66 0.0 0.0 0.660
0.286

RCC 5 0.0 0.0 0.0 0.0 0.0 0.002
15.0

RCC 6 0.0 0.0 5.0 0.0 0.0 0.005
15.0

RCC 7 0.0 0.0 -30.0 0.0 0.0 35.005
15.0

RCC 8 0.0 0.0 27.0 0.0 0.0 0.001
20.0

RCC 9 0.0 0.0 55.0 0.0 0.0 1.00
20.0

RCC 10 0.0 0.0 55.0 0.0 0.0 1.00
2.0

RCC 11 0.0 0.0 115.00 0.0 0.0 0.002
20.0

RCC 12 0.0 0.0 115.002 0.0 0.0 0.002
20.0

RCC 13 0.0 0.0 175.0 0.0 0.0 7.80
20.0

RCC 14 0.0 0.0 175.0 0.0 0.0 7.80

1.70
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RCC 15 0.0 0.0 182.80 0.0 0.0 0.80
20.0
RCC 16 0.0 0.0 182.80 0.0 0.0 0.80
1.5
RCC 17 0.0 0.0 5.005 0.0 0.0 178.995
25.0
RCC 18 0.0 0.0 184.0 0.0 0.0 30.0
20.0
RCC 19 0.0 0.0 -100.0 0.0 0.0 500.0
100.0
RCC 20 0.0 0.0 -200.0 0.0 0.0 1000.0
200.0
RCC 21 0.0 0.0 -26.0 0.0 0.0 1.00
15.0
RCC 22 0.0 0.0 -26.0 0.0 0.0 1.00
0.3
END
%, <=><--=>,  <=-=>0R<--->0R<--->0R<--->0R<--->0R<--->0R<--->0R<--->0R<--->
TAR 1 +18
BR1 2 +1 -2
BR2 3 +9 -10
BR3 4 +13 -14
BR4 5 +15 -16
HL1 6 +2
HL2 7 +10
HL3 8 +14
HL4 9 +16
SF1 10 +3
SF2 11 +5
STP 12 +4
KWD 13 +6
*.<=><--=>,  <--=>0R<--->0R<--->0R<--->0R<--->0R<--->0R<--->0R<--->0R<--->
VAC 14 +7 -1 -3 -4 -5 -6  -21
WHL 15 +8

ICM 16 +11
ICA 17 +12

CAR 18 +17 -8 -9 -11 -12 -13 -15
OAR 19 +19 =7 -17 -18

0UT 20 +20 -19

IBH 21 +21 -22

IHL 22 +22

END

15 16 17 18 19 20 21 22
1 2 2 2 2 2 2 3 3 9 9 2 5 1000
6 4 3 3 0 0 1000
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Example 3: Voxelized CT cube

This example demonstrates how a TRiP formatted CT cube is loaded. The couch angle is set
to -90 degrees, and the iso-center (which is the (0,0,0) point of the SHIELD-HIT12A coordinate
system) is located at (15.5, 15.5, 8.7) c¢m in the CT cube coordinate system.

D G D> e >
0 0 Voxelplan test
*m—=D>Lmm > >S<mmmmmmm— P P e ><—mmmm - ><—mmmm - >
* sphere - black body
SPH 1 0.0 0.0 0.0 10000.0 0.0 0.0
D R >Lmmmmmm e >Lemmm ><emmmm >S<emmmm > >
* sphere - vacuum
SPH 2 0.0 0.0 0.0 1000.0 0.0 0.0
e R G P e P >S<mmmmm - ><—mmmm——— ><—mmmm - >
* box/vox under consideration, water or CT
VOX 3 15.5 15.5 8.6 -90.0 0.0
../../res/TST001/tst001000
e Rt P P P ><—mmmm - ><—mmmmm - >
END
001 +1 -2
002 +2 -3
003 +3
END
1 2 3

* 0 - black hole, 1000 vacuum, 1 - water
0 1000 1
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3.5 detect.dat - Scoring

SHIELD-HIT12A needs to know what information from the particle transport the user is inter-
ested in. The process of recording relevant results generated at runtime is referred to as scoring.
The file detect.dat defines the scorer, which is how the user can decide on what information
SHIELD-HIT12A must record. SHIELD-HIT12A has currently two scoring systems available,
which is referred to the mew and the old scoring system. This section covers the new scoring
system, which has replaced the old scoring system which is described later in section

What data is to be scored is specified in the detect.dat file, which simply is an ASCII text
file arranged in four sections:

1. Geometry: One or more sections, which describe the region where we with to record data.

2. Filter: Optionally, one or more filters can be defined, which limits what particles should
be included for scoring. These can later be attached to various detectors.

3. Settings: Optionally, additional settings can be defined in one or more Settings sections.
These settings can then be attached to the detectors, if needed.

4. Output: One or more outputs, which may describe a list of quantities to be scored. Output
are also referred to estimators. The quantities to be scored in this estimator are described
with the Quantity key, and are followed by the detector name and one or more optional
filters or settings which will be attached to this detector.

In other words, each detect.dat file must at least contain one Geometry and one Output sec-
tion in order to produce a meaningful result.

These three sections will be described in more detail below, but before this a few general
features of the detect.dat must be mentioned:

e A line in detect.dat consists of a keyword, possibly followed by one or more arguments,
i.e.: keyword argument_1 arqgument-2 argument_3 ....

e Keywords are not case sensitive.

e User given names and filenames are case sensitive.

e Comments are marked with leading # (preferred), * or !.

e The detect.dat file may contain tabs or spaces.

e Tabs and spaces are allowed.

e Any indentations are allowed.

e Each argument is separated by at least one or more spaces.

The output file format can be chosen, and the options are described below. By default, the
results are saved in binary .bdo format, which can be read by the reader provided by pymchelperﬁ
Pymchelper provides also averaging functionality needed when running SHIELD-HIT12A on
computer clusters [?].

Shttps://github.com/DataMedSci/pymchelper
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3.5.1 Geometry Section

To understand the geometry section, it is easiest to see a simple example:

Geometry Mesh
Name MyMesh
X -10.5 10.5 1
Y -10.5 10.5 1
Z 0.0 40.0 800

In the above example, the scoring geometry is a box 21 x 21 x 40 cm?®, where one surface is
centered at the point (0,0,0). This box is then divided into 800 bins along z. This would cor-
respond to a 1-D scoring, e.g. an integrated depth-dose (idd) curve may be obtained this way.
The entire geometry is named MyMesh.

The Geometry keyword signals that a new geometry definition is to follow. The Geometry
keyword takes exactly one argument, which is the geometry type. Available geometry types are
listed in table Bl

geometry type ‘ description

Mesh scoring using a Cartesian mesh geometry

Cyl scoring using a cylindrical mesh geometry

Zone scoring within one or more zones as specified in the geo.dat file.

A1l scoring within the entire universe, only useful with certain detectors
(e.g. Trace).

Table 3.1: List of available geometry types.

Somewhere within a single geometry section, the geometry must be given a name so it can
be referred to later in the file. This is done with the Name keyword which takes exactly one
argument. The user given geometry name should be a single word and contain no white spaces.
In the example above, the geometry given the name MyName. The name is case sensitive.

Depending on the geometry type, the lower and upper coordinate boundary must be specified,
as well as the amount of bins. The keywords for the different geometry types as well as their
arguments are given in table

For zone scoring a Volume keyword is needed, since SHIELD-HIT12A has no algorithm
implemented to automatically calculate the zone volumes. If a range of zones is specified, this
volume will be applied equally to all zones (this may change in a future release.) For the A1l
geometry, the default is 1.0 cm? , if the the volume is not given by the user.

Example 1 - 2D Scoring

Geometry Mesh
Name MyMesh
X -10.0 10.0 400
Y -0.5 0.5 1
Z 0.0 20.0 400

Defines a 1 cm thick 2D scoring volume in the X-Z plane divided into 400 x 400 pixels.
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geometry ‘ keyword argument_1 argument_2 argument_3
Mesh

X Tmin Tmax nr. of bins

Y Ymin Ymax nr. Of bins

YA Zmin Zmax nr. of bins
Cyl

R (radius) Tmin Pmax nr. of bins

Z (depth along z axis)  zmin Zmax nr. of bins
Zone

Zone first zone nr. (optional) last zone nr.

Volume volume of zone

in [em3 ]

Table 3.2: Table of keywords for the available three different geometry types.

Example 2 - 3D Scoring

Geometry Mesh
Name MyMesh

X -10.0 10.0 400

Y -10.0 10.0 400

Z 0.0 20.0 400

Defines a 3D scoring volume where a 20 x 20 x 20 cm? cube sliced into 400 x 400 x 400 voxels.

Example 3 - Cylindrical Scoring

Geometry Cyl
Name MyCyl

R 0.0 0.5 1

Z 0.0 20.0 400

Defines a 1 cm diameter cylinder, 20 cm along the z-axis divided into 400 bins.

Example 4 - Zone Scoring

Geometry Zone
Name MyZone
Zone 3
Volume 13.37

Scoring is averaged over entire zone number 3, which has the volume 13.37 cm? .
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3.5.2 Filter Section

In the filter section, filter rules can be defined by the user, which then later can be applied to
the detectors for scoring.

The filter section is optional, and is started with the Filter keyword. In the filter section,
there must be one occurrence of the keyword Name followed by a user given name of that filter
as an argument to the Name keyword.

Name : used to specify the name of the filter. It takes one argument, which is a user given name.
The name should be a single word and not contain any whitespace. The filter name can
be linked to a Quantity in the Output section. The name is case sensitive.

Filter Rules

The user may define one or more rules for filtering the particles to be scored. The filter rule is
permissive, that is, the rules define what particles will be accepted for scoring. The rule parser
is very simplistic. Each rule is contained in a single line, which consists of a keyword, followed
by an operator, and then a numeric value, such as:

ENUC > 100.0

which tells the scorer only to include particles with energies above 100 MeV /nucleon.
Available filter keywords are listed in table below.

keyword | description

A creates a filter rule on particle nucleon number A.

AMASS creates a filter rule on particle mass m, measured in [MeV /c?].

AMU creates a filter rule on particle mass m, measured in atomic units.

E creates a filter rule on kinetic energy, measured in [MeV].

EKIN same as E.

ENUC creates a filter rule on kinetic energy per nucleon, measured in [MeV /n].
EAMU creates a filter rule on kinetic energy per amu, measured in [MeV /amu].
D creates a filter rule on particle id, see table 3.4l

JPART [NOT IMPLEMENTED YET] creates a filter rule on particle type JPART,
following the definition in [A3]

GEN creates a filter rule on the generation number of the particle.

Generation 0 is the primary particle.

Generation 1 is the first secondary particle, etc. . ..

NPRIM Primary particle number currently simulated.
This is useful together with the TRACE detector to select what particles to record.
Z creates a filter rule on particle charge Z.

Table 3.3: List of available filter rules.

Filter Operators
Available filter operators are listed in table below.
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particle ID | description

1 Hadrons
2 Anti-hadrons
3 7~ pi- meson
4 7w+ pi+ meson
5 7% pi0 meson
6 (do not use)
7 (do not use)
8 K~
9 K+
10 K°
11 K~
12 y-ray
13 electron
14 positron
15 wo
16 ur
17 v, electron neutrino
18 T, electron anti-neutrino
19 v, mu neutrino
20 7, mu anti-neutrino
Table 3.4: List of particle IDs which are used for filter rules.
operator description operator | description
< less than <= less or equal than <
> greater than || >= greater or equal than >
= (or ==) | equal I= not equal

Table 3.5: List of available filter operators.
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Example 1 - Proton Scoring

Filter for only scoring protons.

Filter
Name MyFilter
Z=1

A=1

Example 2 - Primary Ions

Filter for only scoring primary C-12 ions with more than 100 keV energy:

Filter
Name MyFilter
Z=26
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3.5.3 Settings Section

A detector can also accept certain settings. For example if dose-to-water is needed even if the
medium in which the particle is transported is different than water, then a scoring medium can
be defined. This is done internally by multiplying with the mass stopping power ratio of water
and medium. Within a single settings section, the settings must be given a name so it can
be referred to later in the file. This is done with the Name keyword which takes exactly one
argument. The user given settings name should be a single word and contain no white spaces.
The name is case sensitive.

All available settings keywords are listed in table below.

keyword description

Medium override scoring medium with the given medium number (from mat.dat).
Works for dose and LET scorers.

Name Gives this section a name which is used to attach it to a Quantity

NKMedium [Only for NKERMA and NEqvDose detector]

Selects medium for the neutron kerma detector.
For available media, see table 3.1
If not set, Medium defaults to Water for the NKERMA detector.

Offset adds an offset, so y' =y - Rescale + Offset.
Primaries Converts per primary detectors to absolute units by multiplying

with exactly this amount of primaries. Useful to calculate absolute dose.
Rescale rescale detector with this factor. Useful for converting units.

SiteDiameter | define site diameter for microdosimetric scorers, in [nm)].
default is 500 nm.

Table 3.6: List of available filter rules.

Medium description

A150 Tissue-equivalent A-150 plastic.
AIR Air, sea-level dry.

BONE Bone tissue.

Muscle Muscle tissue.

TE Methane | Tissue-equivalent gas, methane based.
TE_Propane | Tissue-equivalent gas, propane based.
WATER Water medium.

Table 3.7: List of available media for scoring neutron Kerma NKERMA. This is based on ICRU
63 [7].
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Example 1 - Dose-to-water

Monte Carlo transport codes report on dose-to-medium by default, where medium refers to the
material present in the scoring volume. However, in clinical settings dose-to-water is typically
reported. Here we assume that material number 3 in water.dat is water:

Settings
Name MyWater
Medium 3 # assuming that material 3 is given in mat.dat as water.

and MyWater can then be added to a detector, just like a filter (see full examples at the end

of secB.Al).



42 Chapter 3. Input files

3.5.4 Output Section

The Output keyword signals that a new geometry section is to follow. The Output keyword has
no arguments. The keywords specific to the Output section are listed in table

Output keyword ‘

description

Filename
. Fileformat

Geo

Quantity

Sets the filename for output.

Format will be guessed from the given file extension, see table

Optional. Select output file format, see table

This will override any automatic format discovery by file extension.

Attaches a user-defined geometry for scoring.

If no geometry is given, then and A1l geometry is attached.

If no A11 geometry was specfied by the user, then one will be generated with
a volume of 1 cm? .

argument_1: Selects what quantity is to be scored, see table

(optional) following arguments attaches user-defined filters and settings by their nam
The filter and settings list must be space separated.

Filters and settings must be unambigously named.

Table 3.8: List of available keywords for the Output section.

Fileformat \ File extension \ description

ASCII
BDO
BDZ
CSV
TEXT
TXT
DAT

.txt
.bdo
.bdz
.CsV
.txt
.txt
.dat

Output results as human readable ASCII text.
Binary Data Object. This is the default format.
Compressed BDO.

[NOT IMPLEMENTED)]

as ASCII

as ASCII

as ASCII

Table 3.9: List of available file formats. If Filefomat is not set, these will be automatically be
discovered by the file extention given to the filename.

e DoseEqv can be used to derive operational quantities such as personal dose-equivalent
(H,(d)) ambient dose-equivalent (H*(d)) or directional dose-equivalent quantities (H'(d,2)).

e DDD scorer is used for the TRiP98 .ddd files, as described in A.

e EqvDose is calculated using the ICRP 103 weighting coefficient wg. Anti-particles (positrons,
antiprotons,...) are treated as their respective counterpart, even if they are not mentioned
in ICRP 103. Uncharged particles (neutrons) are ignored since they deposit no dose.

e NEqvDose is calculated using the ICRP 103 weighting coefficient wpg for neutrons. Neutron
kerma is calculated as with NKERMA, so NKMedium setting must be supplied by attaching
a Settings section, just as in the case using NKERMA, otherwise Water is assumed. This
card does Hy = K, - wg.

e The NKERMA detector uses the kerma coefficients listed in table C.3 in ICRU Report 63 [?],
which is only defined for neutron energies between 11 eV to 150 MeV. As an approximation,

Shttp://bio.gsi.de/DOCS/TRiP98/PRO/DOCS/trip98fmtddd . html
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Detector ‘ description
1MeVNEq 1-MeV neutron equivalent fluence [cm~2].
Only scored for neutrons, protons and pions.
Multiply with 2.037e-3 to get Digr, in [MeV / g].
Alanine Alanine quenching model for ions, scores Dose * RE(z,E).
Based on Bassler et al. NIMB;2008;266(6);929-936.
AvgBeta Track-averaged S, where 8 = v/c.
AvgEnergy Average kinetic energy of the particle in [MeV /nucleon].
Count count transport steps or point-like events in this volume.
CountPoint Count point-like events in this volume (e.g. below transport threshold).
DDD as Dose, but specially for TRiP98 depth-dose kernel file generation.
Dose Dose [MeV /g]
DoseEqv Dose-Equivalent (see notes below) [Sv].
DoseGy Dose [Gy].
dLET Dose-averaged LET [MeV /cm].
dq Dose-averaged Q.
dQeff as dZeff2Beta?2.
Energy Total amount of energy deposited [MeV].
EqvDose Equivalent dose (see notes below) [Sv].
Fluence Fluence [/cm?].
MATERIAL Maps material ID as assigned in geo.dat.
Useful for debugging geometries.
NEqvDose Equivalent dose from neutron kerma (see notes below) [Sv].
NormCount as Count, but normalized per primary particle.
NormCountPoint | as CountPoint, but normalized per primary particle.
NKERMA Neutron Kerma in [Gy], based on ICRU 63 [?].
NMEDIUM alias as MATERIAL.
NZONE Maps zone number. Useful for debugging geometries.
Q alias for DQ.
Qeff as dZeff2Beta2.
Rho Maps material density as assigned in geo.dat and mat.dat [g/cm?].
Useful for debugging geometries.
tQ Track-averaged Q.
tQeff as tZeff2Beta2.
tLET Track-averaged LET [MeV /cm].
TRACE Dumps all steps to a .csv file. This detector must stand
alone in an Output section, as it is incompatible with other detectors.
By default 10 primaries are traced. Use an userdefined filter, if you need a certain
number of projectiles.
Userl User-defined scoring, for users with source-code access. Defaults to Fluence.
User2 User-defined scoring, for users with source-code access. Defaults to Fluence.
ZONE Alias for NZONE.
Z2Beta?2 alias for dZ2Beta2.
dZ2Beta2 Dose-averaged 22 /2.
tZ2Beta2 Track-averaged 2%/32.
Zeff2Beta2 alias for dZeff2Beta2.
dZeff2Beta2 Dose-averaged z%; /3%
tZeff2Beta2 Track-averaged z2;/3°.

Table 3.10: List of available detectors for the Quantity keyword.
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SHIELD-HIT12A sustains the closest kerma coefficient when the neutron energy is out of
bounds. NKMedium setting must be supplied by attaching a Settings section, otherwise
Water is assumed.

Effective charge is calculated as zog = 2(1 — exp(—1258272/3)), see [?].

Q is based on publication [?]. Notice that this scorer as well as dQ and tQ are divergent
at low energies. Adding an energy cutoff is recommended for better control of this scorer.
Particles below transportation threshold are ignored, irrespectively of any user setting.
For Q scoring and averaging, only charged particles are included.

Qeff is based on publication [?]. It is not sensitive to a threshold, unlike Q.

Z2BETA2 and the dose and track-averaged derived scoreres are also divergent, hand handled
the same way as the Q scorer. For Z2BETA2 scoring and averaging, only charged particles
are included.

For ZEFF2BETA2 scoring and averaging, only charged particles are included.

Particles falling below the transportation threshold are gradually slowed down (without
further transport) for the detectors DLET, TLET, DZEFF2BETA2, TZEFF2BETA2 and DOSEEQV.
For the detectors ENERGY, DOSE, DDD, DOSEGY and EQVDOSE the remaining kinetic energy
is dumped on the spot where the particle falls below transport threshold. For all other
detectors, the remaining energy is ignored.

More notes on LET averaging please see [?].

Differential Scoring

It is possible to add single or double differential scoring to a detector set by the Quantity
keyword. In the single differential case, this is done by adding two lines with the keywords Diff1
and Diffltype, respectively, immediately after the line with the ”Quantity” keyword. The
Diff1 keyword describes the binning dimensions with three arguments following the keyword,
as shown in table BIIl The binning is in linear steps by default. Logarithmic binning can be
enabled by setting the log flag as the 4th argument.

keyword ‘ arg-1 arg-2 arg-3 arg_4

Diff1 lower limit — upper limit  nr. of bins (optional) log
Diffitype | Type of differential scoring, see table [3.12]

Table 3.11: Table of keywords for the available three different geometry types.

In the double differential case, two more keywords are added Diff2 and Diff2Type, which

functions fully analogous.
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Diff Type description

ANGLE differential in angle [°]

DEDX differential in unrestricted electronic stopping power [MeV /cm]

E differential in kinetic energy [MeV]

EAMU differential in kinetic energy per amu [MeV/amu]

EKIN as E

ENUC differential in kinetic energy per nucleon [MeV /n]

LET as DEDX

MDEDX differential in unrestricted electronic mass stopping power [MeV cm?/g]
TL differential in track length [cm]

Z differential in projectile charge

Zeff differential in effective projectile charge zeg = 2(1 — exp(—12532~2/3))
Z2Beta?2 differential in 22/3?

Zeff2Beta2 | differential in 22%; /32

Table 3.12: List of differential scorers.
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Example 1 - Energy Scoring

Score energy deposited in an earlier defined geometry. Output results into NB_msh_energy.bdo:

Output
Filename NB_msh_energy.bdo
Geo MyMesh
Quantity ENERGY

Example 2 - Energy and Filtered Fluence

Score energy and fluence for all particles, but also fluence only including those which pass the
filter defined in MyFilter. All results will be written to a single files which then contains three
pages:

Output
Filename NB_msh_fluence.bdo
Geo MyMesh
Quantity ENERGY
Quantity FLUENCE
Quantity FLUENCE MyFilter_C12 MyFilter_Gen0 # add a second page,
# but with a filter applied

Example 3 - Scoring Dose- and Track-averaged LET

Score energy, fluence, dose, dose-averaged LET and track-averaged LET. Output results as a
human-readable formatted text file NB_msh.dat

Output
Filename NB_msh.dat
Fileformat TEXT
Geo MyMesh
Quantity Energy
Quantity Fluence
Quantity Dose
Quantity DLET
Quantity TLET

Example 4 - Double Differential Scoring

Score double-differential fluence while filtering.

Output
Filename NB_msh_diff2_fluence.bdo
Geo MyMesh
Quantity FLUENCE ProtonFilter
Diff1 0.1 500 10 log # triggers diff. scoring in log bins
Diff1Type ENUC # Energy / nucleon number
Diff2 0 90 6 # triggers double differential scoring

Diff2Type  ANGLE # angle
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Example 5 - Settings

An example using rescale (even if uneccessary since DoseGy does the same), multiplying with
total number of primaries to get absolute dose, and score dose-to-water.

Settings
Name AbsoluteDoseToWater
Rescale 1.602e-10 # MeV/g —> J/kg

Primaries 1.34e9 # total number of primaries
Medium 3 # Assuming that material 3 in mat.dat is water
Output

Filename NB_dose_1Gy.dat
Fileformat Text

Geo MyMesh
Quantity Dose # in [MeV/g/primary]
Quantity DoseGy # in [Gy/primary]

Quantity Dose AbsoluteDoseToWater # [Gy]
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3.5.5 Complete Examples

Complete detect.dat examples are listed below.

Example 1 - Typical Scoring Example

The example below demonstrated depth-dose scoring along the z-axis. This happens both in

Cartesian and cylindrical coordinates.

Apart of dose, also energy, fluence, dose- and track-

average LET is recorded for all transported particles.

# Very simple test of new scoring system

Geometry

Mesh

Name MyMesh
X -10.5 10.5 1
Y -10.5 10.5 1

Z 0.

Geometry
Name
R 0.
Z 0.

Output

Output

0 40.0 800

Cyl

MyCyl

0 11.84798 1
0 40.0 800

Filename NB_msh.dat
Fileformat TEXT

Geo MyMesh
Quantity Energy
Quantity Fluence
Quantity Dose
Quantity DLET
Quantity TLET

Filename NB_cyl.dat
Fileformat TEXT

Geo MyCyl

Quantity Energy
Quantity Fluence
Quantity Dose
Quantity DLET
Quantity TLET

# Cartesian geometry type

# Cylindrical geometry type

Example 2 - Neutron Kerma in Muscle Tissue

This example demonstrates a narrow scoring area, where the total fluence as well as fluence from
neutrons only is recorded. Furthermore, the neutron Kerma in muscle tissue is recorded, using
the kerma-factors from ICRU 63 table C.3 [?]. Additionally, the equivalent-dose from neutron
kerma is calculated. (This is done just as a techinical example, even if the 1-mm slab volumes



3.5. detect.dat - Scoring 49

do not correspond to an organ. A slightly example would be a sphere which would corrspond to
an organ, over which NEQVDOSE is scored.)

Geometry Mesh

Name MyMesh # geometry type
X -0.5 0.5 1
Y -0.5 0.5 1
Z 0.0 40.0 400
Filter
Name MyNeutrons # Name
Z=0
A=1

Settings Set_A150
NKMedium A150

Output
Filename NB_neutrons.dat
Fileformat Text
Geo MyMesh
Quantity FLUENCE
Quantity FLUENCE MyNeutrons
Quantity NKERMA Set_A150 # in Gy per primary particle
Quantity NEQVDose Set_A150 # in Sv per primary particle

Example 3 - Scoring with Traces

This demonstrates how the TRACE scorer is applied. Note that no Geometry is attached to the
trace scorer, thereby it will be active in the entire simulation universe. The trace scorer needs
its own file to write to (here NB_trace.csv), and can therefore not be used together with the
detectors which outputs to the .dat file.

Geometry Mesh

Name MyMesh # geometry type
X -0.5 0.5 1
Y -0.5 0.5 1
Z 0.0 40.0 400
Filter
Name MyFilter
NPrim <= 20 # only score the first 20 primaries.

# do not set this too large, as the file size will grow very fast.

Output
Filename NB_dose.dat
Fileformat TEXT
Geo MyMesh
Quantity DoseGy
Quantity Fluence # for comparison to the next two.
Quantity Userl # HomeMade detector
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Quantity User2 # HomeMade detector
Output
Filename NB_trace.csv
Quantity Trace MyFilter # results will be dumped into a csv file.

Example 4 - Generate Treatment Planning Depth-Dose Kernels

The treatment planning system TRiP98 requires depth-dose kernels to generate treatment plans.
These are in a .ddd formatﬁl7 and can be directly generated by Pymchelpezﬁ from the bdo files
generated by SHIELD-HIT12A.

Geometry Cyl
Name MyCyl # geometry type
R 0.0 20.0 200
Z 0.0 40.0 400

Output
Filename protons_ddd.bdo
Geo MyCyl
Quantity DDD

“http://bio.gsi.de/DOCS/TRiP98/PRO/DOCS/trip98fmtddd.html
8https://github.com/DataMedSci/pymchelper,
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3.6 detect.dat - Scoring (Old Style)

This section referes to the ”old” scoring system, which gradually will become obsolete, since it is
too difficult to maintain. The old scoring system will gradually be replaced by the new scoring
system as previously described in section Currently, there is little reason left to use this
scorer, and there are some bugs in it which are fixed in the new scoring system. It is only kept
for backwards compability.

In this scoring system, different geometrical scoring types, called estimators, are available
for auxiliary scoring: GEOMAP, ZONE, DZONE, CYL, MSH, PLANE DCYL, DMSH, and DPLANE. Each
estimator can be invoked with a scoring card and possible following cards in the file detect.dat.
Most estimators need additional specification of a detector, which controls what kind of quantity
is scored. The available detectors are described afterwards in section B.6.91

Each field is exactly 10 chars long, except for the output filename, which may be 4096
characters long. Only ASCII characters are allowed. Similar to geo.dat, tabs are not not allowed
and will lead to segfaults, space must be used instead. The output of each estimator is written,
in binary form, to a .bdo file, which is specified by the user. The .bdo suffix is automatically
attached, if missing. The recommended post-processing scripts convertmc is open-source and
is currently not included in the SHIELD-HIT12A distribution. It must be installed seperately
from the pymchelper package [?].
https://github.com/DataMedSci/pymchelper|

3.6.1 GEOMAP - Mapping the geometry

GEOMAP : Mapping the geometry. This card is useful for debugging the geometry. Using the
arguments below, a 1,2 or 3-D mesh can be created, where the points will hold either
the zone number, medium number specified in mat.dat or the density of the medium in
[g/cm3]. For voxelized structures, the actual density in the individual voxels will be scored.

The card is only invoked during initialization, and has therefore no affect on run-time
performance of SHIELD-HIT12A. The resulting .bdo files are independent of any particles
transported, i.e. when the user is debugging the geometry, the particle number can be set
to zero (either by using the -n command line option or the NSTAT card in beam.dat, in
order to quickly generate the output files.

In case of parallelization using the -N flag, the GEOMAP card will be ignored and .bdo files
are not generated, as it makes no sense to clutter the directory with multiple data cubes
with identical data in.

The arguments for the GEOMAP files are:

Xmin: lowest X position.
Yinin: lowest Y position.
Zmin: lowest Z position.
Xmaz: highest X position.
Yinaz: highest Y position.

S ok W=

Zmaz: highest Z position.
Arguments for the second card:

1. Xyp;in: number of bins in X direction.

2. Yyin: number of bins in Y direction.
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3. Zpin: number of bins in Z direction.

4. unused
5. ZONE/MEDIUM/RHO: Quantity to be mapped. This can be either the number of the

6.

zone (ZONE), or the number of the medium (MEDIUM), or the density of the material
(RHO)

outputfile: output file name.

3.6.2 ZONE - Scoring by zone

ZONE : Scoring by zones w;. Zones are defined from bodies in geo.dat. A single or a range of
zones can be specified. Arguments are:

1.
2.

w;: first zone of a range of zones to be scored.

w;: optional last zone of a range of zones. If this is not specified, then only a single
zone w; will be scored. Else every zone within the interval [w;, w;] will be scored.

3. unused.

4. JPART: particle type. See list in section Setting this value to -1 scores all

6.

particles. If heavy ions are scored (JPART=25) then a continuation card is required,
where the first argument is an integer representing the particle charge Z, and the
second argument is an integer representing the particle mass A.

DETECTOR: quantity that should be scored. Important: Zone scoring works straight-
forwardly only with the detectors ENERGY, CROSSFLU, DLET, COUNTER and PET as de-
scribed in section All other detectors can be applied as well, but require knowl-
edge of the zone volume, which is not known by SHIELD-HIT12A (unlike the MSH and
CYL scorer). Therefore the user must divide the scoring result with the corresponding
zone volume (in cm?®) for all other detectors than those listed above. This may be
changed in a future release (see ticket [#177).

outputfile: output file name.

Analogue to CYL and MSH, a continuation card is only required if JPART=25 or if DETECTOR
is specified as LETFLU (and only LETFLU). Arguments for the continuation card are:

1.
2.

Z: an integer specifying the charge of the particle to be scored.

A: an integer specifying the number of nucleons of the particle to be scored. Setting
this value to -1 scores all isotopes.

MEDIUM: an integer specifying the medium for LET weighted scoring. If left unspec-
ified, the default is the medium material that the bin is made of. Any other integer
from the medium list specified in mat.dat is valid here. In that case, scoring will
apply the stopping powers of the medium specified here. Transport will irrespective
of the scoring always be done in the as medium specified in geo.dat. This is useful
for calculating stopping power ratios needed by various cavity theories in radiation
dosimetry.

4. unused.

5. unused.

unused.
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3.6.3 CYL - Cylindrical scoring

CYL : Cylindrical scoring. Cylindrical coordinates are used. Currently, scoring can only be done
along the Z axis. This card requires a second succeeding card. Arguments are:

1.

S ok W

Ry in: inner radius of scoring cylinder. If R,,;, > 0 then the scoring volume is a
cylinder shell.

Set this to 0.0

Zmin: start position of cylindrical scoring in Z direction.
Rynaz: outer radius of scoring cylinder.

Set this to 7.0

Zmaz: end position of cylindrical scoring in Z direction.

Arguments for the second card:

Ll

6.

. Rp;pn: number of bins in radial direction.

Set this to 1
Zpin: number of bins in 7Z direction.

JPART: particle type. See list in section[A.3]l Setting this value to -1 scores all particles.
If heavy ions are scored (JPART=25) then a third continuation card is required, where
the first argument is an integer representing the particle charge Z, and the second
argument is an integer representing the particle mass A.

. DETECTOR: quantity that should be scored. A list of available detectors is given in

section [3.6.9

outputfile: output file name.

Analogue to ZONE and MSH a continuation card is only required if JPART=25 or if DETECTOR
is specified as LETFLU (and only LETFLU). Arguments for the third card are:

1.
2.

Z: an integer specifying the charge of the particle to be scored.

A: an integer specifying the number of nucleons of the particle to be scored. Setting
this value to -1 scores all isotopes.

. MEDIUM: an integer specifying the medium for LET weighted scoring. If left unspec-

ified, the default is the medium material that the bin is made of. Any other integer
from the medium list specified in mat.dat is valid here.

unused.

5. unused.

6. unused.
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3.6.4 MSH - Cartesian scoring

MSH : Cartesian mesh scoring card. This card requires a second succeeding card. Arguments
for the first card:

Xmin: lowest X position.

Ynin: lowest Y position.

Zmin: lowest Z position.

Xinaz: highest X position.

Yinae: highest Y position.

BAAERANE e

Zmaz: highest Z position.
Arguments for the second card:

1. Xpin: number of bins in X direction.
Yyin: number of bins in Y direction.

Zyin: number of bins in Z direction.

Ll e

JPART: particle type. See list in section[A.3] Setting this value to -1 scores all particles.
If heavy ions are scored (JPART=25) then a third continuation card is required, where
the first argument is an integer representing the particle charge Z, and the second
argument is an integer representing the particle mass A.

5. DETECTOR: quantity that should be scored. A list of available detectors is given in
section [3.6.9

6. outputfile: output file name.
Analogue to ZONE and CYL a continuation card is only required if JPART=25 or if DETECTOR
is specified as LETFLU (and only LETFLU). Arguments for the third card are:

1. Z: an integer specifying the charge of the particle to be scored.

2. A: an integer specifying the number of nucleons of the particle to be scored. Setting
this value to -1 scores all isotopes.

3. MEDIUM: an integer specifying the medium for LET weighted scoring. If left unspeci-
fied, the default is the medium material which the bin is made of. Any other integer
from the medium list specified in mat.dat is valid here.

4. unused.
5. unused.

6. unused.
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3.6.5 PLANE - Scoring by 2D plane

PLANE : Scoring by a single 2-D infinite plane s, independently of geo.dat. The plane is specified
by a random point which must lie in the plane, and and the normal vector of that plane.
The normal can either be specified in this card, or - if omitted - the normal vector will
automatically calculated from the beam direction specified by the BEAMTHETA and BEAMPHI
cards in beam.dat.

Arguments are:

S ok W

S,: X coordinate of point in plane.
Sy: Y coordinate of point in plane.
S.: 7 coordinate of point in plane.
ng: x component of normal vector.
ny: y component of normal vector.

n,: z component of normal vector.

Arguments for the second card:

Ll

6.

unused.
unused.
unused.
JPART: particle type. See list in section[A3l Setting this value to -1 scores all particles.

If heavy ions are scored (JPART=25) then a third continuation card is required, where
the first argument is an integer representing the particle charge Z, and the second
argument is an integer representing the particle mass A.

DETECTOR: quantity that should be scored. A list of available detectors is given in
section [3.6.9

outputfile: ou